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Shaping the future: energy-efficient magnetic memory and neuromorphic technologies 
Jordi Sort1,2,, Zhengwei Tan1, Nicolau López1, Zheng Ma1, Monalisha Peda1, Julius de Rojas1, José L. Costa-

Krämer3, Alberto Quintana4, Eva Pellicer1, Josep Nogués2,5, Enric Menéndez1 

1Departament de Física, Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain 

2ICREA, Pg. Lluís Companys 23, 08010 Barcelona, Spain 

3IMN-Instituto de Micro y Nanotecnología (CNM-CSIC), 28760 Tres Cantos, Madrid, Spain 

4Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Bellaterra 08193, Spain 

5Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST, Campus UAB, Bellaterra, 

08193 Barcelona, Spain 

Controlling magnetism with voltage has an enormous potential to boost energy efficiency in nanoscale magnetoelectric 

devices since the use of electric fields (instead of magnetic fields or electric currents) minimizes Joule heating effects 

and reduces the overall device power consumption. In recent years, we have demonstrated the possibility to induce 

reversible, non-volatile changes in the magnetic properties (coercivity, remanent magnetization and saturation 

magnetization) of nanoporous films consisting of metal alloys (e.g., CuNi, FeCu) or oxides (e.g., FeOx, CoFe2O4), by 

applying an electric field through a liquid electrolyte gate at room temperature [1,2]. In addition, we have made 

significant progress in the field of magneto-ionics (i.e., voltage-driven ion transport in magnetic materials), which has 

traditionally relied on controlled migration of oxygen or lithium ions. Here, I will show that voltage-driven transport of 

nitrogen ions can be also triggered at room temperature in transition metal nitride (CoN, FeN, CoMnN and CoFeN) films 

via liquid electrolyte gating [3,4]. Nitrogen magneto-ionics can induce reversible ON-OFF transitions of ferromagnetic 

states at faster rates and lower threshold voltages than oxygen magneto-ionics. This is due to the lower activation energy 

needed for ion diffusion and the lower electronegativity of nitrogen with cobalt, compared with oxygen. Remarkably, 

and in contrast to oxygen magneto-ionics, nitrogen transport occurs uniformly through a plane-wave-like migration front, 

without the assistance of diffusion channels, which is particularly interesting for the implementation of multi-stack 

memory devices. Furthermore, we will show that both oxygen and nitrogen magneto-ionics can be used to emulate some 

important neuromorphic/synaptic functionalities (spike amplitude-dependent plasticity, spike duration-dependent 

plasticity, long term potentiation/depression). By tuning ion cumulative effects of DC and pulsed voltage actuation (at 

frequencies in the range 1 – 100 Hz), learning, memory retention, forgetting and self-learning by maturity (post-

stimulated learning) can be mimicked. The latter can serve as a logical function for the device to decide between self-

learning or forgetting emulation, at will, post-voltage input. This constitutes a novel approach to emulate some specific 

neural functionalities (e.g., learning under deep sleep), that are challenging to achieve using other classes of materials 

currently employed for neuromorphic computing applications. 
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Orbitronics, from present to future with orbit currents induced by charge/spin currents, 

FMR or light for torques or TeraHz emission. 
Albert Fert 1, Henri-Yves Jaffrès 1* 

1 Unité Mixte de Physique, CNRS, Thales, Université Paris-Saclay, 91767 Palaiseau, France 

To start in the usual situation of orbit currents generated by charge currents, I will present experiments [1] 

showing the strong enhancement of the current-induced torques on the Co layer of a Pt/Co bilayer by the 

addition of an Al layer on Co (Al protected from oxidation). The enhancement is predominant for the FL torque, 

up to factor of 9. The interpretation [2] comes from ab-initio calculations showing large Co orbital moments 

in the interfacial Co layer with a helical texture similar to the spin texture on the surface of topological 

insulators (see Fig.1). The calculation of the resulting torques leads to a good agreement between the calculated 

and experimental torques. 

  
Fig.1. Helical locking of orbit moment L (arrows) with momentum k in Brillouin zone in the plane of the Co 

layer at the interface with Al and in a small energy range close to Fermi energy. A similar texture between 

spin S and k in the plane is of much smaller amplitude. 

 

In another set of experiments [3] on light-induced teraHz emission by NM/F bilayers (NM = nonmagnetic 

metal, deposited on glass substrate, F = ferromagnetic metal or alloy), we show that, in contrast with results 

for other ferromagnets, Ni leads to large teraHz signals with the same polarity for NM = Pt, Ta, W and also a 

large teraHz signal for Cu. After measurements of the Anomalous Hall Effect (AHE) contributions on Ni single 

layers, we can rule out an explanation of our results by AHE and ascribe the teraHz signals of the NM/Ni 

bilayers to a significant light-induced production of orbit current by Ni followed by the predominance of 

Inverse Orbit Hall Effect (OOHE) on Inverse Spin hall Effect (ISHE). This property of Ni is consistent with 

ab-initio calculations and FMR-induced orbit currents with Ni.  

References:  

[1] S. Khrishnia, A. Fert, H. Jaffrès et al., https://doi.org/10.1021/acs.nanolett.2c05091 

[2] S. Nikolaev et al (In preparation).  S.Nikolaev (Osaka Univ.) and collaborations with  M. Blanco, A. Arnau 

(UPV and DIPC at San Sebastian), M. Chshiev (Spintec, Grenoble), H. Jaffrès and A. Fert. 
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Permanent Magnet Alternatives:  

An Effective Strategy for Mitigating Supply Chain Risks? 
Thomas A. Lograsso 1,* 

1 Critical Materials Institute, Ames National Laboratory, 134 Wilhelm Hall, Ames IA 50014 

 
*lograsso@ameslab.gov 

 

Substitutions are at the heart of the clean energy transition. While most people think substitution is about a 

finding a replacement material as good as the one that is critical, in fact, this is just one aspect of the 

substitution strategy.  Substitution, the replacement of one item for another, can be applied at four levels. 

First is element-for-element substitution. This can be total replace a critical element with one that is readily 

accessible in the quantities needed. Second is a material-by-material substitution. This is what is commonly 

thought of when substitution is thought of i.e., an “drop in” alternate that is better, cheaper, and less reliant on 

critical materials. History tells us this is a rare case indeed.  Third is a process-by-process substitution and is 

often associated with manufacturing innovations that are driven by lowering costs through energy reduction, 

reduced material usage or environmental improvements.  The Critical Materials Institute has led the United 

States efforts to develop substitute permanent magnets with reduced or no rare earth content. Our approach is 

three-fold. We look to substitute for the rare earth elements with select elemental substitutions that reduce the 

critical rare earth content while retaining magnetic anisotropies.  We look for other alternative formulations 

that make use of “abundant rare earths” and iron. This strategy targets magnet performance between the rare 

earth magnets and non-rare earth magnets, i.e., the so-called gap magnet. Our third approach is to utilize 

advanced manufacturing for process improvements that can maximize magnetic performance while minimize 

wastage. 
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A new spin on neural networks 

J. Grollier, CNRS,Thales, Université Paris-Saclay, Palaiseau, France 

  

Neuromorphic computing aims to accelerate artificial intelligence and reduce its power consumption by a 

factor of 100 by drawing inspiration from the architecture of the brain. This ambitious undertaking requires 

inventing new materials for synaptic and neural functions, and assembling these nanodevices into systems 

capable of running state-of-the-art machine learning algorithms. The challenges are to densely integrate and 

connect hundreds of millions of neural and synaptic components, and have them compute and learn with high 

accuracy and low energy despite device imperfections. An emerging branch of research studies how such 

physical neural networks can be assembled by leveraging physical principles, and how they could learn to 

perform cognitive tasks by directly using physical principles, such as energy minimization. 

In this talk, I will provide an overview of the challenges of neuromorphic computing, explain why spin-based 

systems could help solve these challenges, and detail our recent progress towards this goal. I will focus on two 

examples that illustrate how we can exploit the multifunctionality of spintronic devices to form hardware neural 

networks that can be efficiently scaled up. In the first one, the vectors of information are nanoscale moving 

skyrmions that mimic neuro-transmitters. In the second one, we exploit radio frequency signals and frequency 

multiplexing to enhance the network’s connectivity.  
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 Current-induced magnetization switching of ferromagnets, ferrimagnets and 

noncollinear antiferromagnets 
 

Pietro Gambardella 

 

Department of Materials, ETH Zurich, Hönggerbergring 64, 8093 Zurich, Switzerland  

 

Spin-orbit coupling allows for efficient transfer of angular momentum between lattice, orbital, and spin degrees 

of freedom in magnetic heterostructures. This in turn enables unprecedented control over magnetization 

reversal and domain wall motion in a variety of materials and devices [1]. Illustrative examples include 3-

terminal magnetic tunnel junctions, in which the combination of spin-orbit torques, spin transfer torque, and 

voltage control of magnetic anisotropy leads to sub-ns magnetization reversal with very narrow switching 

distributions [2,3], current-induced domain wall and skyrmion motion in insulating magnetic layers [4,5], and 

the possibility to perform logic operations using current-driven domain walls [6,7]. Further, spin-orbit torques 

provide a practical means to investigate fast spin dynamics in materials with antiferromagnetic interactions. 

Time-resolved measurements of current-induced magnetization switching of rare-earth transition-metal 

ferrimagnetic alloys performed by Hall effect [8] and x-ray imaging [9] show that an electric current excites 

the magnetization of the different sublattices asynchronously in time and inhomogeneously in space depending 

on the strength of the antiferromagnetic coupling. This behavior originates from the unequal transfer of angular 

momentum from the current to the rare-earth and transition-metal sublattices, which leads to a master-agent 

type of dynamics akin (but different) to that observed for ultrafast optical excitations. The electrical 

manipulation of chiral antiferromagnetic order in a topological antiferromagnet such as Mn3Sn, instead, 

proceeds via a two-step demagnetization-remagnetization process that lasts several tens of ns and is governed 

by the temporal overlap of current-induced heating and spin-orbit torques generated by a Pt or W layer adjacent 

to it [10]. These results illustrate advantages and limitations of electric currents for the manipulation of spin 

textures in different magnetic materials.   
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Magnetic hyperthermia in combination with other anti-tumoral therapeutic 

approaches: from the preparation of the magnetic nanomaterials to their preclinical 

studies 

Teresa Pellegrino 

Italian Institute of Technology, via Morego 30, 16163, Genoa, Italy 

 
In Magnetic hyperthermia (MHT) magnetic nanoparticles act as heat transducers to convert magneto-energy 

into heat when exposed to alternating magnetic fields (AMF). At AMF of clinical use (100 kHz and up to 

24kA/m) and the magnetic actuation of the nanoparticles has no tissue-depth attenuation enabling to activate 

magnetic nanoparticle located at deep tumor sites. This provides more selective heat treatment with less side 

effects which, furthermore, can be combined with other therapeutic approaches to couple toxic effects towards 

cancer cells. 

This talk aims to provide an overview of our last five years research efforts to combine MHT with 

chemotherapy, intrinsic nanoparticle cytotoxicity, internal radiotherapy and more recently immunotherapy. I 

will first focus on the latest progress on non-hydrolytic methods for the preparation of magnetic nanoparticles 

and our strategies to assemble them in well-defined nanostructures with the aim of optimizing their heat 

performance in MHT. Then, I will introduce thermo-responsive polymer coated magnetic nanoplatforms as 

drug carriers platform for doxorubicin with MHT heat-mediated drug release mechanism. Finally, I will present 

our magnetic nano systems for combining MHT with internal radiotherapy or for dual therapy based on 

magneto-thermia and photo-thermia. Throughout the presentation, I will discuss our preclinical results to 

evaluate the magnetic hyperthermia efficacy and bio-distribution for some of the best performing materials we 

are developing. 
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Development of high performance permanent magnets;  

elements criticality, new demands, and extrinsic magnetic properties 

H. Sepehri-Amin*, Xin Tang, J. S. Zhang, A. Bolyachkin, T. Ohkubo, K. Hono 
 National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, 305-0047, Japna 

*h.sepehriamin@nims.go.jp 

 

Permanent magnets are widely used in green energy conversion applications. They therefore play an important 

role in achieving net-zero CO2 emissions in our society. In order to maintain sustainable production of 

permanent magnets in the long term, it is necessary to eliminate the dependence of permanent magnets on 

critical elements such as Dy and to diversify the use of rare earths while maintaining sufficiently high coercivity 

and energy product in the magnets.  

We will first present our fundamental research on the coercivity mechanism of Nd-Fe-B based permanent 

magnets which has provided us guideline to develop high coercivity Dy-free Nd-Fe-B magnets for applications 

in hybrid/electric vehicle traction motors and wind turbine generators. We will show how grain 

boundary/interface engineering in the hot formed Nd-Fe-B magnets has resuled in a high coercivity of 2.5 T, a 

remanent magnetisation of 1.32 T and excellent thermal stability of the coercivity [1]. Furthermore, it is 

discussed how the emergence of new applications for the permanent magnets has opened up new requirements, 

i.e. moderate room temperature coercivity and flat first order reversal curves for their applications in variable-

magnetic-force motors, which can be achieved by reducing the grain size and using light rare earths in the hot-

deformed (Nd,Ce,La)-Fe-B permanent magnets [2]. 

In the second part of the talk, we will discuss the potential of Fe-rich SmFe12 based magnets [3], and the current 

challenges to realise these materials as new permanent magnets [4-5].We will show our recent success in 

realising a sufficiently large coercivity of 1.0 T in rare earth lean SmFe12 based anisotropic sintered magnets 

(Fig. 1) assisted by machine learning [6]. Based on detailed microstructural characterisations, modelled thin 

films and micromagnetic simulations, the optimal microstructure that can lead to higher coercivity and 

remanent magnetisation in the SmFe12-based magnets will be discussed. 
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Figure 1: Realizing coercvity in anisotropic Sm(Fe,Ti,V)12-based sintered magnets; demagnetization curves of Sm8Fe73.5+xTi8-

xV8Ga0.5Al2 at. % (x=0-3) sintered magnets, and backscattered electron (BSE) SEM image, high-angle annular dark-field (HAADF) 

scanning transmission electron microscopy (STEM) image, and superimposed STEM-EDS maps of Sm and Fe showing the overal 

microstructure of the magnet with coercivity of 1.0 T.
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Spin Manipulation based on Orbital Angular Momentum 
YoshiChika Otani1*, Junyeon Kim2 

1 Center for Emergent Matter Science, RIKEN, Wako, Saitama, Japan 
2 Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba, Tokyo, Japan 

*yotani@riken.jp; yotani@issp.u-tokyo.ac.jp 

 

A novel platform for spin manipulation based on orbital angular momentum (OAM) is preparing the next 

spintronics innovation. We could create a nonzero OAM at surfaces and interfaces with structural inversion 

asymmetry or in centrosymmetric bulks, similar to how spins are generated by the inverse spin Galvanic effect. 

These generation mechanisms, however, are unrelated to the spin-orbit coupling (SOC) strength, highlighting 

the distinction from spin generation mechanisms. Several recent experimental reports suggest that the nonzero 

OAM could be used for highly efficient spin manipulation. These reports show light metal elements can also 

be used for OAM-induced spin manipulation. 

Furthermore, the collaborative spin manipulation by the OAM and the spin angular momentum (SAM) 

reveals a new mechanism. Here we review so far reported experimental and theoretical new findings, including 

our works on OAM-induced or OAM–assisted spin manipulation. All these new findings indicate that the 

OAM-induced spin manipulation opens the door to novel spintronics in terms of mechanism and materials. 
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Single nuclear spin, a fascinating platform for quantum experiments 

Franck Balestro. Néel Institut - CNRS, France 

The realization of a universal quantum computer is one of the major scientific objectives of the 21st century, 

as its promises are revolutionary: inviolable cryptography, higher computing power, simulation processes 

inaccessible to conventional technologies ... Its principle is based on qubit, a two-level quantum system, a 

quantum analogue of the classical bit. Today, the challenge is to increase the number of qubits in interaction 

to achieve more complex and more efficient quantum information protocols. In this context, molecular 

magnets of nanometric size are of major interest. The information is carried by the direction of magnetization 

which is multiple, unlike conventional magnets which have only two. They thus make it possible to have d-

states quantum devices or qudits. These multi-level devices could the processes involved in the manipulation 

of quantum spin more efficient. The use of these would also simplify some computational tasks, and thus the 

circuits required to realize a quantum computer 

                                                           

In this context, it is possible to fully control a multilevel system based on a single molecular magnet. Proving 

that it is possible to read-out and manipulate the four-level spin of the terbium nucleus of a molecule was a 

first step to show the long decoherence time of a single nuclear spin which is by nature strongly isolated from 

its environment. 
  
Among those properties, superposition of states and phase interference are two fundamental mechanisms from 

which quantum computing can benefit. We explored these properties by applying interference protocols 

involving the phases of the four nuclear spin states. A first measurement makes it possible to know the 

coherence time of the coherent superposition of a quantum system. Applied to a coherent superposition of 

three nuclear spin states, this protocol can be generalized to any given qudit. Using another protocole in a 

physical system that evolves adiabatically and cyclically, one can highlight, a phase that depends on the entire 

evolution during a cycle.  
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New Frontiers in Nanoscale Magnetism: Towards Three Dimensional 

Materials and Devices   
Amalio Fernández-Pacheco1,2* 

1 Instituto de Nanociencia y Materiales de Aragón, CSIC-University of Zaragoza, C/Pedro Cerbuna 

12, 50009, Zaragoza, Spain 
2 SUPA, School of Physics & Astronomy, University of Glasgow, G12 8QQ, Glasgow, UK 

*amaliofp@unizar.es 

 

The expansion of nanomagnetism to three dimensions provides exciting opportunities to explore new physical 

phenomena and opens great prospects to create 3D magnetic devices for green computing technologies [1-3].  

In this talk, I will present some of our recent works dedicated to the investigation of three dimensional artificial 

magnetic materials, including multilayered and complex-shaped geometries. The talk will give an overview of 

the new methods we have developed to fabricate [4,5] and characterize [6,7] these nanomaterials, and some of 

the new functionalities obtained. This includes the creation of localized spin textures, topological defects and 

stray fields exploiting a combination of geometrical effects and inter-element interactions [8-10], the 

automotive 3D motion of domain walls [11], an unconventional angular dependence of magnetotransport 

effects in 3D circuits [12], and the generation of chiral spin interactions across interlayers via interfacial effects 

in synthetic antiferromagnetic multilayers [13].  
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Figure: Towards 3D nanomagnetic materials and devices.

3D nanostructures
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High performance spintronic devices from microwave technology to computing 
Giovanni Finocchio1 

1 University of Messina, Viale F. Stagno D’Alcontres 31, Messina, Italy 
*gfinocchio@unime.it 

In this talk, I will present recent advances achieved in the development of spintronic microwave detectors, 

oscillators and amplifiers based on magnetic tunnel junctions (MTJs). I will review the main applications of 

those devices for computing including the realization of Ising machines based on probabilistic computing with 

p-bits. The spintronic technology takes advantage of the manipulation of the electron spin together with its 

charge. This technology potentially combines important characteristics such as ultralow power needs, 

compactness (nanoscale size) and it is CMOS-compatible. Spintronics has different success stories such as the 

head read for magnetic hard drive and the recent spin-transfer-torque magnetic random access memories. The 

latter are realized with MTJs which are devices composed by two ferromagnets separated by a ultrathin 

isolating material. The resistance of this device depends on the relative orientation of the magnetization of the 

two ferromagnets and in particular the configuration where the magnetization are parallel or antiparallel can 

code the binary information. Together with memory developments, which are already in the market and 

integrated within the CMOS processes by main foundries (INTEL, SAMSUNG, GlobalFoundries), MTJs can 

be used for the development of auto-oscillators and very high efficient detectors. In detail, I will show the 

applications of spintronic diodes based on MTJs for energy harvesting, sensors and RF detectors and what it is 

expected to achieve in the next three years for integration with CMOS-technology. I will also present, 

theoretical predictions on how voltage controlled magnetocrystalline anisotropy (VCMA) can be used to excite 

linear and parametric resonant modes in easy-axis antiferromagnetic materials AFMs with perpendicular 

anisotropy, thus opening the way for an efficient electrical control of the Néel vector, and for electrical 

detection of THz dynamics. [1] In particular, I will focus on two key results: (i) VCMA parametric pumping 

experiences the so-called “exchange enhancement” of the coupling efficiency and, thus, is 1-2 orders of 

magnitude more efficient than microwave magnetic fields or spin-orbit-torques, and (ii) zero-field parametric 

resonance, which cannot be achieved by other parametric pumping mechanisms in AFMs with out-of-plane 

easy axis. 

The latter part of the talk will focus on probabilistic computing which is one direction to implement Ising 

Machines. Probabilistic computing is a computational paradigm using probabilistic bits (p-bits), unit in the 

middle between standard bit and q-bits. I will show how to map hard combinatorial optimization problems 

(Max-Sat, Max-Cut, etc) into Ising machine and how to implement those in spintronic technology. [2] [3] 
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Magnetism at the Limit: from Skyrmions to Antiferromagnets  

in Model-type Systems, Studied with STM 
          Kirsten von Bergmann 
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Complex magnetic order arises due to the competition of different magnetic interactions. Often the dominant 

interaction is the isotropic pair-wise exchange between neighboring atomic magnetic moments. With additional 

sizable contributions from the Dzyaloshinskii-Moriya-interaction or from the exchange between more distant 

neighbors any length-scale spin texture ranging from ferromagnetic to antiferromagnetic order can form. Spin-

polarized scanning tunneling microscopy (SP-STM) is well suited to investigate complex magnetic order down 

to the atomic scale [1]. 

Recently we have investigated prototype antiferromagnetic states in hexagonal magnetic layers, ranging 

from collinear via coplanar to non-coplanar [2]. In such systems higher-order exchange interactions can play a 

role for the formation of the magnetic ground state as they can favor either multi-q states or uniaxial states 

depending on the sign. In such systems we have experimentally observed a new type of antiferromagnetic 

domain wall with perpendicularly oriented nearest neighbor magnetic moments in it’s center [3]. Also nano-

scale two-dimensionally modulated magnetic states can arise due to higher-order magnetic interactions at zero 

magnetic field [4,5]. In such systems these higher-order interactions also can also stabilize collinear 

counterparts of nanoskyrmion lattices, reminescent of nano-scale ferrimagnets [5]. The balance between these 

different magnetic interactions creates endless possibilites for complex magnetic order, either as magnetic 

ground state or at magnetic defects such as domain walls, possibly having an impact not only on static magnetic 

order but also on dynamical properties and response to currents. 
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Figure: SP-STM measurements of different atomic- or nano-scale magnetic states; arrows and colors indicate the direction of atomic 

magnetic moments.
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“One-twelve” magnets with compositions RFe12-xTx (R = Rare earth, T = transition metal) are under 

intense investigation as potential rare earth-lean permanent magnets [1]. The transition metal T is added in 

order to stabilize the magnet in bulk, and randomly substitutes Fe atoms. These substitutions break the point 

symmetry at the rare earth site, such that different rare earth atoms are subject to different crystal field 

potentials, depending on the number and proximity of T dopants. Since the crystal field determines the 

magnetocrystalline anisotropy, this phenomenon means a nominally crystalline material may nonetheless 

contain a distribution of rare earth atoms with inhomogeneous single-ion anisotropies.  

In order to understand and quantify this effect, we have carried out first-principles calculations of crystal-

field coefficients in compositionally-disordered systems, using a numerically stable method developed 

previously [2]. We have found that these high-level calculations can be represented by a model which is 

sufficiently simple that it can be incorporated into large-length scale simulations and statistical analyses. As 

such, our work provides a route to achieving more realistic simulations of magnetization reversal and domain 

wall propagation in magnets where the crystalline symmetry is disrupted by substitutional defects. 
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Figure 1: Effect of T-doping on the single ion anisotropy of the rare earth.  Arrows represent the easy directions of magnetization, 

which coincide with the (energetically-favourable) dark blue regions.
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Ferrimagnets [1] and then in particular for this contribution; layered synthetic ferrimagnets based on 

heterostructures of Co and Gd bear promise for bridging the gap between volatile information in the photonic 

domain and non-volatile information in the magnetic domain [2,3]. The layered nature of the synthetic 

approach allows for strong spin-orbitronic effects and single pulse all-optical switching (AOS), the engineering 

of these, and hence new ways to address the underlying physical mechanisms at play.  

In this talk I will introduce the material system, discuss growth considerations and then expand on a few 

detailed studies. Specifically, I will (i) discuss the relevant effects that should be taken into account when 

designing synthetic ferrimagnets based on Co and Gd for spintronic applications [4,5]. (ii) Introduce our results 

on fast current-induced domain wall motion up to 2 km/s in quad-layers [6]. This will then be combined with 

work on (iii) single shot AOS focusing on the relatively low threshold fluence and ion irradiation studies [7,8]. 

(iv) Finally, I will give an outlook of where we think the synthetic ferri-magnetism field is heading and 

elaborate on ongoing studies to characterise the interfacial Dzyaloshinskii-Moriya interaction of these systems 

for chiral magnetism. All these components will be discussed from a materials engineering viewpoint.  

Our studies establish Co/Gd-based synthetic ferrimagnets to be a unique material platform which opens up 

many routes of inquiry into the underlying competing mechanisms and its applications [1].  
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Magnetic refrigeration is an ecoalternative to gas compression/expansion refrigerant technology that is on 

the final stage to be economically competitive for end-user applications and already available for industrial 

processes. It is based on the magnetocaloric effect (MC), that is, changes in isothermal entropy/adiabatic 

temperature in MC materials associated with the application of a magnetic field [1]. Although other caloric 

effects, such as the elastocaloric effect, are interesting for solid-state refrigeration purposes, the MC effect has 

concentrated the main interest of the scientific community until now [2].  

Among the candidates as MC refrigerants, Magnetic Shape Memory Alloys (MSMAs) are outstanding 

functional materials that can experience large MC effect associated with the thermo-magnetically driven 

martensitic transformation that they undergo [3]. In particular, giant MC effects have been achieved in Heusler-

type Ni-Mn-X (X=Ga, In, Sn) alloys, leading them to the podium of the MC materials [4]. Although in recent 

decades MC materials were thoroughly investigated in bulk form to discover their fascinating properties and 

develop applications for energy harvesting, actuators, or sensors, scientific and technological interest is 

currently focused on materials with unconventional geometries such as thin films [5]. In this sense, engineering 

MSMA in ribbon shape is a successful strategy to manufacture low-cost specimens showing both good 

mechanical properties and fast heat exchange as a result of the increase in surface-to-volume ratio. 

In this work, we will uncover the advantages and remarkable potential of Ni-Mn-based Heusler-type ribbons 

for magnetic refrigeration. We will summarize our latest results comparing their properties with those of the 

bulk counterparts, paying special attention to the influence of the specific microstructure of the ribbons on their 

magnetic properties. 
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Multicaloric effects result from the application or removal of diverse external fields and they are enhanced in 

materials with strong coupling between different degrees of freedom. Such a response is synergic when the 

monocaloric effects are both conventional (or both inverse) while it is non-synergic when one of the 

monocaloric effects is conventional and the other is inverse. Importantly, in all cases the multicaloric properties 

do not result from the simple addition of the monocaloric data because there is a contribution from the interplay 

between degrees of freedom (cross-coupling term). We will analyse the contribution of such a cross-coupling 

term to the multicaloric isothermal entropy change in both synergic and non-synergic materials. We will first 

discuss several model examples and then we will illustrate the realistic situation for prototype 

magnetostructural materials with synergic and non-synergic magnetocaloric and mechanocaloric effects [1-4]. 
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The development of high performance magnetocaloric materials is one of the major challenges for magnetic 

refrigeration technology, which is considered as an efficient and ecologically friendly alternative to gas 

refrigeration. The promising class of materials for magnetic cooling devices is multifunctional Heusler alloys. 

Consisting mostly of abundant elements, they possess many multifunctional properties, which depend strongly 

on chemical and anti-site disorder.  

We investigate the vibrational properties and complex magnetic ordering mechanisms in magnetocaloric 

Ni-Mn-(In,Sn) Heusler alloys with different variants of transition-metal atoms distribution by means of density 

functional theory (DFT), which provides an accurate and efficient characterization of the relation between 

structure, magnetism, and electronic properties in these materials. Through the large-scale DFT calculations 

combined with NRIXS and Mössbauer spectroscopy, we were able to disentangle the vibrational contributions 

of the main group element in a near-stoichiometric Ni2MnSn [1]. We showed the evidence that the inversion 

of optical modes at Г involving the displacement of Ni and the heavier Sn atoms, which was predicted 

previously for other Ni-Mn-based Heusler compounds, is also a characteristic property of Ni2MnSn. Sn partial 

vibrational density of states (VDOS) are found to be sensitive to magnetic and chemical disorder on the 

transition metal site, which results in a distinctive redistribution and broadening of the Sn-VDOS. 

Another example of the impact of the partial disorder can be found in Ni-Mn-In system, where Mn-excess 

atoms are introduced on Ni and main-group-element sublattices. Together with Sn-doping, this positional 

disorder leads to increasing magnetic inhomogeneity, which results in an effective magnetic decoupling of 4a 

and 4b sublattices and different magnetic ordering temperatures for them [2]. Increasing Sn content in Ni-Mn-

(In,Sn) weakens ferromagnetic (FM) Ni-Mn exchange and strengthens antiferromagnetic (AFM) Mn4a-Mn4b 

coupling due to the increasing valence electron concentration. Thus, we found that the revealed composition-

dependent competition of the effective FM and AFM coupling between the sublattices can be tuned by the 

variation of the main-group element in combination with the modified 3d metal atoms distribution and be 

employed to control the magnetization of the transition metal sublattice. These results show the possibility of 

fine-tuning of Heusler materials properties via redistribution of the transition metal atoms caused by deviation 

from the stoichiometry and anti-site disorder, increasing the range of their potential applications. 
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Rare-earth elements such as neodymium, terbium, and dysprosium are critical to the performance of permanent 

magnets which are embedded into hybrid and electric traction motors or wind turbines. To address the supply 

risk of those elements, we use machine-learning techniques to search for magnetic materials with less 

neodymium content and no terbium or dysprosium content [1]. During this search it is intended that the 

performance of the magnet will be preserved. 

We developed machine-learning methods to aid materials design by integrating physical models to bridge the 

length scale gap from atomistic to micrometer-sized granular microstructures in 2-14-1 permanent magnets. 

We use data assimilation to combine data from experiments and simulations to create machine-learning models 

capable of optimizing the chemical composition and microstructure of the magnet. We demonstrate (i) a model 

predicting temperature dependent intrinsic material properties based on their chemical composition and (ii) 

another model predicting the coercive field dependence based on measured x-ray diffraction patterns. 

We apply partial-least squares regression, a well understood method similar to principal components analysis, 

that aid in understanding and interpreting the outcomes of machine learning predictions [2,3]. A variable 

importance factor [4] is computed to demonstrate how specific design variables influence the magnetic 

properties. 

High-throughput x-ray diffraction measurements on compositionally graded sputtered films were analyzed 

with partial least squares regression and the most important peaks for coercivity highlighted. We demonstrate 

how high-performance Nd-lean magnets can be realized and characterized using machine learning models. 
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Monocrystalline Sm1-xZrx(Fe,Co)12-yTiy particles of the ThMn12 crystal structure prepared via calcium 

reduction of mechanically activated metal oxides at 1200 °C [1] had been recently shown to develop a record-

high room-temperature coercivity of 16.3 kOe [2]. Curiously, these high coercivity values are only attainable 

if the ThMn12-type compound (1:12) forms in a Sm-depleted environment following a primary (α-Fe) solid 

solution. If, on the other hand, the same 1:12 compound is preceded by a Sm-enriched phase of the TbCu7 type 

(or a high-temperature phase of the Th2Ni17 type [3]), the coercivity in the particles of a similar size reaches 

only half of the above value. In this work, products of a partial reduction synthesis, collected after 15–50% of 

the time required for the reduction to complete, were subjected to TEM characterization to better understand 

the difference in the 1:12 phase obtained via slightly different processing routes that ultimately led to the same 

particle morphology but large differences in coercivity. The 1:12 phase formation in the Sm-depleted 

environment has been confirmed to occur at the expense of the primary (α-Fe) phase [see Figure (a)]. In 

contrast, the 1:12 phase forming alongside the Sm-enriched 1:7/2:17 hexagonal phase initially emerges as very 

Ti-rich. Its evolution in this case involves major changes in the chemical composition that may result in an 

imperfect crystal structure. A TEM image of particles annealed for 8 seconds indicates that the formation of 

1:12 phases is preceded by the 1:7/2:17 phase [see Figure (b)]. 
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Figure: TEM characterization of Sm-Zr-Fe-Co-Ti nanoparticles produced via incomplete reduction diffusion: (a) superimposed Fe 

and Sm element maps of particles reduced for 30 s in Sm-depleted environment – showing 1:12 particles growing at the expense of 

(α-Fe) particles; (b) TEM image of particles reduced for 8 s in Sm-rich environment – showing coexisting particles of 𝛼-Fe, 1:12 and 

1:7/2:17 phases.
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SmFe12-based compounds possess promising intrinsic magnetic properties, even superior to those of Nd2Fe14B 

phase at elevated temperatures. However, the challenge is to demonstrate that those intrinsic properties can be 

further developed into practically relevant extrinsic ones by proper processing. Our previous work has shown 

that hydrogenation disproportionation desorption recombination process can be employed for preparation of 

ultrafine-grained SmFe12-based alloys [1]. Here we demonstrate for the first time that milling under high 

pressure hydrogen (HPRM in evico magnetics high pressure vial) can be used to obtain even further grain size 

reduction via reversible hydrogen absorption-desorption process.   

The starting alloys were SmFe11Ti doped with Co, Ga, V and Cu aimed to enhance both the intrinsic and 

extrinsic magnet properties. Milling was carried out at 450 rpm under a hydrogen pressure of 100 bar for 5 h 

with 10 mm balls and ball-to-powder ratio of 10:1. This results in disproportionation of the SmFe12-based phase 

into SmH2, Fe2Ti and α-Fe (Fig. 1a ‘as HPRM’). Hydrogen desorption-recombination (DR) process was carried 

out at 700 °C - 1000 °C temperatures for 30 min under continuous vacuum pumping. Depending on the 

temperature, recombination leads to formation of a phase with ThMn12-type or TbCu7-type crystal structure. 

Using subsequent nitriding treatment, it was attempted to obtain strong uniaxial anisotropy. However, Fig. 1b 

shows that in the case of Sm(Fe0.8Co0.2)10.5Ga0.2Cu0.3Ti composition, nitriding results in formation of α-Fe as 

well as Sm2O3 and thus low coercivity. Further nitriding process optimization is necessary to avoid soft 

magnetic phases as well as oxidation of the fine powders and thus obtain higher coercivities. 
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Figure 1: (a) XRD results for Sm(Fe0.8Co0.2)10.5Ga0.2Cu0.3Ti composition after HPRM and hydrogen desorption treatments (a) and 

subsequent nitriding (b).
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The permanent magnet market, at the current state, is essentially split into two types of materials. On one 

end we have cheap but low performing ferrite magnets, on the other end we have the more expensive and better 

performing rare earth (RE) magnets. RE magnets play a key role in the transition from fossil fuels towards 

renewable energy alternatives, since they are largely used in electric motors, generators and energy converters. 

However, more concerns have been risen regarding their supply risks, volatile prices and environmental impact. 

One way to reduce the demand for critical materials is to develop a new class of cheap magnets, called “gap 

magnets” [1], possessing intermediate properties, that could replace RE magnets in those application that do 

not require extreme performances. 

Since iron is one of the most abundant elements on Earth, iron-based magnets are desirable for this new 

class of materials. Fe5SiB2 is a noticeable candidate due to its high saturation magnetization and Curie 

temperature. However, its magnetic anisotropy energy is too low for practical applications. It has been reported, 

both experimentally and theoretically, that the anisotropy energy can be tuned by chemical substitution of Si 

or Fe with other elements [2,3]. We synthesized and characterized polycrystalline samples of Fe5SiB2 with 

different levels of Ge, Re and Cr substitutions. Here we report on the main magnetic properties of these 

compounds, such as Curie temperature, saturation magnetization and anisotropy field as measured by 

magnetometry, Singular Point Detection (SPD) and Nuclear Magnetic resonance experiments. The effect of 

chemical substitutions on the magnetic properties and their dependence on doping levels will be discussed. In 

particular, we show that the temperature dependence of the anisotropy field measured by SPD from RT down 

to 77 K indicates that this compound does not have an easy axis of magnetization at high temperature, as 

commonly reported in literature [4], but rather an easy plane or easy cone configuration. 
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Figure: Thermomagnetic (left) and SPD (right) measurements of the Fe5Si1-xGexB2 compound. 
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Material optimisation for environmentally friendly caloric applications, such as magnetic refrigeration and 

thermomagnetic energy harvesting, may be brought about by the use of magnetocaloric materials presenting 

magnetostructural first-order phase transitions, FOPTs. While these materials exhibit large entropy and 

adiabatic temperature changes linked to their magnetic-field driven FOPT, in some cases, such as in 

La(Fe,Si)13 alloys, magnetization may present a significant relaxation with time at temperatures close to the 

phase transition after an applied field is paused [1]. We have conducted a thorough characterization of this 

phenomenon in a bulk Fe49Rh51 alloy by designing an experiment that carefully isolates the relevant 

parameters involved, such as temperature, magnetic field intensity and magnetic field sweep rate. To this end, 

for a set of temperatures below the AFM to FM transition, a magnetic field was applied at intensities close to 

the critical field (onset of the AFM-FM transition), and the field sweep rate to reach a given value varied. Then, 

after pausing the field at a certain value, the magnetization’s relaxation was measured as a function of time. 

As shown in the Figure below, the relaxation time of Fe49Rh51’s magnetization in the AFM state was 

observed to last over 1000 seconds when the field is driven at 70 mT/s. In contrast with the behaviour 

previously observed in La(FeSi)13, Fe49Rh51 exhibits an increase in the magnetization’s relaxation time as 

the magnetic field sweep rate increases. Lastly, we also report on the magnetization’s time derivative 

immediately after the magnetic field is halted. It is shown that it exhibits a linear relation with the applied field 

for a range of values past but near the critical field, as well as a sweep rate dependent saturation speed for 

intensities surpassing this range. 

 

 
Figure: a) Profile of the magnetic field applied isothermally to an Fe49Rh51 sample in the AFM state, driven at different magnetic 

field sweep rates. b) The resulting relaxation of magnetization over time. As the magnetic field sweep rate is increased, an increase 

in relaxation time is observed. 
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Controlling magnetism and magnetic properties by applying small voltages have been vigorously pursued in 

magneto-electric actuation, spintronics, information processing and data storage due to its ultralow power 

consumption. However, in ferromagnetic metals and alloys, which are core materials in important technologies, 

the control of magnetic properties has been limited to the scale of atomic layers in surface/interface due to 

strong electric field screening and the change of magnetism are usually small [i]. Recently, we proposed the 

concept of controlling magnetism through electrochemically-driven insertion/extraction of hydrogen atoms 

into/from interstitial sites of metal structure. The uniqueness of this concept lies in controlling the absorption 

and desorption of electrically neutral hydrogen atoms by means of electrochemical potentials. We showed that 

by applying voltages of 1 V, the magnetocrystalline anisotropy and coercivity of Sm-Co permanent magnets 

in micrometer-sized powders can be reversibly altered by more than 1 T [ii,iii]. For the first time, voltage-

assisted and -controlled magnetization reversal has been achieved at room temperature in permanent magnets. 

However, there are still challenges for this approach. Firstly, the aqueous electrolyte that provides hydrogen 

atoms will be difficult to be integrated into devices. Secondly, the dynamics of the tuning process and the 

mechanism behind the huge change of magnetic properties remain unclear. Targeting these challenges, in this 

talk we have dispensed with the use of aqueous electrolyte and developed the solid-state electrochemical 

system to realize the voltage-control of hydrogen insertion/extraction in a completely solid-state system. This 

enabled us to reversibly manipulate the coercivity by a magnitude of more than 2 T and the switching time can 

be reduced to milliseconds.  Our work may take the voltage-control of magnetism truly beyond the field-effect 

devices, which can enable the development of novel magnetoelectric devices 
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For developing high-performance permanent magnets, particle size refinement is the one way to exploit the 

potential of the compounds. The mechanical milling process and chemical synthesis method are widely used 

to prepare fine rare-earth (RE) alloy particles [1, 2]. Among the various methods, the induction thermal plasma 

(ITP) process [3], which is a gas evaporation process, is a unique method to prepare the RE alloy nanopowder 

with sizes smaller than 300 nm. 

In the previous study, the Sm-Co alloy nanopowder was successfully synthesized by the ITP process [4]. 

The anisotropic magnetic behavior and the particle formation mechanism of the Sm-Co nanopowder were 

demonstrated by the experimental results and numerical analysis. Using this Sm-Co nanopowder as a starting 

material, the isotropic nanocrystalline Sm-Co bulk magnet with a giant coercivity of 5.2 T and remarkable 

thermal stability was successfully consolidated [5]. The outstanding magnetic properties resulted from the well-

organized microstructure with better crystallinity obtained by using the Sm-Co nanopowder. However, the 

prepared Sm-Co “nanopowder” by the ITP process consists of only 36.7 wt% of the SmCo5 phase. In order to 

increase the content of the SmCo5 phase and obtain the magnetically harder nanopowder, Cu doping into 

SmCo5 is effective way since the solidus line of the SmCo5 phase is shifted to a lower temperature region by 

doping Cu into the Sm-Co alloy [6]. Therefore, in this work, the third element Cu was doped to prepare the 

Sm-Co nanopowder as close as single-phase by decreasing a composition distribution.  

The Sm-Co-Cu nanopowder was prepared by the ITP process using the mixed raw powders in the ratio of 

Sm:Co:Cu=1:4.5:0.5 at%. The X-ray diffraction (XRD) profile of the Sm-Co-Cu nanopowder indicates that 

almost only the SmCo5 phase was detected as an alloy phase. From Rietveld refinement, the Sm-Co-Cu 

nanopowders yielded a SmCo5 phase content of ~60 wt%, about 1.6 times that of the Sm-Co nanopowder 

synthesized without Cu doping. Scanning transmission electron microscopic (STEM) observation clearly 

showed the formation of the Sm-Co-Cu alloy particles. The coercivity of the Sm-Co-Cu nanopowder was 

measured as 1.9 T at 300 K. The Sm-Co-Cu nanopowder magnetic aligned by an external magnetic field of 2 

T displayed sufficient crystallographic orientation. In addition, the Sm-Co-Cu nanopowder has better 

anisotropic magnetic behavior compared to that of the Sm-Co nanopowder without Cu doping. Based on the 

results, we suggested that the ITP process has a high potential to prepare not only binary but also ternary RE 

alloy nanopowder for developing high-performance permanent magnets. 
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Sm2Fe17N3 compound is a promising candidate material that possesses high saturation magnetization, high 

Curie temperature, and high anisotoropy field being a potential competitor for Nd-Fe-B magnets at elevated 

temperatures. Although it has been said that this compound is extremely difficult to consolidate into bulk 

magnets, we recently reported that high-coercivity Sm2Fe17N3 sintered magnets can be produced by 

development of what is called low-oxygen powder metallurgical processes [1]. Quite recently, Toyota motor 

corporation reported a possibility that saturation magnetization and anisotropy field can be improved by doping 

of Ce, La and Co to Sm2Fe17N3 compound [2]. However, the saturation magnetization for Ce-free Sm2Fe17N3 

is 1.51 T for Sm2Fe17N3 in the patent embodiment which is not as high as the already reported value (1.57 T) 

in the liretrature. This is probably because the nitridation in the patent embodiments was carried out by nitrogen 

gas. It is quite possible that nitridation is imperfect in that work since the nitriding ability of nitrogen gas is 

inferior to that of ammonia. In this work, Ce-doped Sm2Fe17N3 powder was nitrided by ammonia gas so that 

the nitrogen concentration is precicsely controlled to exploit the full potential of the intrinsic properties of the 

magnetic powder truly has. 

Raw coarse Ce-doped Sm2Fe17 powder was supplied from Toyota motor corporation. A part of the powder 

was nitrided by mixture gas of ammonia and hydrogen to produce (Sm1-xCex)2Fe17N3 powder. The other part 

of the powder was pulverized by jet-milling or ball-milling to reduce the particle size down to  1.3 ~ 3.0 μm. 

A part of the pulverized powders were subjected to magnetic alignment and direct current sintering. The 

obtained pulverized fine powders and sintered magnets were subjected to the characterizations of laser-

diffraction particle size analyzer, oxygen-nitrogen analysis, scanning electron microscope (SEM), X-ray 

diffractometry (XRD), vibrating sample magnetometer (VSM) equipped with superconductivity magnets with 

maximum field of 90 kOe. 

In both the properly nitrided coarse powder and fine powders, it was confirmed that Sm2Fe17N3 structure 

was obtained by X-ray diffractometry. VSM measurements also revealed that the (Sm0.8Ce0.2)2Fe17N3 powder 

exhibits the saturation magnetizatoin at room temperature is 169.9 emu/g, being superior to that of the 

Sm2Fe17N3 compound (163 emu/g). Among the several pulverized powders, one of the powders exhibited Hc 

= 8.4 kOe and (BH)max = 34 MGOe. However, it was found that the improved saturation magnetization by Ce 

doping cannot be kept high after pulverization processes. In fact, the magnetization degradatiaon became more 

serious when the pulverized powder was sintered. Consequently, the (BH)max of the sintered magnet exhibited 

18 MGOe, which is not as high as the ones for dopant-free Sm2Fe17N3 magnets previously produced by our 

low oxygen powder metallurgical processes [3]. Although the sequences of nitridation and pulverization was 

changed to see if possible improvement of performance, it was found that the process route wherein pre-nitrided 

coarse powder was pulverized by jet-milling was able to produce the powder having the highest (BH)max and 

coercivity. 
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Since the discovery of the fingerprint [1] of first-order thermomagnetic phase transitions (FOPT) in the 

magnetocaloric response of materials, the so-called exponent 𝑛 quantitative criterion, the community has been 

applying it to evaluate their newly developed materials and performance [2]. This criterion is not limited to 

any theoretical model, does not require a fitting procedure, enhancing its versatility and, at the same time, 

eliminated the ambiguities encountered by the conventional methods when evaluating the order of phase 

transition (such as the presence of thermal hysteresis, universal curve scaling, and Banerjee’s criterion). Aside 

from addressing these limitations with the FOPT fingerprint, i.e. an overshoot of 𝑛>2 near the transition, 

exponent 𝑛 also achieves another breakthrough: identifying the critical point where the first-order crossovers 

to second-order phase transition (SOPT). This is a crucial regime for many high-performance magnetocaloric 

materials as it combines the advantages of both FOPT and SOPT, i.e., large MCE without hysteresis. A 

different viewpoint on this advantage might contend that identifying the location of the borderline can be 

difficult.  

In this talk, we present the exponent 𝑛 criteria to address the ambiguities faced in studying high-performance 

La(Fe,Mn,Si)13H and Mn-Fe-P-Si magnetocaloric materials undergoing magnetoelastic transitions: (i) 

exhibiting very low hysteresis [3] and (ii) with the presence of impurity magnetic phases near the FOPT [4], 

respectively. For case (i), the least hysteretic sample has a strong resemblance to SOPT characteristics but 

demonstrates a FOPT character according to the 𝑛 criteria [1,5]: FOPT fingerprint of 𝑛>2 overshoot and 𝑛 at 

the transition temperature, 𝑛transition, below 0.4 (equals to 0.37). This slight difference in the 𝑛transition values 

denote close proximity to the critical point, which also explains the least hysteresis observed in the series. 

These claims will be supported by complementary data. In case (ii), as  𝑛 = 1 at ferromagnetic state, the 

presence of magnetic impurities near the temperature range where FOPT occurs affects the overshoot 

associated to the FOPT: the existence of an overshoot remains, but it reaches a different maximum value, as 

demonstrated with numerical simulations.  
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Figure: (a) The least hysteretic sample among the La(Fe,Mn,Si)13H series show strong resemblance to SOPT characteristics. (b) The 

𝑛 criteria reveals its FOPT character andproximity to the critical point. 

250 275 300 325 350
-24

-20

-16

-12

-8

-4

0

Mn0.55

Mn0.42

Mn0.28

D
S

is
o
th

e
rm

a
l (

J
 k

g
-1

 K
-1

)

Temperature (K)

Mn0.11

Solid: increasing temperature

Open: decreasing temperature

1.50 T

a

0.1 0.2 0.3 0.4 0.5 0.6
1.0

1.2

1.4

1.6

1.8

b

nominal Mn

h

0.00

0.05

0.10

0.15

0.20

0.25

 0
.4

 -
 n

tr
a
n
s
it
io

n



 

36 

SYMPOSIUM 01. ORAL PRESENTATIONS 

Enhanced Spin Seebeck Effect via Voltage-Controlled Oxygen 

Manipulation 

 
Jeong-Mok Kim1†, Seok-Jong Kim1,2†, Min-Gu Kang1,3†, Jong-Guk Choi1, Soogil Lee1, Jaehyeon Park2, Cao Van 

Phuoc4, Kyoung-Whan Kim5, Kab-Jin Kim2, Jong-Ryul Jeong4, Kyung-Jin Lee2★ and Byong-Guk Park1★ 

1 Department of Materials Science and Engineering, KAIST, Daejeon 34141, Korea,2 Department of Physics, KAIST, 

Daejeon 34141, Korea,3 Department of Materials, ETH Zurich, Zurich 8093, Switzerland, 4 Department of Materials 

Science and Engineering, Chungnam National University, Daejeon, 34134, Korea,5 Center for Spintronics, Korea 

Institute of Science and Technology, Seoul 02792, Korea 

† These authors equally contributed to this work 

★ Correspondence to: bgpark@kaist.ac.kr (B.-G.P.) & kjlee@kaist.ac.kr (K.-J.L.) 

Spin Seebeck effect (SSE) [1] is referring the thermoelectric conversion via a magnon current in magnetic systems, 

where a thermoelectric voltage is generated in a direction perpendicular to the temperature gradient. SSE has potential 

to offer efficient thermoelectric devices because the transverse geometry of SSE enables to utilize waste heat from a 

large-area source by greatly simplifying the device structure. However, for widespread application, the thermoelectric 

conversion efficiency of SSE needs to be further improved. In this work, we show that the SSE substantially enhances 

by oxidizing a ferromagnet in normal metal/ferromagnet/oxide structures. In W/CoFeB/AlOx structures, voltage-

controlled interfacial oxidation of CoFeB modifies the SSE, resulting in the enhancement of thermoelectric signal by 

an order of magnitude. We describe a mechanism for the enhancement that results from a reduced exchange interaction 

of the oxidized region of ferromagnet, which in turn increases a temperature difference between magnons in the 

ferromagnet and electrons in the normal metal and/or a gradient of magnon chemical potential in the ferromagnet. Our 

results will invigorate research for thermoelectric conversion by suggesting a promising way of improving the SSE 

efficiency. 
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Magnetoelectric (ME) heterostructured materials with strain-induced coupling between ferroelectric and 

magnetostrictive components provides the larger converse ME coupling for low energy consumption 

applications [1]. In this contribution we present the ME properties of crystalline FeGa films grown on PMN-

PT crystals with (110) and (001) cuts. FeGa alloys, around the galfenol composition, are interesting because 

of their large magnetoelastic coupling, with low magnetic anisotropy values which tend to conceal strain-

induced effects. Crystalline layers are obtained at the growing temperature of 150 ºC using a MgO buffer layer. 

FeGa films on the (001) crystal surface grown on the (001) plane and display a large inverse ME coefficient 

above 10-5 s/m [2], with the easy direction switching between in-plane [100] and [010] directions by the 

application of an external electric field, which activates a uniaxial anisotropy (see Figure 1). The films 

deposited on (011)PMN-PT display the (112) surface and an intrinsic uniaxial anisotropy where the sign 

depends on the composition of the layer through the sign of the magnetoelastic stress B2, and the residual strain. 

The effect of the induced strain is weak and appears as minor modifications of the coercive field or the remanent 

magnetization. 
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Figure 1. Left: Squareness, SK, as a function of the angle after applying a positive (0+) and negative (0-) pulse of electric field. Right: 

SK and the inverse ME coefficient as a function of the applied electric field.
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Significant progress has been made in recent years to improve voltage-driven ion motion rates and 

cyclability, which are the two main bottlenecks to exploit the full potential of magneto-ionics. This has been 

achieved by proper selection of moving ion species (O2−, N3−, H+, F−, etc.), target materials, heterostructure 

designs, and voltage actuation protocols. However, room-temperature oxygen magneto-ionics is still too slow 

for relevant applications. Improvements are still required to further increase oxygen motion speeds and to 

reduce the required threshold voltages. In particular, for electrolyte-gated magneto-ionic films of tens of 

nanometers in thickness, voltages of several tens of volts are often needed [1].  

In this study, we demonstrate that oxygen motion in electrolyte-gated 15 nm-thick Co oxide film is 

significantly increased via ‘electrolyte engineering’. In other words, we tune the composition of the electrolyte 

instead of manipulating the Co oxide thin film or the working conditions, which is the most referenced pathway 

to improved magneto-ionics in literature. In particular, potassium iodide (KI), potassium chloride (KCl) and 

calcium tetrafluoroborate (Ca(BF4)2), are added to anhydrous propylene carbonate (PC) to modulate the ionic 

strength and, in turn, the electric field at the Co oxide/electrolyte interface by means of the built-in electric 

double layer. Specially for KI-containing PC, a 35-fold increase of the magneto-ionic rate is observed as 

compared to plain PC, and importantly, under a relatively low bias voltage of –1.5 V [2]. The time evolution 

of magnetization has been experimentally followed and quantified for each case. The formation of metallic Co 

clusters upon negative biasing of the Co oxide film is probed by X-ray photoelectron spectroscopy. Ab initio 

molecular dynamics simulations support the observed findings, namely that the effects observed for KI are 

greater than for KCl, which is a result one would not expect a priori. 
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First-order phase transition materials, such as all-d-metal Ni(-Co)-Mn-Ti Heusler alloys [1], are highly 

promising candidates for energy-efficient solid-state refrigeration as large multicaloric effects can be achieved 

upon driving the respective phase transition with an external stimulus. However, first-order materials suffer 

from reduced cyclic caloric effects, mechanical failure due to large volume changes, and hysteresis losses. 

In this work [2], we investigate the hysteresis losses at cryogenic temperatures using Ni(-Co)-Mn-Ti as a 

model material system. We analyze the responses of the magnetic, structural and electronic subsystems to the 

temperature- and magnetic field-induced martensitic transformation, showing an abnormally increased 

magnetic hysteresis width at cryogenic temperatures (Fig. 1 (a)). Based on this, we reveal the detrimental effect 

of hysteresis losses on the adiabatic temperature change, leading to substantial irreversible heating of the caloric 

material (Fig. 1 (b)). Most importantly, this phenomenon is universal, it applies to any first-order material with 

hysteresis, effectively limiting their utilization for gas liquefaction at cryogenic temperatures. 

 
Figure 1: (a) Temperature- and magnetic field-dependent phase diagram of Ni33.7Co14.8Mn35.4Ti16.1 with austenite finish Af, martensite 

start Ms, thermal hysteresis width THys and magnetic hysteresis width HHys. (b) Temperature dependence of the adiabatic temperature 

change ΔTad in Ni33.7Co14.8Mn35.4Ti16.1 measured with pulsed magnetic fields and determined with s(T) based on cp measurements 

(ΔTs(T)) in a magnetic field change of 14 T. The estimated effect of dissipation losses is given by ΔTdiss. The upper limit is neglecting 

and the lower limit is considering adiabatic boundary conditions. The zero-field martensite to austenite transformation temperature 

is given by Tt,0T. The inset shows the magnetic field dependence of the measured adiabatic temperature change for a pulsed magnetic 

field of 20 T at 15, 90, and 170 K. 
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Nowadays, building thermalization is a widespread human necessity, accounting for 28% of energy-related 

carbon dioxide (CO2) worldwide emissions.[1] These CO2 emissions are a major contributor to climate change, 

which has become one of the biggest concerns of humankind.[2] Thus, the growing energy-saving and 

environmental protection demand have prompted the development and implementation of more energy 

efficient and environmentally friendly thermalization technology. In this regard, remarkable efforts have been 

focused on the implementation of passive thermal regulation systems, that can be incorporated directly into 

windows,[3] roofs, or walls of buildings and operate without the need for electricity.[4] Here, it is demonstrated 

that the heat generated by the sun is sufficient to produce a partial spin transition in an spin crossover (SCO) 

material. SCO materials exhibit a reversible transition, between the high spin and low spin electronic states 

through the application of external stimuli such as temperature.[5] This SCO leads to a cooling effect with 

respect to other materials, due to an increase in light reflection resulting from the color change (from pink to 

white) and the energy absorption associated with the spin transition. In addition, when the material is cooled, 

a dampening of the temperature decrease is produced due to the energy release associated with the spin 

transition. Therefore, these materials can be used to reduce temperature fluctuations, and could potentially be 

implemented for passive temperature control in buildings. Interestingly, SCO materials are remarkably stable 

upon cycling and highly versatile, allowing for the design of compounds adapting the intended properties 

(transition temperature and hysteresis) for the desired climatic conditions and comfort temperature. 

 

Figure 1. a) Compounds employed in the experiment: 1 (that displays 

a SCO with a change of color between white at high temperatures and 

pink at low temperatures), 2 (pink) and 3 (white). b) Temperature in 

the sensor vs. exposure time with on-off solar simulator cycles  c) 

Illustration of the working scheme 
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Manufacturing and industrial processes lead to considerable waste heat and most of it is emitted at less than one 

hundred Celsius degrees. The conversion of this large amount of untapped heat into useful energy might represent an 

important contribution to the energy transition of our society [1]. To date, the harvesting of low-grade heat is only based 

on thermoelectric materials. However, such materials are too expensive for industry use and they are characterized by a 

low thermodynamical efficiency for thermal sinks near room temperature. The identification of new magnetic materials, 

that exploit the thermomagnetic cycle for the conversion of low-grade heat, might introduce a promising technology for 

fully sustainable energy production. Such materials must have as higher as possible magnetization change and thermal 

diffusivity in the working temperature range of their applications. In addition, they should be possibly free of critical 

elements and cost-effective [2]. 

We synthesized, characterized, and tested a set of Ni-Mn-Z Heusler alloys (with Z = Sn, In, Cu-Ga) for low-grade 

heat recovery. The selected compounds are characterized by a second-order Curie magnetic transition between 40–80 °C 

to maximize the change of magnetization in the typical working temperature range of a thermomagnetic generator for 

low-grade heat harvesting. We chose to work around the second order transition because, even if a first-order 

magnetostructural martensitic transition leads to a sharper variation of the magnetization, the thermal hysteresis of such 

transition can lower the efficiency of the thermomagnetic cycle. Finally, we reduced the compounds to powders and we 

realized some rotor-shape functionalized graphene-based composites [3] to test them directly on a thermomagnetic 

generator developed in situ. 

The wide tunability of the magnetic interactions and critical temperatures of the synthesized Heuslers have 

been investigated, revealing the potential of this class of materials for thermomagnetic energy harvesting. The 

obtained tunability of the Curie temperature of the compounds opens the possibility to find the most appropriate 

material for every temperature working range of the heat conversion device. The strict correlation between the 

magnetization change across the transition and the efficiency of the thermomagnetic generator will be also 

discussed. 
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Figure: (left) magnetic measurements of the three Heusler compounds NiMnSn (blue), NiMnIn (red), NiMnCuGa(green). In the 

left graph are reported the magnetic susceptibilities over temperature with an applied field of 10-3 T, and in the right graph are 

reported the isolfied curves with an applied field of 1 T. (right) The thermomagnetic generator developed in situ as thermomagnetic 

materials tester.
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Magnetic refrigeration, one of the most promising alternatives to conventional cooling/heating technology, 

makes use of magnetocaloric effect (MCE) which is maximized in materials that exhibit a strong 

magnetovolume coupling associated with first-order phase transitions (FOPTs), such as Gd5(Si,Ge)4 and 

La(Fe,Si)13 [1]. In order to optimize a magnetic heat pump efficiency, one approach is to enhance its frequency 

– and for that the fundamental knowledge about the time required for the materials to undergo these FOPTs is 

crucial. From recent litereature, it has been demonstrated that magnetic transitions can range up to 100s and 

strongly depends on the sample shape, temperature and magnetic field [2]. Since FOPT transitions occur in 

strong spin-lattice coupled materials, it is expected that, in parallel with the magnetization time-dependent 

evolution, there must be a crystal structure time-dependent evolution. 

In this work, we present for the first time (to the best of our knowledge) time-dependent evolution of the 

cubic structure of a LaFe11.6Si1.4 sample across its magnetovolume transition probed by Synchrotron XRD as 

a function of temperature, magnetic field, time, and direction of the transition. The time-scales and the 

evolution profiles of the lattice parameter as a function of time (Figure 1 b)) are shown to strongly depend on 

the field and temperature. Remarkably a strong asymmetry was also observed between the timescales of the 

transition triggered by increasing field (typically few hundreds of seconds) versus decreasing field (below 1 

second). Through free energy estimates of a compressible Ising model system [3], it is shown that this 

assymetry correlates with the free energy barrier between stable and metastable states. In the field decreasing 

process, this barrier is small, or even non-existent, in contrast to the field increasing process. 

 
 

Figure 1: a)  Time and 

field evolution of 

LaFe11.6Si1.4 XRD most 

intense peak. b) Time 

evolution of LaFe11.6Si1.4 

lattice parameter at T = TC 

+4 K = 182 K for a set of 

four different magnetic 

field values Hpause.  
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Being driven by rapidly increasing demand for new high-tech and energy-efficient cooling devices, the 

multi-stimuli responsive functional materials with a strong interplay between their structural, magnetic, and 

electronic degrees of freedom have been recognized as a new family of promising materials for applications in 

emerging alternative solid-state refrigeration technologies [1]. In this context, materials with a first-order phase 

transition, where an application of the different generalized thermodynamic forces/fields is accompanied by 

large discontinuities and abrupt changes in their conjugate variables are of particular interest. For rational 

design of these materials, it is vitally important to know in detail, how different subsystems of the solid 

interplay during the transition, which system triggers the phase transition and how this mutual entanglement 

interaction can be responsible for the resulting magnetocaloric effect. 

Our work shows a new pathway to disentangle the interplay between the structural, magnetic and electronic 

degrees of freedom, and is the next step towards a complete understanding of the driving forces of the transition, 

together with comprehension of the origin of thermal hysteresis in magnetic phase-change materials. We have 

built several original experimental setups for simultaneous measurement of macroscopic physical properties 

(magnetization, magnetostriction, resistivity, temperature change) in isothermal or adiabatic conditions [2], 

[3]. These devices were used for study materials with first-order magneto-structural phase transitions, such as 

La(Fe,Si)13 (Fig. 1), Heusler alloy, FeRh and RCo2, where the quantitative determination of elastic and 

magnetoelastic coupling constants is indispensable to understand the nature of field- and stress-driven phase 

transformation.  

 
Figure 1: (a) field dependences of magnetization and (b) field dependences of magnetovolume effect, both measured simultaneously 

on polycrystalline LaFe11.4Si1.6 
 

Acknowledgements  

We acknowledge financial support by the Deutsche Forschungsgemeinschaft (DFG) within the CRC/TRR 270 

(Project-ID405553726). 

References  

[1] O. Gutfleisch, T. Gottschall, M. Fries, D. Benke, I. Radulov, K. P. Skokov, H. Wende, M. Gruner, M. Acet, 

P. Entel and M. Farle, Phil. Trans. R. Soc. A 374 20150308 (2016) 

[2] D. Y. Karpenkov, A. Y. Karpenkov, K. P. Skokov, I. A. Radulov, M. Zheleznyi, T. Faske and O. Gutfleisch. 

Phys. Rev. Appl. 13, 034014 (2020). 

[3] A. Aubert, K. Skokov, G. Gomez, A. Chirkova, I. Radulov, F. Wilhelm, A. Rogalev, H. Wende, O. 

Gutfleisch and K. Ollefs, IEEE Trans. Instrum. Meas. 71, 1–9 (2022).



 

44 

SYMPOSIUM 01. ORAL PRESENTATIONS 

Strategies to decrease the thermal hystéresis in NiMnInCo(Cu) 

metamagnetic shape memory alloys 
P.La Roca *1,2,3 , J. López-García 1,4 , V.Sánchez-Alarcos 1,3 , V. Recarte 1,3 , J. I. Pérez- Landazábal1,3 

 1Institute for Advanced Materials and Mathematics (INAMAT2), Universidad Pública de Navarra, 

Pamplona 31006, Spain 
2 Centro Atómico Bariloche (CNEA), CONICET, Bariloche 8400, Argentina 

3 Science Department, Universidad Pública de Navarra, Pamplona 31006, Spain 
4 Department of Physics, Faculty of Science, University of Oviedo, Oviedo 33007, Spain  

* paulo.laroca@cab.cnea.gov.ar 

 

The current refrigeration technology, based on gas vapour-compression cycles, damages the ozone layer and 

is reaching its technical limits of efficiency. On the other side, solid state refrigeration technology based on 

magnetocaloric (MC) materials is one of the most promising green technologies to replace conventional 

processes. In this way, Ni–Mn-based Heusler alloys exhibiting both long-range magnetic ordering and 

thermoelastic martensitic transformation (MT) have been intensively investigated over recent years due to their 

magnetocaloric properties [1,2]. However, there are important challenges to solve such as the reduction of the 

energy losses linked to both thermal and magnetic hysteresis and the achievement of reversible transformations 

with even higher MCE. In this work, different  strategies have been used to decrease the thermal hystéresis 

(~15-20K) in NiMnInCo  metamagnetic shape memory alloys. In particular, the composition,the long-range 

ordering and size and microstructure of the particles will be analyzed.  

The change of the chemical composition (adding Cu) combined with an adecuate thermal treatment to promote 

long-range atomic ordering, decreases the thermal histérisis of bulk alloys from 20-15K to 6-7K [3]. This 

chemical and structural modifications enhance the crystallographic compatibility between austenite and 

martensite, bringing about a remarkable reduction of thermal hysteresis. Also, the ordering increases the 

magnetization of the austenite without changing the transformation temperatures, doubles the sensitivity of the 

transformation to magnetic fields (the Claussius-Clapeyron slope increases from 2.1 to 3.9 K/T), and improves 

the magnetocaloric effect, the reversibility and finally, enhances the refrigeration capacity [3].  Subsequently, 

microparticles have obtainded by hand crash. The high density of microstructural defects induced by grinding 

have been recovered and quasi-monocrystalline particlles were obtained. This last step allow to reduce the 

thermal hysteresis from 6K (Bulk) to 3K. 
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Magnetic-shape-memory (MSM) Heusler compounds are promising for a variety of applications in 

actuating, sensing, energy harvesting, spintronics and multicaloric cooling technologies. Multifunctionality of 

these materials originates from a reversible martensitic phase transformation, which is typicaly accomponied 

by some undesirable characteristics (e.g. thermal hysteresis and broad transition). Those prevent full 

exploitation of MSM materials towards applications [1 and references therein].          

Over the last decade, we have investigated martensitic phase trasformation of Ni-Mn-Ga MSM Heusler 

films for gaining a comprehensive insight into the effects of different factors, processes and stimuli such as the 

lateral size, film thickness, martensitic interfaces, twins and solid-state dewetting process on the phase 

transformation of the material [1-5]. These can eventually help us designing the material with an optimal phase 

trasformation characteristics.  

In this study, we apply indentation forces by a Berkovich tip covering two orders of magnitude (0.1-10.0 

mN) as the sources of explicit deformations in epitaxial Ni-Mn-Ga films on MgO(001) substrate. We evaluate 

the nucleation, growth and annihilation of the martensitic phase in the nanometric and micrometric scales by 

atomic/magnetic force microscopy imaging in temperature as a function of a series of indentation forces and 

different distances from the indents. The focus of the work is to study the links between the indentation force 

and the local impacts of the indents on the martensitic transformation route of the material.  

We observe a local increase of the martensitic transformation temperature (up to around 5 K) as a function 

of the applied forces that follows a non-linear regime, reaching a plateau by increasing the applied force. The 

observed effect is local and almost disappears for distances longer than 500 nm from the deformed regions 

around the indents called pile-ups beyond which the material transforms similarly to the pristine sample. The 

local increase of transformation temperatures as a function of nanoindentation forces occurs in both the cooling 

and the heating curves. Therefore, no considerable thermal hysteresis variation is observed in the transition of 

the material. The major portion of the temperature increase is obtained at the martensite-fraction range between 

zero to fifty percent, resulting in “broadening” of the transition close to the indents. The results are discussed 

by highlighting the shear mechanism of the martensitic transformation and the pinning effect of the substrate 

[1]. 
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The demand for small, lightweight, and autonomous power supply generators to sustain low-power wireless 

sensor nodes, wearable devices, and implants has been continuously rising for more than one decade. At the 

same time, as the cheapest, and most ubiquitous energy source available in anthropized environments is 

ultralow waste heat (i.e. in a temperature range from 25°C to 80°C) [1], its efficient scavenging represents a 

key, and urgent technological goal. Recently, a self-actuating thermomagnetic generator (TMG), using as an 

active substance a 5 μm Heusler film, and working over a 138°C temperature difference, has been reported [2]. 

Its power-output of 118 mWcm-3,  surpasses the state-of-the-art of small scale powering solutions, mostly 

relying on thermoelectric generators [2].  

Here we present a TMG prototype somewhat inspired by the one reported in [2] but scaled down in size, 

and working over a smaller temperature gradient. Reducing the temperature difference while keeping a high 

power output has been obtained through improved thermal management. Working over 20°C, at 100 Hz, we 

estimate an available power of the order of 10 mWcm-2. From this standpoint the device is an excellent 

candidate for ultralow heat harvesting. The size has been scaled down through optimization of the field source 

making the device the smallest and lightest TMG prototype reported so far. To do this we used a thick, free-

standing, flexible, Gd film [3], jointly with a patterned NdFeB hard-magnet film [4] to get highly confined 

fields, with strong gradients, over displacements of tens of micrometers. Combining the properties of the Gd 

film and NdFeB micro-magnets, we identified the optimal size and elastic force to get the micro-device 

working through a self-oscillating (i.e. fully autonomous) cycle driven by a suitable balance between elastic 

and magnetic forces. Mechanical to electric energy conversion is obtained through a laser-cut piezoelectric 

spring. Experiments show that a frequency up to 100 Hz is achievable working over a small temperature 

difference, with the hot side at 30°C and heat sink at 10°C. This result is a key step towards higher output 

power. We shall present the main characteristic of the device with a particular focus on its self-actuating 

dynamics, and on the prospects to achieve further improvements of its throughput. 
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The development of heat flux sensors based on planar architectures as well as thermoelectric modules for 

energy harvesting and efficient cooling can benefit from the research on transverse thermoeletric effects [1]. 

In this framework, Fe-based compounds and alloys play a fundamental role because of their relatively large 

anomalous Nernst effect (ANE) thermopower, their availability and ease of being produced in thin films [2].  

Recently, the ANE of Fe100-xGax has been investigated as a function of the Ga concentration [3], with the 

thermal gradient along the in-plane direction and the magnetic field along the out-of-plane direction of of the 

film under test. 

In our work, we investigate the ANE thermopower of Fe100-xGax films and we compare their values with 

those of polycrystalline bulk samples, with Ga concentrations in the range x = 18–30. We adopt a measurement 

configuration whose geometry is compatible with the design of heat flux sensor devices. This includes the 

measurement of the ANE voltage dependence on the heat currents through the surface of the sample, in the 

out-of-plane direction, and the temperature dependence of the ANE thermopower for typical working 

temperature values. By assuming the value of the thermal conductivity of the active material as equal to 15 

WK-1m-1, we find a value of the ANE thermopower equal to -2.9 μV/K in a 200 nm thick Fe70Ga30 film, 

compatible with the highest values reported so far in the literature [2,3,4]. 
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Figure: a) Scheme of the measurement system. b) Example of the ANE voltage as a function of the applied magnetic field at different 

values of heat current for a Fe70Ga30 film (thickness = 200 nm): the values of ANE voltage for the evaluation of the ANE thermopower 

have been measured at magnetic remanence (red dots on the loops). c) ANE thermopower from the same sample at room temperature 

and at 50°C.
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Magnetocaloric refrigeration attracts a lot of attention since it can be more energy efficient and 

environmentally friendly than current vapor compression technology. Many efforts are guided towards a 

reduction of the thermal hysteresis to enhance the cyclic magnetocaloric effect in first-order materials. An 

alternative solution has been proposed, which benefits from the thermal hysteresis by using two stimuli 

(magnetic field and uniaxial stress) to trigger the phase transition in a multicaloric material [1]. 

In this work, we present the material development for tailored chemistry and microstructure for the multi-

stimuli cooling cycle. We follow different approaches for an increased mechanical stability for reliable cyclic 

performance combined with optimum thermal hysteresis width and large caloric effects:  

(1) Tailoring microstructure by processing, where we use Ni-Mn-In Heusler alloys to produce samples with 

different grain sizes and degree of texture to study the influence on mechanical stability and stress-sensitivity 

of the phase transition. We can achieve for Ni-Mn-In a cyclic multicaloric effect of 4.1 K in 1.9 T and 55 MPa, 

which exceeds the corresponding magnetocaloric effect by more than 200 % [2] 

(2) Tailoring microstructure by doping, where we introduce secondary phases in Ni-Mn-In to study 

mechanical stability and caloric response reaching a stable elastocaloric effect over 16.000 cycles [3,4] 

(3) Using mechanically stable Ni-Co-Mn-Ti with intrinsically strong chemical bondings and developing 

thermal hysteresis and caloric effect by chemistry and processing [5]. 

In order to test the developed materials under application near conditions, we developed a novel multicaloric 

testbed which allows the direct measurement of the multicaloric material performance in an “exploiting-

hysteresis cycle”. Using this purpose-built device we study the multicaloric performance of FeRh under 

different pulsed magnetic fields and uniaxial loads. We demonstrate that in FeRh a cyclic multicaloric effect 

of  2.5 K can be achieved whereas its magnetocaloric counterpart in similar fields is negligibly small.  
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Figure 1: Schematic of the multi-

stimuli cooling cycle (left) and 

cyclic temperature change of FeRh 

in a testbed for subsequent 

application of magnetic field and 

uniaxial stress (right)
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Permanent magnets are behind the operation of countless devices, including many of the modern 

technologies enabling the transition towards a climate-resilient sustainable green future, such as wave and wind 

power generators or electric vehicle motors. When seeking for maximizing the energy efficiency while 

minimizing the size (weight) of these devices, magnets based on rare-earth elements (REEs) are preferred. 

However, the REEs used in permanent magnets (e.g., Nd, Dy, Pr, …) have long held the top positions on the 

list of the most critical materials with the highest supply risk, and the situation is only expected to worsen, with 

the EU forecasting a tenfold increased demand by 2050.[1] In this framework, booting the recycling rates of 

REE magnets and optimizing the current recycling procedures is crucial to ensure the sustainability of clean 

energy production and use. 

Recycling NdFeB magnets from end-of-life (EOL) products is a promising solution to meet the high demand 

expected for the coming years while minimizing the harmful environmental impact of REEs extraction. The 

present study employs NdFeB powders recovered from household appliances through HDDR (Hydrogenation-

Decrepitation-Desorption-Recombination). A common procedure after the HDDR treatment is jet-milling the 

obtained NdFeB down to grain sizes of 3–5 µm, which may be then aligned, compressed and sintered to 

manufacture fully-dense recycled magnets.[2] 

In the present work, we have explored an alternative method to the costly jet-milling procedure. The two-

step milling protocole developed here has allowed reducing the NdFeB average grain size down to 4.83 μm, 

which is competitive compared with the values attained by jet-milling, while in an attempt to simplify the 

process, the powders have been manipulated in air. The NdFeB powders have been extensively studied before 

and after the various steps. Rietveld analysis of powder X-ray diffraction (PXRD) data and X-ray absorption 

spectroscopy (XAS) have allowed following the changes in composition, microstructure, local structure and 

crystallite size, unravelling the formation of Nd-rich phases (oxides and hydroxides) and other secondary 

phases, while field-emission scanning electron microscopy (FE-SEM) and confocal Raman microscopy (CRM) 

measurements have unveiled the sample morphology and the distribution of secondary phases.Air exposure 

yielded a partial oxidation of the material (estimated below 10%) but we have been able to confirm that most 

NdFeB remains in a metallic state. Ongoing work includes the reduction and re-structuring of the oxidized 

recycled powders back to pure metallic NdFeB with the correct microstructure. 
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Fe50Rh50 alloys are known to have a B2 ordered structure with an antiferromagnetic (AFM) to ferromagnetic 

(FM) transition at near room temperature. The transition is isostructural with about 1% change in volume and 

is accompanied by giant magnetoresistive and magnetocaloric effects [1]. The majority of the previously 

reported works do not provide extensive local atomic structure investigations. Thus, the structural 

characteristics of the alloy at the AFM or FM states remains controversial [2]. Since FeRh alloys can be 

considered as amember of betta alloy series (CdAu, TiNi, Fe-C, etc…), it is expected that they present a 

premartensite structure followed by a martensite structure upon cooling at cryogenic temperature[3]. The 

martensite was also predicted by extensive first principal calculations[2,4]. However, so far, no evidence has 

been given regarding the formation of either pre-martensite or martensite structures in the Fe50Rh50 alloy. 

Therefore, in the present work, we use various TEM techniques (CTEM, HRTEM, STEM (HAADF), and EDS) 

to investigate the FeRh 50/50 alloy nanostructure locally. Our HRTEM results clearly show systematic 

presence of modulations along three principal directions ([001], [-110], and [111]), while the overall structure 

of the alloy still match perfectly with the B2 structure. The modulations are present along certain reflexes (100 

and 110), as is confirmed by further HAADF-STEM imaging. High resultion HAADF data also showed that 

the modulations are caused by displacement of Fe and Rh atoms. Such displacement is belived to be caused by 

phonon softening along [110]. We confirmed this using dnesity functional theory (DFT) calculation. From our 

results, we conclude that the B2 alloy of FeRh 50/50 at the AFM state possess a pre-martensite structure. 
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With an increasing concern for climate change, many countries have transition to green energy sources and 

electric transportation as one of their priorities. It causes a spike in demand for high-performance permanent 

magnets (PM), which are used in large amounts in wind turbines and electric motors. At the same time, all the 

high-performance PM currently in use contain rare-earth (RE) elements, which brings another set of problems. 

REs are subject to high supply risks, with their prices being high and unpredictable, are not recycled efficiently, 

and are often mined with a high risk for the environment. Hence, there is a growing interest in finding new RE-

free or RE-lean magnetic materials, which should still demonstrate similar high performance.  

We have introduced high-throughput and data mining density functional theory (DFT) approach to the 

search for RE-free PMs  [1]. Filtering through the Inorganic Crystal Structure Database (ICSD) of materials 

preciously synthesized experimentally, we are looking for the materials with ferromagnetic (FM) ground state, 

high saturation magnetization (MS > 0.5 T), high uniaxial magnetocrystalline anisotropy (> 1 MJ/m3), and high 

Curie temperature (TC > 400 K). When a promising material is found, an attempt is often made to improve its 

characteristic by various element substitution. 

A combination of a 3d- and a p-element of the periodic table was considered in our recent work [2]. Here, 

we looked specifically into three of the materials found as a result of the high-throughput search in an attempt 

to improve some of their properties. Those are Fe2C, Mn2MoB4, and Mn2WB4 (black squares in Fig. 1). For 

example, Fe2C, with its good magnetic characteristics of  MS = 1.31 T, MAE = 0.8 MJ/m3, and TC = 900 K, is 

reported to be unstable. We have attempted to improve its stability by alloying it with the other magnetic 

elements. The optimal additional element was found to be Mn, as it improved the stability, along with all the 

magnetic characteristics  (see the purple pentahedron in Fig. 1) [2]. 

 
Figure 1: MAE and saturation magnetization of the materials discovered as a result of our data-mining searches. For comparison, 

red hexagons show the data for some of the currently used RE permanent magnets and several RE-free PM 
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The L10-FeNi binary alloy is a promising candidate for next generation rare earth-free permanent magnets (PMs) [1], 

which can revolutionize the high-performance PM market currently dominated by the Nd-Fe-B [2]. However, the 

fabrication of the L10 phase is extremely challenging owing to the low atomic mobility below the chemical order/disorder 

transition temperature that kinetically limits the formation of the L10 phase [3]. Despite many efforts, the experimental 

results are still far from the theoretical predictions and the proposed approaches mainly involve complex and expensive 

protocols, which cannot be easily scaled-up for bulk production and/or result in a low proportion of the L10 phase [3].  

To overcome current limitations, we exploited an effective and easily scaled-up chemical synthesis method, already 

successfully applied for other L10 alloys [4], which is based on the use of crystalline precursor complexes consisting of 

an ordered arrangement of the elements on alternating atomic planes that resembles the atomic arrangement of the L10 

structure. The perfect atomic order of the precursors allows reducing the energy required to order the atoms thus driving 

the formation of the L10 phase that can be obtained by low- temperature reduction in H2 atmosphere. To apply this 

concept to the L10 FeNi alloy, crystalline Ni-Nitroprusside complexes with a 1:1 ratio of Fe and Ni were used as 

precursors [5]. Carbon coated FeNi alloy nanoparticles (20 – 120 nm) with a >55 % of L10 phase (as determined by 

Mossbauer analysis), quite high coercivity (up to 65 mT) and large saturation magnetization (~ 135 Am2/kg, close to the 

bulk value) were obtained in the best experimental conditions. Despite the coercivity is still far from optimal for a high-

performance permanent magnet, the results clearly prove the effectiveness and high potential of the developed strategy, 

which can be exploited, after further optimization, for mass production of highly ordered L10-FeNi nanoparticles for next 

generation critical-element-free permanent magnets. 
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Figure: (a) Schematic representation of the synthesis process: from crystalline Ni-Nitroprusside complexes (left) to L10-FeNi alloy 

(right). (b) Representative M(H) loop of FeNi powders and (c) corresponding TEM image.
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Rare earth (RE)-free magnetic materials may play a vey important role towards the reduction of Europe’s 

dependency to the critical elements like light- and heavy-rare-earths. For tackling this problem a European 

project consortium with 21 partners including leading industries [1]. In this project we carry out studies on RE-

free hard magnetic materials such as Sr-hexaferrites and Mn-Al-C systems. Mn-Al-C is one of the promising 

material systems which fits to the concept of the gap magnets. The tetragonal τ-MnAl phase has the potential 

of theoretical energy products approximately of 100 kJ/m3 [2]. 

In this work, we investigated the effect of different aging conditions on the structural, microstructural, 

chemical and magnetic properties of the hot compacted Mn56.2Al42.3C1.5 samples. High phase purity Mn-Al-C 

powders were prepared by the the company Less Common Metal (LCM) using conventional casting following 

a KEK milling and classification process. Powders of < 300 µm (particle size) were used for the hot compaction 

experiments. A series of consolidation trials were carried out at different pressure and temperature conditions 

to end with bulk Mn-Al-C magnets. The details towards an optimization of the process will be discussed in this 

presentation. Structural (including phase evolution), microstructural and magnetic studies were carried out on 

the consolidated samples.  

Together with the magnetic and structural characterization, investigations on the corrosion behavior have 

been assessed. Figure shows voltammetry measurement results under two different chemical environments 

with different pH levels. These results indicate that the τ-MnAl phase oxidizes relatively easier in alcaline 

conditions. Considering the pH level of tab water (between 6.5 and 8.6) evaluating the corrosion sensibility of 

this material seems relevant prior to utilization in aqueous environment. Similar to the consolidated samples, 

structural, microstructural and magnetic characterizations of the aged samples were carried out. The results 

will be discussed in detail in view of future applications of this RE-free permanent magnet alternative. 
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M-type hexaferrite magnets constitute together the rare-earth magnets the most employed magnets in the 

world. Even if ferrite magnets have smaller energy product and lower magnetization saturation than rare-earth 

permanent magnets (PMs), currently ferrite magnets represent the most widely used PMs, covering 80% of the 

PM market production [1,2]. Recently, a strong effort is being performed to improve the magnetic properties 

of ferrites with the scope of substituting partially rare-earth magnets. Most of the strategies involve the 

nanostructuration of the ferrites and/or the development of hybrid compounds [3]. A bottleneck for the 

production of these magnets is that standard sintering process requires high temperatures and oxidizing 

atmosphere that produces the destruction of the nanostructure and several chemical changes. Different novel 

strategies as out-of-equilibrium or cold sintering processes are mainly considered[2,4]. 

In our presentation we will show the production of dense ferrite-based magnets by high pressure multi-Anvil 

press at low temperatures. This press applies quasi-isotropic pressures in the range up to 20 GPa and 

temperatures up to 1200°C. We demonstrate that the consolidation of micrometric hexaferrite (SrFe12O19) 

powders is possible at temperatures below 1000°C, below the standard sintering temperatures. In addition, 

dense hybrid magnets were obtained composed of micrometric hexaferrites and soft high magnetization metal 

Fe or FeCo NPs applying pressures up to 6 GPa and low temperatures (250°C). A deep study, including 

structural, morphological and magnetic characterizations, has been performed to determine the influence of the 

temperature and pressure consolidation conditions in the properties of these novel magnets. Magnetic 

characterizations show that hybrid magnets exhibit larger magnetization than ferrites and single step hysteresis 

loops. Single Point Detection characterizations indicate that the anisotropy field of the hybrid magnets is similar 

to that of the ferrite magnets. These results suggest that the two moieties componing the high pressure 

consolidated magnets have similar properties than the original micro and nano powders, but they are magnetic 

coupled during the reversal process. High pressure consolidation appears as a promising technique to obtain 

nano-based metal-oxide hybrid magnets with promising hard properties.   
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Strontium ferrite (SrFe2O19) permanent magnets account today for 80% in volume of the market due to their 

excellent properties and important advantages over other families of magnets [1,2]. These permanent magnets 

are a great alternative to rare-earth (REE) permanent magnets, well-known for being critical raw elements, 

whose extraction produce an enormous impact on the environment. Therefore, the development of these REE-

free magnets is of great significance nowadays, as they are the most natural candidate for substitution of REE 

in a variety of applications such as electric motors, sensors, and home appliances [3]. Its demand is expected 

to increase in the next 5-10 years, so it is crucial to ensure the sustainability of the ferrite magnet value chain. 

This work is based on the recycling of strontium ferrite magnets obtained from end-of-life home appliances in 

Europe, as a first step to implementing a circular economy loop in the ferrite magnet value chain in Europe.  

We have established a succesful process for recycling sintered Strontium Ferrite magnets back into powder 

based on milling and annealing cycles that achieve the reduction of the particle size and competitive magnetic 

properties after a final thermal annealing. In addition, we conditioned the recycled powder for fabricating the 

first batch of recycled ferrite magnets by injection moulding, obtaining properties similar to commercial 

injection moulded ferrite magnets. The laboratory-scale method used to obtain the recycled powder is easily 

implementable and up-scalable at industrial level. 
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Figure 1: Image showing the steps of the recycling proccess of the strontium ferrite magnets 
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Energy-efficient greener magnetic refrigeration technology based on magnetocaloric effect is sought for its 

applicability for over two decades. However, the unavoidable thermal hysteresis loss often reduces the cyclic 

magnetic cooling performance significantly for magnetocaloric materials exhibiting a first-order phase 

transition. Therefore, a better reversible magnetocaloric effect is desirable for practical applications 

(particularly in the 2 T magnetic field range). In this context, the nature of the phase transition responsible for 

the magnetocaloric effect in MnNi1-xCoxGe0.97Al0.03 (x=0.20-0.50) compounds has been studied.  

Isostructural substitution of MnCoGe (Collinear ferromagnet) with MnNiGe (Spiral antiferromagnet) can 

create a fascinating phase transition scenario with a magnetic instability near 50:50 substitution [1]. The 

magnetic phase transition remains second-order and the structural transition occurs in the paramagnetic state. 

Small amounts of Al substituting Ge can lower the structural phase transition temperature, resulting in a 

coupled first-order magnetostructural transition in MnNi1-xCoxGe0.97Al0.03 (x=0.20-0.50) near room 

temperature. In this system a magnetic instability combined with a magnetostructural transition results in a 

triple point, where three different types of first-order magnetic phase transition boundaries coincide [(i) 

magnetostructural transition between ferromagnetic (orthorhombic)-paramagnetic (hexagonal), (ii) 

magnetostructural transition between antiferromagnetic (orthorhombic)-paramagnetic (hexagonal) and (iii) 

magnetoelastic transition between antiferromagnetic (orthorhombic)-ferromagnetic (orthorhombic)]. Most 

interestingly, compositions in the vicinity of the triple point are found to have an enhanced reversible low-field 

magnetocaloric effect (|ΔSrev|=6.9 J/kg K for Δμ0H=2 T). Moreover, |ΔSrev| reaches values of 17.2 and 24.5 J/kg 

K for Δμ0H=5 and 7 T, respectively, which is rather rare in the studied class of materials and also comparable 

or even larger than observed in other well-known giant magnetocaloric materials.  

It has been found that magnetic frustration plays a most crucial role in the reversibility of the |ΔSrev|. A 

sudden release of magnetic frustration due to composition-dependent transformation from a frustrated 

antiferromagnetic to an ordered ferromagnetic state is responsible for a better |ΔSrev| in MnNi1-xCoxGe0.97Al0.03 

near the triple point. It can be inferred from the fundamental insights behind the observed reversibility in |ΔSrev| 

that a similar reversibility is also expected for other functional properties near the triple point and it would be 

likely invariant irrespective of material classes. 
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τ-phase MnAl is an excellent rare earth-free PM candidate [1] due to its properties such as an estimated 

maximum energy product of (BH)max = 12 MGOe [2] at room temperature and its density of 5.2 g/cm3 (by 

comparison with 7.6 g/cm3 for Nd2Fe14B). 

Using casting technology and then pulverized by KEK milling, Less Common Metals (LCM) was able to 

produce powder with particle size under 90 μm and 300 μm, respectively. This powder produced in an industrial 

environment was confirmed to show a nearly 100% content of τ-MnAlC by VSM and XRD measurements. 

IMDEA’s “flash-milling” method [3] was used in a first set of experiments, considering milling times between 

30 to 840 seconds. This processing allowed a two-fold increase in coercivity respect to the precursor, 

maintaining a remanence of 34 Am2kg-1. High-energy ball milling (HEBM) tests were performed by a 

proprietary process of MBN at a pilot scale (limited at 0.5 kg per test), demonstrating the viability of up-scaling 

the process and increasing the precursor particle size, achieving a maximum coercivity of 0.35 T (i.e. 4.4-fold 

increase respect to the starting material) in times under 1 hour. Considering previous results [4,5], powders 

were subsequently annealed at a moderate temperature (550ºC for 10 min) under N2 atmosphere to recrystallize 

τ-phase and develop β-phase to optimize the magnetic properties. 

Corrosion assessment was done in distilled water at room temperature and heating in air at 550ºC, showing 

promising results after 84 days in water and after 10 min of heat treatment in air. 
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Figure 1: (a) First and second quadrants of the VSM hysteresis loop; (b) XRD patterns for the initial powder, powder flash-milled 

for 120 seconds, and powder obtained via up-scaled HEBM for a milling time below 1h. Milled samples after annealing at 550ºC.
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Nowadays, the study of hybrid improper ferroelectric (HIF) materials is increasing considerably as a way 

to obtain new multiferroic compounds [1], which are promising materials to obtain ultra-low-power electronic 

devices. One of the latest HIF materials discovered is Sr3Sn2O7 [2]. This compound belongs to the family of 

(AO)(ABO3)2 Ruddlesden-Popper (R-P) perovskite oxides and it is very interesting because it exhibits both 

ferroelasticity and ferroelectricity with a relatively low coercive field in single-crystals [2]. In order to extend 

the functionality of this material, we have explored the possibility of inducing magnetism by replacing Sn with 

magnetic atoms. We have prepared Sr3-xLaxSn2-xMxO7 (M = Cr, Fe, Mn) compounds up to x = 1, where the 

simultaneous replacement of Sr by La allows preserving the electrical neutrality in the unit cell.    

The new compounds are single phase showing solid solutions and the patterns can be refined using the 

A21am space group of the parent compound [2], that is, the crystallographic structure remains non-

centrosymmetric. These samples show a paramagnetic behavior at high temperature obeying the Curie-Weiss 

law. Negative values of the Weiss constant for M = Fe or Cr in the paramagnetic region suggest 

antiferromagnetic (AFM) correlations that increase with doping. However, M = Mn samples present positive 

values of this constant that reveal the occurrence of ferromagnetic correlations. 

At low temperatures, a large deviation from the Curie-Weiss law is observed for all samples. Below 6 K, 

magnetic irreversibility between zero-field-cooled and field-cooled conditions are found for Sr3-xLaxSn2-

xMnxO7 samples with x ≥ 0.75, i.e. above the percolation limit (x≈0.66). Isothermal measurements, M(H), 

reveal a deviation from linear behavior in samples doped with Fe or Cr at 5 K. This result could be associated 

with an easy polarization of the magnetic moments by an external magnetic field. However, a clear spontaneous 

magnetization is observed in the M(H) loops for Mn-based samples. Although magnetic saturation is not 

achieved at 5 T, the magnetic moment values at these fields are close to 3 B/at. Mn, suggesting the occurrence 

of a long range ferromagnetic ordering. The hysteresis loops are supported by X-ray circular magnetic 

dichroism measurements and the X-ray absorption spectra at the Mn L2,3 edges confirm the presence of mostly 

Mn3+ cations in these samples. This result seems to contradict the Goodenough-Kanamori rules that predict 

AFM interactions between Mn3+ ions but it is strongly reminiscent of the ferromagnetism described in simple 

perovskites when Mn3+ is diluted with nonmagnetic ions [3,4]. The present work suggests a similar 

ferromagnetic vibronic-superexchange mechanism for these R-P phases. 
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Hard ferrite magnets might find very soon an increased number of market applications in the electromobility 

sector based on improved magnetic properties combined with the possibility of making a redesign to take full 

advantage of the new achievements [1]. This possibility will contribute to aliviate the volatile situation of 

Europe’s dependence on critical raw materials in the permanent magnet sector.  

This study shows the possibility of developing high-coercivity strontium ferrite powder with an excellent 

performance at low temperature and with no need to use critical raw elements (e.g. La and Co). This has been 

possible starting from a commercial ferrite and nanostructuring it (Figs. 1a,b) by the self-developed “flash 

milling” method [2,3]. The creation of a Sr-ferrite/hematite nanocomposite has led to a room temperature 

coercivity above 475 kA/m with increasing the milling time (up to 30 min) (Fig. 1c). Addition of Fe2O3 powder 

prior to milling has allowed to reduce the required processing time and to end with a low-temperature high-

coercivity nanocomposite: 430 kA/m measured at -100ºC (Fig. 1d), thus opening the path for future 

applications. 
 

Acknowledgements  

Authors acknowledge support from EU’s Horizon 2020 research and innovation program through the project 

PASSENGER (GA Nº101003914). IMDEA thanks support from MICINN through the NEXUS project 

(PID2020-11521RB-C21). E.M.P. acknowledges support from AEI through Juan de la Cierva Incorporación 

program (IJC2020-043011-I/MCIN/AEI/10.13039/501100011033) and EU by NextGeneration EU/PRTR. 

References 

[1] A. Bollero and E.M. Palmero, "Recent advances in hard - ferrite magnets" in Modern Permanent Magnets, J.J. Croat 

and J. Ormerod, Eds. Elsevier (2022) 65-112. 

[2] F.J. Pedrosa et al., RSC Adv. 6 (2016) 87282-87287. 

[3] A. Bollero et al., "Ferrite type materials and process for the production thereof". Publication number: 

WO/2018/211121. Int. Application nº: PCT/EP2018/063222, 2018. 
 

Figure 1: (a) and (b) SEM images of starting 

(commercial) powder and this same powder 

after milling for 40 min. (c) Room temperature 

VSM hysteresis loops measured for the 

precursor powder and that after milling 

(different durations) and heat treatment 

(1000ºC). Evolution of coercivity between -

100ºC and 140ºC for the starting (commercial) 

precursor and the synthesized Sr-

ferrite/hematite nanocomposites.
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Preparing new progressive materials is one of the first steps towards developing materials research at 

the edge of our knowledge, using the latest knowledge of modern physics and chemistry. Knowing the 

behaviour of materials under certain physical conditions enables the modification of their properties in order 

to search for application possibilities gradually. Our work focuses primarily on high-entropic alloys that will 

fulfil the function of thermoelectric materials. The demand for TE has been increasing over the past two 

decades. Developing industrially viable materials for global use is a challenge for research workers. 

Thermoelectric materials must meet several criteria to be suitable for this type of application [1].  

Entropy is a physical quantity that measures the degree of chaos. High-entropic alloying is a new and 

effective strategy for reducing the lattice thermal conductivity of thermoelectric materials. Generally, high-

entropy alloys contain five or more elements in a relatively high concentration (5-35 at. %). In this research, 

we need to examine the suitability of our chosen compositions – TiNiSb and HfNiSb for individual materials 

or the use of experimental methodologies to which we have access. Current knowledge shows [e.g. 1-3] that 

this class of materials is suitable for practice for their, e.g. mechanical properties.  

High-entropic alloys offer great complexity due to severe lattice distortions, point defects, or 

precipitation of secondary phases due to efficient phonon scattering while maintaining the high mobility of the 

numerous conduction electrons. In addition to efficient means for phonon scattering, high-entropy alloys 

usually have high symmetry crystal structures such as face-centred cubic (fcc), centre-centred cubic (bcc), or 

in some cases, hexagonal closest-packed (hcp) structures.  

In this work, we have studied two compositions of Heusler alloy TiNiSb and HfNiSb. The scanning 

electron microscopy with EDX function confirms stochiometric composition. From the XRD data point of 

view, HfNiSb alloy crystallizes in an orthorhombic Pnma space group that has been published previously [4], 

and TiNiSb has a cubic F-43m space group corresponding to previously published Heusler compounds [5]. 

The magnetic measurements, and thermoelectric data will be shown and discussed.  

The authors expects that the interdisciplinarity in this work will lead to developing and improving 

technologies, and their implementation in practice will be easier and possible in earlier times. 
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Base materials of hard ferrite magnets are ferrimagnetic M-type ferrites AFe12O19 (A = Sr, Ba, Ca, …) with 

five crystallographycally different Fe sites; majority-spin 12k, 2a and 2b sites and minority-spin 4f1 and 4f2 

sites. When the Fe sites are replaced with a small amount of Co and the A site with La for charge compensation, 

the coercivity and magnetization increase together, and the magnets have been commercialized as high-

performance ferrite magnets [1]. The performance is improved because Co has an orbital component in the 

magnetic moment and mainly occupies minority-spin sites. However, it is known that the degree of 

performance improvement associated with Co substitution depends on the A ion. This is reminiscent of the fact 

that Co occupied sites or the Co site distribution differs depending on the A ion. Previous studies have shown 

that Co mainly occupies the 4f1 minority-spin site and the 12k and 2a majority-spin sites [2], but we found that 

only Co occupying the 4f1 site contributes to the improvement of uniaxial magnetic anisotropy [3]. Therefore, 

it is expected that the difference in performance for the same amount of Co depending on the A ion is due to 

the difference in the 4f1 site occupancy of Co. In this study, Co distribution was experimentally evaluated by 
59Co-NMR and Co preferentially occupied sites were evaluated by DFT calculations for systems with different 

A ions.  

La–Co co-substituted M-type ferrites AFe12O19 (A = Ca, Sr, and Ba, ion size is Ca2+ < Sr2+ < Ba2+) with Co 

composition around 0.2 were subjected to 59Co-NMR. The results show that Co occupies the 4f1, 2a, and 12k 

sites, and that the smaller A, the more Co tends to occupy the 4f1 minority-spin site, which is effective in 

enhancing uniaxial anisotropy. Furthermore, DFT calculations of non-doped AFe12O19 and the supercells (2 × 

2 × 1 of the unit cell) in which 1/96 of Fe3+ is replaced by Co2+ were performed to predict the stable structure 

and the Co occupation sites. The results show that regardless of A, Co is most stable when it occupies the 4f1 

site, followed by the 2a and 12k sites with energy differences on the order of 100 meV, and that Co practically 

does not occupy the 2b and 4f2 sites. As the A ion becomes smaller, the distribution of energy when Co occupies 

each Fe site tends to broaden, and the Co occupancy of the 4f1 site also increases. The site selectivity of Co 

can be roughly explained as a result of the difference in uniaxial strain along the c axis associated with the 

difference in A, but the influence of A ions differs between the R and S blocks in the unit cell, and local strain 

also has a secondary effect on the Co distribution.  

Based on the above results, to improve the performance (anisotropy and magnetization) of La-Co co-

substituted M-type ferrite magnets with limited Co content, it is effective to select as small A ions as possible 

to concentrate Co in the tetrahedral coordination of the 4f1 site. 
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The hexaferrites constitute a large part of the permanent magnet market[1] with the bulk part constituted of 

the M-type hexaferrite (MHF). The W-type hexaferrite (WHF) is a candidate phase for improving the current 

ferrite magnets owing to a theoretical 38% higher saturation magnetisation (Ms). The current challenge is 

obtaining sufficient coercivity (Hc). Elevated calcination temperatures (≥ 1200 °C) are needed for phase 

formation,[2] causing excessive grain growth which reduces Hc. 

A novel salt matrix (SM) synthesis strategy was recently developed for tailoring the crystallite size of MHF 

[3, 4]. The difference between the conventional synthesis route and the SM strategy is illustrated in the figure 

below. The SM strategy was adapted for WHF to produce nanocrystalline powder with the aim of increasing 

Hc. SrZn2Fe16O27 and SrNiZnFe16O27 were synthesized utilizing both K2SO4 and Na2SO4 as matrix at 

calcination temperatures between 1150 °C and 1300 °C. Characterization with powder X-ray diffraction 

showed that the SM strategy yielded nanocrystalline WHF, while scanning electron microscopy revealed the 

presence of large particles resulting in a sample with a bimodal size distribution. 

The magnetic properties of the powder samples were investigated by measuring the magnetic hysteresis 

with vibrating sample magnetometry. The WHF from the K2SO4 matrix had a high saturation magnetization 

up to 88 Am2kg-1 for SrZn2Fe16O27 approaching other reported Ms of 91 Am2kg-1 for WHF[5]. The coercivity, 

however, was low between 25-40 kAm-1. The samples synthesized from Na2SO4 matrices generally had lower 

Ms and higher Hc compared to the samples from the K2SO4 matrices. The coercivity was not improved by the 

tuning of the crystallite sizes and the low value might be a consequence of a low magnetocrystalline anisotropy. 

The non-magnetic Zn2+-ions in the structure might disrupt the superexchange interaction and lower the 

magnetocrystalline anisotropy. 
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Figure: Sketch of conventional and salt matrix synthesis route. Red bodies indicate magnetic particles or precursor, and green bodies 

indicate salt particles.
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Amorphous soft-magnetic materials play an important role as core constituents in improving the energy 

transformation efficiency of electrical machines and passive electrical components [1]. 

Although the melt-spinning process remains one of the main techniques for obtaining amorphous soft-

magnetic ribbons, new and efficient production methods based on additive manufacturing have been developed 

in recent years. These techniques allows to overcome technical limitations characteristic of casting processes 

and also to print complex 3D geometries. 

In this work, room temperature hysteresis properties have been studied in Fe-Si-Cr-B-C alloy obtained in 

ribbon shape and in 3D printed cubic-shape by different casting techniques. 

Ribbons were obtained by a conventional melt-spinning process, in which the pre-alloy was first inductively 

melted in a quartz tube equipped with a nozzle under vacuum and then injected onto a rotating copper wheel 

by insufflating high-purity Ar. The produced ribbons have thickness around 40 μm.  

On the other hand, the 3D printed cubic samples were obtained by additive manufacturing via Selective 

Laser Melting using powder of the same alloy as precursor. The effect of changing printing parameters, such 

as laser power  (20-60 W) and scan speed (350-650 mm/s), has been investigated. The processing conditions 

in the Selective Laser Melting have in fact a crucial role on the microstructure of the printed parts and therefore 

on their magnetic properties.  

This can be observed in the optical images reported in Figure 1 a) where the dependence of morphology 

(surface roughness, porosity, density, ...) on the processing parameters is evident. The sample having the higher 

homogeneity is KS12 obtained with a scan speed of 350 mm/s and a power of 50 W.  

Room temperature quasi-static hysteresis loops of all printed samples and as-cast ribbon were measured by 

VSM magnetometry. The corresponding magnetic polarization J (T) values are reported in Figure 1 a). The 

highest value of J, around 1.34 T, has been measured in the ribbon (dotted line), while in printed samples it is 

seen to increase with increasing sample homogeneity. Hysteresis curves of Fe72.5Si11.05Cr2.23B11.14C3.09 ribbon 

and KS12 printed sample are compared in Figure 1 b). The ribbon displays a magnetically softer behavior with 

respect to the 3D KS12 printed sample: in the inset, the coercivity appears to be around one order of magnitude 

larger, and initial susceptibility lower in the 3D printed KS12 sample with respect to the amorphous ribbons. 

A digital wattmeter has also been exploited to measure hysteresis losses behavior of ribbons as a function 

of frequency in the range 1Hz-1kHz at peak induction J = 0.5 T. 
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Figure: a) Saturation magnetization behavior of 3D printed samples (circles) and ribbon (dotted line). Optical images of the printed 

sample surface are shown. b) Quasi-static hysteresis curves of KS12 printed sample and ribbon. In the inset, an enlargement of the 

low field region.
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The growing interest in new materials for permanent magnet applications stems from the key role they 

play in the energy efficiency of technological devices ranging from electric motors and wind turbines to hard 

drives. 

Alloys such as NdFeB and SmCo5 are among the materials currently used in these applications. 

However, its high content of critical raw materials (CRMs), such as rare earth elements or Co, has led in 

recent years to a renewed scientific effort to find alternative, eco-friendly materials or processes that match 

their performance. For this purpose, we study two different approaches on NdFe-based materials: i) Magnets 

with a ThMn12-type structure and rare-earth content and other CRMs are considered prime targets [1] and ii) 

new recycling methods are making it possible to reuse permanent magnets with properties similar to the 

originals.  

From a sustainability point of view, we have compared magnetic performance, power consumption and 

required materials of both NdFe-based magnets. For the first compound, we synthesized NdFe11(Mo) 

samples by arc-melting and melt-spinning, subsequently a nitrogenation process of the powdered ribbons was 

done to develop coercivity in these samples. For the second, we prepare melt-spun ribbons from scrap NdFeB 

magnets. Both materials were embedded and oriented in a resin to obtain bonded magnets to compare their 

magnetic properties. 

Crystalline structure, microstructure and elemental composition of bonded magnets were studied by X-

ray diffraction and Scanning electron microscopy with energy-dispersive X-ray detector, respectively. 

Magnetic properties were determined by dc magnetometry using a vibrating sample magnetometer. Our study 

confirms that both alternatives are efficient ways of making permanent magnets in a sustainable alternative 

way. 
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Permanent magnets are important for the green transition, as they are key ingredients in power generation and 

electrical motors  [1,2]. One of the measures of magnetic strength for permanent magnets is the remanent 

magnetisation (Mr), which is greatly affected by the crystallographic orientation of the grains within the sapmle, 

known as the texture. It has been shown previously that anisotropically shaped crystallites can be oriented 

without the need for external magnetic fields  [1,3]. 

To map the effect of different compaction methods on the texture of strontium hexaferrite (SrFe12O19), four 

different uniaxial pressing- and sintering methods were compared. Firstly, the compaction and sintering step 

was separated into a cold compaction (CP) and a cold compaction followed by sintering (CPS). The cold 

pressed samples showed weak texture and low remanence magnetisation. 

The hot compaction methods employed were spark plasma sintering (SPS) and induction pressing (IP). IP 

and SPS both showed remarkably sharper texture than the cold pressed pellets, with corresponding 

improvements in remanence magnetisation. It is hypothesised that the alignment is due to compaction above 

the Curie temperature of the material. Above the Curie temperature the samples are paramagnetic and magnetic 

short circuiting can be avoided.. 
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Figure: shows a cold sintering procedure (CPS, top row) compared with a hot compaction procedure (bottom row). Hot compaction 

produces much sharper texture compared with the cold compaction, as can be seen in the pole figures (perspective along pressing 

direction). Scale on the right shows texture strength in m.r.d. on a logarithmic scale.
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Starting from magnetic materials, and using the properties associated with the presence of spins, materials with 

thermomagnetic conversion can be designed [1]. Direct thermoelectric conversion (DTC) has a secondary role as an 

energy source, but its development is very important as it offers a carbon-free alternative, which is crucial to contribute 

to mitigate energy consumption and environmental impact [2]. Pyrite (FeS2) is one of the most abundant minerals in the 

earth's crust, as well as being easy to extract and inexpensive, which makes it a material of choice for technological 

applications. By heat treatment, it is possible to generate a thin film of magnetite (Fe3O4) that confers magnetic properties 

of the layer material. However, for these materials to be considered for potential applications, it is necessary to clearly 

understand the interrelationships between their structure, magnetic behaviour and Seebeck, spin Seebeck and Anomalous 

Nernst effect. In this work, we prepare and characterise a layered material from a natural mineral. Pyrite single-crystals 

were sectioned and chemically treated for cleaning, annealed at different temperatures and exposure times, under normal 

conditions of pressure and aerobic atmosphere. The chemical species of each surface film were determined by XPS; the 

structure and composition of the different materials generated using different techniques of transmission electron 

microscopy and EELS spectroscopy. The magnetic properties were characterised by MFM and magnetometry measures, 

and the charge carriers through Seebeck effect, thermal spin pumpimg by Spin Seebeck Effect. XPS and EELS spectra, 

revealed the presence of oxidised Fe and Oxygen species. TEM and STEM images revealed different structural 

arrangements for the magnetite which correlates with the magnetisation measurements. The topography and phase MFM 

images showed significant differences in the configuration of the magnetic domains of each material. The behaviour in 

relation to the Seebeck effect correlates with the structural data. From the above, we can infer that the use of pyrite as a 

raw material for the development of thermoelectric materials is possible given the advantages and results obtained in the 

present study. 
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High-entropy alloys [1] are metallic systems composed of multiple principal elements in equimolar or near-

equimolar concentrations, where the high entropy of mixing stabilizes a solid solution on a simple lattice (bcc, 

fcc, hcp) as the main phase in the material. A potential future application of these alloys in the context of their 

physical properties are as soft magnetic materials [2,3,4] in low-frequency AC magnetic devices, 

e.g. transformers. While some high-entropy alloys such as FeCoNiPdCu (presented also at JEMS 2022) exhibit 

properties which are roughly comparable with commercial magnetically soft materials, the properties would 

still need to be improved to a large extent to make them attractive for real applications. 

Motivated by the above we combined our investigation of the magnetic properties of the high-entropy-alloy 

series of materials AlCoFeNiCux (x = 0.6–3.0) with measurements of their magnetostriction at room 

temperature [5]. All of the materials have coercivities lower than 1000 A m-1, so that they truly are magnetically 

soft materials. The saturation magnetic polarization is largest (Js ≈ 0.9 T) at the smallest copper content x = 

0.6 and decreases with increasing copper content x. The magnetostriction goes from relatively large positive 

values at small copper content to small negative values at high copper content. The best combination of 

properties is obtained in the AlCoFeNiCu2.0 alloy, which has a relatively low coercivity of Hc ≈ 650 A m-1, 

a decent saturation polarization Js ≈ 0.55 T, while also exhibiting zero magnetostriction λs = 0. The alloys for 

x = 2.5 and 3.0 have similar properties, so we may also take the whole range x = 2.0–3.0 as magnetically soft 

materials with negligible magnetostriction. The good magnetostrictive properties obtained in the AlCoFeNiCux 

high-entropy alloys can be intrepreted as a consequence of the changing microstructure with copper content x. 

Proceeding from mainly bcc phase at low x, we obtain increasing amounts of two fcc phases at higher copper 

content x, which at a value of x = 2.0 seems to cause the compensation of the negative and positive 

magnetostrictions of the constituent phases and gives zero magnetostriction. 

All in all, this contribution will present AlCoFeNiCu2.0, which is one of the first high-entropy alloys that 

combines soft magnetic properties with zero magnetostriction. Perhaps this is an indication that the large space 

of possible high-entropy alloys might harbour an exceptional magnetically soft material which would not 

expand and contract in applied DC fields at 50 or 60 Hz and thus minimize sound pollution at audio frequencies. 

We will conclude by briefly comparing our results to the few others available in literature [6,7,8]. 
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     Near equiatomic Fe-Rh alloys present a giant magnetocaloric effect (GMCE) near room temperature 

with the greatest adiabatic temperature changes ever reported [1].  These alloys undergo a magnetic structure 

change from antiferromagnetic (AFM) to ferromagnetic (FM) (and vice versa) when the cell volume 

changes by around 1 % upon heating/cooling [2]. One of their distinctive features is the strong dependence 

of the magnetoelastic transition characteristics on preparation conditions [3]. Recently, Franco et al. have 

proposed the determination of temperature first-order reversal curves (T-FORC) distributions as a new 

method to get meaningful information about several characteristics of first-order phase transitions (FOPT) 

materials such as identification of inhomogeneities and asymmetries of the heating and cooling 

transformation branches, among others [3, 4]. In this work, we have obtained the T-FORC distributions for 

the FM-AFM and AFM-FM branches of a Fe50Rh50 alloy exhibiting a broad transition. As a matter of 

example, figures below show the recoil M(T) curves measured from different return temperatures inside the 

thermal hysteresis loop at 2 T for the FM-AFM transition and the resulting T-FORC distribution.  

  
Fig. 1: M(T) curves for each return temperature at 2T.             Fig. 2: T-FORC distribution for the FM-AFM transition.        
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Barium hexaferrite (BaFe12O19, BFO) is used as a permanent magnet in many different devices due to its 

low cost and its high coercivity. However, the moderate saturation magnetization of BFO means that the energy 

product is orders of magnitude smaller than the one that rare-earth-based magnetic materials offer. To improve 

its properties, a commonly proposed strategy to enhance the energy product is to combine BFO as a 

magnetically hard component (BFO) together with a soft phase in order to improve the remanent magnetization 

without a high loss in coercivity. Nonetheless, the results obtained in other hard/soft systems (SFO/Co bilayers) 

have pointed out the difficulty of taking advantage of this coupling magnetic regime [1]. In this research, we 

focus on two steps to investigate the Co/BFO coupling in a bilayer system: first, we sought to obtain BFO films 

with an in-plane magnetic easy axis to avoid shape anisotropy competition, and second, we deposit Co on top 

of such a BFO film while monitoring both the BFO and Co magnetic domains. 

Following a similar recipe used for strontium hexaferrite [2], thin films with in-plane easy axes have been 

obtained by RF magnetron sputtering followed by subsequent annealing in air. Their structure and composition 

were characterized by Mössbauer, Raman spectroscopy, X-ray diffraction and vibrating sample magnetometry 

(VSM), confirming their in-plane magnetization. On top of it we have grown a 5 nm thick Co magnetic soft 

layer by molecular beam epitaxy. We have then analysed the resulting bilayer system by X-ray absorption 

spectroscopy (XAS), and X-ray magnetic circular dichroism (XMCD) coupled to photoemission electron 

microscopy (PEEM), as well as by Mössbauer spectrocopy and VSM. 
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Non-oriented (NO) electrical steels belong to the group of soft magnetic materials and their excellent magnetic 

properties are similar when magnetized along any direction in the plane of a sheet. The main application is for magnetic 

cores of rotating electrical machines which are characterized by high efficiency [1]. The magnetic characteristics of 

magnetic core segments prepared from NO electrical steel strongly rely on grain size, texture, chemical composition 

steel, mechanical defects, and the quality of the cutting edge. Manufacturing the magnetic core of electrical machines 

affects the magnetic properties of the electrical steels in terms of inducing stresses near the cutting edge. Since mechanical 

cutting is the most efficient manufacturing technology, the possible improvement of the manufacturing process by 

reducing deterioration can enable the full application potential of the magnetic materials. The knowledge of the degree 

of the deterioration of magnetic property is important for designing electrical machines in terms of magnetic field and 

energy loss calculations [2]. 

In this paper, magnetic loss behavior in fully processed NO electrical steels prepared by mechanical shearing, laser 

cutting, and wire electric discharge machining before and after heat treatment is studied. As experimental material, three 

vacuum-degassed NO steels were used with the following content of silicon Si = 1.2 wt.%, Si = 2.4 wt.%, and Si = 3.6 

wt.%, respectively. The solely designed shear-cutting tool was used for punching ring-shaped samples with outer and 

inner radii of 25mm and 15mm, respectively.  Also, the size of the same experimental samples in form of toroids was cut 

by laser beam and wire electric discharge machine. The evolution of microstructure and texture near investigated cut 

edges which were obtained after carrying out different cutting techniques and then heat treatment according to the long-

term annealing process was carried out by SEM and EBSD analysis. The analysis of mechanical and thermal stresses 

around the cutting edges obtained after punching and laser cutting was released by nanoindentation and local 

misorientation maps (EBSD). 

The magnetic measurements of investigated samples in DC and AC magnetic field conditions have clearly 

indicated that the deterioration of the magnetic properties depends on the geometry of the parts at cutting. The power 

losses data have shown that the nature of the resulting magnetic behavior of prepared samples is different for mechanical 

cutting and cutting by laser. It was also demonstrated that the process of deterioration at cutting by laser of small parts 

affects the cutting edges, which are opposite to each other, in a different way. This is due to the different characters of 

the process of mechanical cutting and cutting by laser. Finally, the observed changes in the magnetization behavior are 

correlated with the microstructure and intrinsic parameters of the materials. The different character of the induced 

residual stresses at mechanical cutting and cutting by laser is briefly discussed. 
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Heusler compounds have always been the focus of attention due to their fascinating physical properties and 

potential applications in spintronics,[1] half-metals,[2] ferromagnetic shape memory alloys,[3] and magnetocaloric 

effects.[4]A classic composition is defined as the X2YZ structure, where X and Y are 3d-transition or rare-earth metals 

and Z is a non-metals element. The important one among them is Mn2-based Heusler alloys, which have received 

widespread attention recently. Gasi et al. reported the exchange-spring magnetic behavior in Mn2FeGa alloy.[5] Liu et 

al. also found the giant exchange bias up to 0.132 T at 5 K in this alloy.[6] Luo et al. predicted theoretically that Mn2FeZ 

Heusler compounds would present the half-metallic feature for Z=Al and Sb.[7] 

In this work, change the Mn-Fe ratio on structure, magnetic property and magnetocaloric effects of Mn-rich Mn3-

xFexSn (x = 0.8-1.4) compound are studied. According to the XRD results, for the all samples crystallize in the Mn3Sn 

type hexagonal structure, space group is P63/mmc, the impurity phase was Mn2Sn hexagonal phase, and according to the 

XRD pattern refinement results, the impurity phase content of Fe=0.8-1.4 is 1-2 wt%. The transition temperature of the 

compounds significantly increase with Fe content, from 250 K at x = 0.8 to 396 K at x = 1.4. For an increasing Fe 

content the maximum isothermal magnetic entropy change (-ΔSm) increased from of 1.0 Jkg-1K-1 to 1.4 Jkg-1K-1  for a 

field change 2 T. The n-value is used to define the type of magnetic phase transition. The magnetic entropy change 

scales with the magnetic field as ∆𝑆𝑀 ∝ 𝐻𝑛 in the vicinity of the phase transition. The index of the magnetic field can 

be expressed as 𝑛 =
d ln ∆SM

d ln H
. If the maximum n-value is greater than 2, the material behavior corresponds to a first-

order phase transition(FOMT), and if it is less than 2, it corresponds to a second-order phase transition(SOMT). With 

the Fe content increase from 0.8 to 1.4, the maximum of n-value near the phase transition is found to be less than 2 for 

all samples, this means during Fe content increase from 0.8 to 1.4 phase transition is the second-order phase 

transition(SOMT). 
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The research activity in the field of magnetocaloric materials is fueled by the expectation that new advanced 

refrigerants may be found whose magnetocaloric effect (MCE) will significantly surpass that of Gadolinium 

metal [1]. Recently this research is boosted by a possibility of using MCE in eco-friendly gas liquefaction at 

cryogenic temperatures [2]. Structural, magnetic and electronic subsystems of a material contribute differently 

to theMCE and definite answer to the question of the driving force is still to be found [3]. Therefore, a 

possibility to disentangle the role of each of these degrees of freedom is essential from both fundamental and 

technological points of view.. 

Au2Mn compound is remarkable system that could help to elucidate the roles of different subsystems to the 

MCE. It exhibits the 1st order metamagnetic (field induced) transition from a spin-spiral state [4,5] to a 

ferromagnetic one, which is not accompanied by the structural changes [6] (Fig.1). In this work we present the 

results of thorough study of magnetic properties of Au2Mn across the metamagnetic transition. Using low 

temperature and high field magnetometry, it is shown that at temperatures below 100 K, there a hidden 

transition to a magnetic state with high magnetic anisotropy. Direct and indirect metods were exploited to study 

the inverse MCE under fields up to 14 T. The extremely low value (∆S ∼ 0.04 J/(kgK) at µ0H = 2 T) of the 

MCE is unambiguously measured. Since there are no structural changes at the metamagnetic transition, we can 

assume that this subsystem does not contribute to MCE. To clarify the role of electronic subsystem we have 

performed X-ray magnetic circular dichroism (XMCD) measurements at the L2,3-edges of Au and at the K-edge 

of Mn across the metamagnetic transitions. The XMCD results showed the presence of a finite magnetic 

moment on Au atoms, induced via hybridization of the 5d states with 3d orbitals of Mn atoms. It should be 

noted that the spin-to-orbital moment ratio of Au is the same for the spin-spiral and the ferromagnetic states. 

This, in turn, allows us to conclude that there is no significantchanges in the electron sublattice during the 

metamagnetic transition. Therefore, the electronic subsystem does not contribute either to the MCE. Finally, 

we can conclude that small value of the MCE in Au2Mn is due to the magnetic subsystem only. The obtained 

results are discussed from a more general point of view of influence of metamagnetic transitions on 

magnetocaloric properties. 
 

Figure: Magnetization curves at applied field up to 3 T and 3-14 T (inset) 

in the temperature range from 8 K to 395 K for a Au2Mn polycrystalline. 
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The implementation of the magnetocaloric effect in new models of magnetic refrigeration is part of the 

demand for sustainable alternatives to the conventional refrigerators. Modeling, simulation, and optimization 

are crucial processes prior to the construction of a new prototype [1, 2]. Here, we present a comparison between 

the three most used numerical methods to simulate the magnetocaloric effect: continuous, discrete temperature 

change step and heat source obtained from adiabatic temperature.  

We considered a simple system that consists of a gadolinium (Gd) sample submerged by water, as shown 

in Fig. 1. Gadolinium and water are rectangles of sizes 0.2x0.6 cm and 0.4x3 cm. To compare the three 

numerical methods, we performed the 2D simulations with the software COMSOL Multiphysics. 

Fig 1 Simulated system. 
Table 1 presents an overview and the main features of each method. A t-dependent smooth square wave 

was used for the continuous method, and a square wave was used for the discrete and ∆Tad power source 

methods. The continuous method has the most expensive computational cost, due to the large number of 

operations, while the discrete is the faster. The impact of Dt in the results is larger in the continuous method 

and is lower in the other two methods. The results show a lower variation with the number of elements in the 

continuous and ∆Tad power source methods. The discrete method can only be applied to small time steps, but 

is the fastest method and the ∆Tad power source method can be applied in the entire range and is the one that 

presents the best results for larger time steps. 

Tab 1 Overview of the three numerical methods used to simulate the magnetocaloric effect (+++ represents large and + low). 
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The magnetocaloric effect is characterized by the entropy change in an isothermal process (DSiso) and the 

temperature change in an adiabatic process (DTad)  upon variation of the applied magnetic field. Usually, the 

curves of these quantities exhibit a sharp peak around the magnetic phase transition and fade away outside this 

region. However, unusual behavior such as the table-like effect with an almost constant value of the entropy 

change in a wide range of temperatures, the anomalous effect where the entropy variation exhibits a change of 

sign along the temperature axis etc, have been observed in materials with more than one kind of phase 

transition. 

Based on the above, in this work, we theoretically discuss the behavior of the entropy change and the 

magnetocaloric effect in magnetic compounds with more than one magnetic phase transition.  For this purpose, 

we use a model Hamiltonian with more than one magnetic sublattice. In this multiple magnetic sublattices 

model are included terms to account for the inter and intra-sublattice interactions between the local moments 

and the coupling with the applied magnetic field.  Firstly,  for the sake of simplicity, we consider a model with 

only two magnetic sublattices and perform systematic calculations to theoretically discuss the role of the 

magnetic interactions on the behavior of the magnetocaloric quantities DSiso and DTad. The results of this 

analysis show that the behavior of these quantities depends on the relation between the interacting model 

parameters. For instance, the table-like behavior takes place when the system undergoes two magnetic phase 

transitions in a short range of temperatures.  On the other hand, the anomalous effect as well as the structure 

with two peaks occur due to the competition between the magnetizations of the sublattices. Afterward, we 

apply the model to discuss the magnetocaloric effect in the real compounds  R2Cu2Cd  and RFe2 where R stands 

for rare earth ions. Our calculations show that the entropy change in the compound Dy2Cu2Cd exhibits two 

peaks, with the first one at low temperature associated with a kind of spin reorientation and the other one at 

higher temperature is associated with ferromagnetic-paramagnetic phase transition.  On the other hand, in the 

compound TmFe2, our calculations show anomalies in the entropy change curve which is associated with the 

ferrimagnetism of the material and the existence of a compensation temperature. All of these theoretical results 

are in reasonable agreement with the available experimental data. 
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There is a current need on the search for new electronic devices with lower energy consumption. In this 

context, multiferroic materials offer great opportunities when they show magnetoelectric coupling at ambient 

conditions. Unfortunately, it is hard to find ferromagnetic ground states in ferroelectrics at room temperature 

and therefore many efforts are focused on the search for alternative ways of promoting ferroelectricity. This 

includes novel mechanisms such as hybrid improper ferroelectricity (HIF) [1]. 

In particular, ALn2Fe2O7 (A=Ca, Sr and Ln=Tb, Dy) series of compounds are antiferromagnetic 

Ruddlesden-Popper phases with a perovskite bilayer adopting a centrosymmetric structure (space group 

Amam). Interestingly, when doping the antiferromagnetic [1-x](Ca0.6Sr0.4)1.15Tb1.85Fe2O7 compound with non-

magnetic [x]CaTiO3, the polar A21am structure becomes stable at and below room temperature for 0≤x≤0.3 

[2].  Furthermore, a weak ferromagnetic canting of the Fe3+ moments gives rise to a net magnetization coupled 

to the appearance of the polar structure.  

In order to investigate the role of the rare earth on this phenomena, we have substituted Tb with Dy, and we 

studied [1-x](Ca0.6Sr0.4)1.15Dy1.85Fe2O7 +[x]CaTiO3 series of compounds (x=0.1, 0.15, 0.17, 0.25 and 0.3). In 

this case, the polar structure A21am is found at room temperature, but the evolution of the lattice parameters 

slightly differs from Tb series.  The substitution of Tb3+ with Dy3+ decreases the unit cell volume and the 

tolerance factor accordingly. This factor reduction favors the rotation of BO6 (B=Fe, Ti) octahedra and 

consequently, the HIF.  Furthermore, the slope change in the c/b ratio as a function of Ti content (x), marking 

the occurrence of the ferroelectric phase [2], is observed at lower x-values in the Dy-based series.  In contrast 

to Tb series, an anomaly in magnetic susceptibility is observed at 129 K only for x=0.3 and magnetic 

measurements on x=0.1, 0.17 and 0.2 samples agree with a paramagnetic ground state following Curie-Weiss 

law in a wide temperature range.   

The local structure of Fe and Ti ions in both Tb and Dy series has been probed by X-ray absorption 

spectroscopy (XAS) at Fe and Ti K edges, respectively. For the Dy series, we observe that the Debye-Waller 

(DW) factor of Fe-O first shell increases as temperature does in all cases.  The temperature evolution of the 

DW factors agree with the Einstein model along the full temperature range meaning there is no sign of any 

static distortion in the FeO6 octahedra  in all the compositions.   High energy resolution fluorescence detection-

XAS (HERFD-XAS) at the Fe K-edge in the Tb series do not reveil any displacive transition either, when 

crossing the non-polar/polar structural phase transition observed by neutron diffraction [2]. Furthermore, 

HERFD-XANES measurements were undertaken in all samples (Tb and Dy) at the Ti K edge, and also agree 

with the absence of any further local distortion on TiO6 on the polar phase supporting an order-disorder 

mechanism for the ferroelectric transition.  
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Wireless sensors are becoming an increasingly ubiquitous aspect of modern society as the Internet of 

Things paradigm becomes a standard part of many emerging technologies, however recent focus has turned to 

the energy consumption of the billions of IoT sensor nodes. In order for the realisation of a ‘Green IoT’, low-

power sensor nodes are essential, to extend node lifetime and reduce carbon footprint, and one possible solution 

is wireless radio-frequency energy harvesting. Magnetic tunnel junctions (MTJ) have been previously proposed 

as nanoscale radio-frequency rectifiers for energy harvesting applications [1], specifically in the sub-µW power 

regime. 

In this presentation, we will present various aspects for optimising the rectification effect in magnetic 

tunnel junctions. The linear resistance dependence with magnetic field of MTJ devices has been demonstrated 

to act as RF rectifying signal [2]. A linear response is obtained when the free layer is orthogonal to the pinned 

layer. In order to achieve the desired linearity, one of the strategies is to optimize the MTJ stacks shown in Fig. 

a), by tuning the thickness of the CoFeB free layer, where it is possible to change its magnetic orientation from 

in-plane to out-of-plane. Electrical measurements performed in sub-µm patterned MTJ devices have shown 

broadband rectified voltage, Fig. b), which covers several frequency bands whose background signals can be 

utilised for energy harvesting, i.e. mobile phones, Bluetooth and WiFi. 
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Figure: a) out-of-plane magnetization curves for samples with different free layer thicknesses after annealing b) broadband rectified 

voltage of a 1 µW excitation signal.
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La(FexSi1-x)13 and derived quaternary compounds are well-known for their giant, tunable, magneto- and 

barocaloric responses [1,2], used in the development of more efficient and environmentally friendly cooling 

technologies [3]. Caloric effects in La(FexSi1-x)13 are associated with a first-order paramagnetic-ferromagnetic 

phase transition near room temperature with low hysteresis, which remarkably shows a large spontaneous 

volume change together with itinerant electron metamagnetic features. While magnetovolume effects are well-

established mechanisms driving first-order transitions [4], purely electronic sources have a long, subtle history 

and remain poorly understood. Here we apply a disordered local moment picture [5,6] to quantify electronic 

and magnetoelastic effects at finite temperature [7,8] in La(FexSi1-x)13 from first-principles. Here we obtain 

results in very good agreement with experiment and demonstrate that the magnetoelastic coupling drives the 

first-order character and causes at the same time a huge electronic entropy contribution to the caloric response 

in this important materials class. 
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The average particle size of nanoparticles produced by induction thermal plasma (ITP) is distributed in the 

range of 10-300 nm. This size can greatly draw out the potential of the ferromagnetic compound as a permanent 

magnet. However, it is difficult to obtain under micronsized- powder by the conventional break-down process, 

such as the jet-milling method [1, 2]. Therefore, we focus on the ITP process as a new process to prepare the 

nanopowders of ferromagnetic compounds. 

For the ITP process, the starting materials should be single micron-sized powders. Since rare earth metal 

powder for use as a starting material is not commercially available, micron-sized powders of rare earth metals 

such as Y, Ce, Sm, Nd, etc and their alloys were prepared by using a skull gas atomizing system with a water-

cooled copper crucible (CCGA-0.8, SINFONIA TECHNOLOGY Co., Ltd). Note that this facility can dissolve 

metal with a high melting point and a high reactivity without reacting to the crucible and prepare a metal fine 

powder. 

Ferromagnetic nanoparticles synthesized here by the ITP are often single crystals with an average particle 

size of 100 nm or less. When trying to prepare alloy nanoparticles of metal pairs with large difference of vapor 

pressures and surface tensions, for example, Sm-Co powder prepared by ITP has a core-shell structure of Co-

core/Sm-shell or Co-core/SmCo-shell. According to the numerical analysis based on a binary aerosol 

formation–growth model [3, 4],  this is understood by the coagulation process of Sm which differs greatly from 

that of Fe or Co, and the coagulation process of Sm continues even after the core becomes a solid phase[5]. In 

addition, we succeeded in fabricating nanoparticles with a metastable structure due to the rapid cooling effect 

[6], which is a characteristic of the ITP process. It was also found that all these obtained nanoparticles can be 

sufficiently oriented by an external magnetic field of 9 T. For TbCu7-type Sm-Fe-N nanoparticles, it was found 

that there is a degree of crystal orientation of 90.7% along c-axis. This was the first step toward obtaining an 

anisotropic magnet having a metastable structure, which had been difficult to anisotropically aligned. A bulk 

magnet was obtained by sintering the synthesized Sm-Co nanoparticles, and its huge coercivity of 5.2 T was 

achieved[7].   
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Problems with the difficulty in accessing strategically important rare earth metals raised the awareness of the 

permanent magnet industry to shift its focus from Nd-Fe-B-based alloys to rare earth-free alternatives. Among 

many prominent rare earth-free hard ferromagnetic alloys, Fe16N2 is promising due to its giant magnetic 

saturation and relatively high magnetocrystalline anisotropy thus the expected high magnetic energy and 

abundant constituent elements. In this work, powders with 97% Fe16N2 phase and room temperature coercivity 

of up to 1050 Oe has been successfully synthesized. [1, 2] The synthesis method is as follows: Fe flake powder 

was produced by surfactant-assisted ball milling of irregularly shaped Fe powder. Followed by heat treatments 

for oxidation and subsequent reduction back to iron was performed. The resultant porous Fe flake with a high 

surface area was nitrogenated under NH3 gas at 150-180 C up to 12 h. The synthesized powder was cold 

compacted under 2 GPa to a 4 mm cylinder with 80% density while preserving the Fe16N2 phase (Figure 1). 

The developed rare earth-free permanent magnet has wide applicability in many industries.  
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Figure 1: Room Temperature Hysteresis loop of Fe16N2 permanent 

magnet compacted at 150 oC and 2 GPa.
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 With an annual production amounting to 800 kilotons, ferrite magnets constitute the largest family of 

permanent magnets in volume, a demand that will only increase as a consequence of the rare-earth crisis. With 

the global goal of building a climate-resilient future, strategies towards a greener manufacturing of ferrite 

magnets are of great interest. A new ceramic processing route for obtaining dense Sr-ferrite sintered magnets 

is presented here. Instead of the usual sintering process employed nowadays in ferrite magnet manufacturing 

that demands long dwell times, a shorter two-step sintering is designed to densify the ferrite ceramics. As a 

result of these processes, dense SrFe12O19 ceramic magnets with properties comparable to state-of-the-art 

ferrite magnets are obtained. In particular, the SrFe12O19 magnet containing 0.2% PVA and 0.6% wt SiO2 

reaches a coercivity of 164 kA/m along with a 93% relative density. A reduction of 31% in energy consumption 

is achieved in the thermal treatment with respect to conventional sintering, which could lead to energy savings 

for the industry of the order of 7.109 kWh per year [1].  Ongoing work is being devoted to further lower sintering 

temperatures and times. 
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Figure: (Left) Sintering cycle showing temperature as a function of time. (Right) Magnetization curves of the sintered magnets for 

different additive contents using T1 = 1100 ºC and T2 = 1200 ºC.
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The public awareness in green technologies, thus an increasing demand for wind power plants and electric 

mobility fosters the relevance of high-performance permanent magnets (PMs) on an economical level. 

Furthermore, scientific achievements within this field are of paramount importance. This includes the 

development of novel material systems but also the reduction and substitution of elements necessary for PM 

production, such as the significant amount of cobalt and rare-earth elements (REE), already recognized as 

critical materials by international institutes [1].  

In former works, we already demonstrated the successful generation of the REE-free intermetallic α-MnBi 

phase, which exhibits exceptional hard magnetic properties but its formation is a challenging task [2]. Based 

on high-pressure torsion (HPT), a method of severe plastic deformation, this technique allows to overcome 

current processing limitations known from metallurgical manufacturing routes. Moreover, the production of 

large volume-scale samples is possible, exhibiting outer dimensions of several mm to cm, whereas the 

microstructure simultaneously features particle and grain sizes in the range between several micrometres to 

tens of nanometres, respectively. 

In the present study, we focus on the α-MnBi phase formation which is found to be enhanced after HPT-

deformation and magnetic field assisted thermal treatments. The annealing procedure, including the applied 

external magnetic field, is monitored by in-situ synchrotron X-ray diffraction and the α-MnBi phase formation 

is correlated with different HPT-deformation grades. The α-MnBi phase formation is associated to the defect 

density and enhanced diffusion processes. Results obtained by means of electron microscopy and SQUID 

magnetometry emphasize a positive influence of HPT-deformation prior annealing. Finally, we discuss the 

influence of adding Sb prior HPT, which stabilizes and supports the α-MnBi phase formation. 
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Global climate change caused by greenhouse gas emissions threatens human society. The urgent need for actions to 

stop global climate change requires changing our way of using energy, including using hydrogen to replace fossil fuels. 

Recently, we have seen a growing interest in magnetocaloric hydrogen liquefaction. As an emerging technology with 

high efficiency, magnetocaloric hydrogen liquefaction  has the potential to serve as an important building block in the 

infrastructure for hydrogen energy as liquid hydrogen is important for efficient hydrogen transportation and storage.  

Our work focuses on rare-earth magnetocaloric material for liquefying hydrogen, as they are one of the most potential 

candidates.[1] Via a comprehensive review of the maximum magnetocaloric effect (MCE) with respect to 𝑇𝐶 for heavy 

rare-earth intermetallic compounds, the feature that giant MCE can be achieved in the vicinity of the condensation  point 

of hydrogen is discovered. Two trends, namely increasing maximum Δ𝑆𝑇 and Δ𝑇𝑎𝑑 with respect to decreasing 𝑇𝐶, are 

summarized. These findings are rationalized by a mean-field approach demonstrating the correlations between maximum 

Δ𝑆𝑇 and Δ𝑇𝑎𝑑 and 𝑇𝐶. [2] 

Inspired by the observation that giant MCE can be achieved near 20 K, a light rare-earth intermetallic series for 

magnetocaloric hydrogen liquefaction with large MCEs  covering the temperature range of 77 ~ 20 K is developed, 

providing cheaper choices for magnetocaloric hydrogen liquefaction. The findings and methods in this work could help 

with designing affordable magnetocaloric materials for large-scale applications of magnetocaloric hydrogen liquefaction. 

[3] 

 
Figure 1 Isothermal magnetic entropy changes for the idealized Nd- and Dy- alloy systems in magnetic fields of 5 T 
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Hydrogen insertion allows to tune the magnetic properties of  rare earth (R) and transition metal (M) 

intermetallic compounds, not only by increasing the cell volume but also by modifying the electronic properties 

and changing the density of state at the Fermi level [1]. For example it allows to tune the Curie temperature TC 

of La(Fe,Si)13 giant magnetocaloric materials from 200 K to room temperature for magnetic refrigeration 

application in ambient conditions [2]. On the otherhand hydrogen insertion in RFe2 and RMn2 compounds 

induces complex structural and magnetic phase diagrams with several phases of different structures and a 

strong evolution of the magnetic properties versus H content [1].  

YFe2 compounds can absorb up to 5 H/f.u. with a decrease of TC and an augmentation of the Fe moment at 

4.2 K up to x =3.5 and a decrease for larger H content [3]. Unusual giant isotope effect has been observed on 

the magnetic properties of YFe2(H,D)4.2 compounds which show a ferromagnetic-antiferromagnetic (FM-

AFM) transition temperature at TM0 of 84 K for the deuteride and 131 K for the hydride [4]. They have the 

same H(D) content and cristallize in the same monoclinic structure but the hydride has a 0.8 % larger cell 

volume than the deuteride which can explain the shift of TM0 [4]. This first order FM-AFM transition is related 

to a itinerant electron metamagnetic behaviour and displays a large magnetocaloric effect at TM0 [5].The 

substitution of Y by another larger R element (R =Nd, Pr, Gd) allow to tune TM0 to larger values but, whatever 

the rate of R element, TM0 remains below 200 K, which is still too low for practical application such as room 

temperature refrigeration. Several Y1-xRxFe2(H,D)y compounds have therefore been synthetized to search for 

compounds with magnetic transitions near room temperature and having a large magnetocaloric effect. For this 

purpose a structural and magnetic phase diagram of Y0.9Gd0.1Fe2Hy compounds has been determined by X-ray 

diffraction using synchrotron radiation (XRD-SR), differential scanning calorimetry (DSC) and magnetic 

measurements for H content between 3 and 5 H/f.u.. Five different hydrides with different crystal structures 

related to H ordering have been identified, separated by two phase ranges [6]. Hydrides with 3 < y < 3.9  

crystallize in monoclinic and cubic structures, with TC near room temperature accompanied by a small variation 

of their magnetic entropy variation [7]. Interestingly, the hydrides with monoclinic structure display also an 

inverse inverse magnetocaloric effects near room temperature due to a first order transition towards a cubic 

structure. The correlations between structural and magnetic transitions and the magnetocaloric properties will 

be detailed for Y1-xRxFe2(H,D)y compounds (R = Nd, Pr and Gd) and H content between 3 and 5 H/f.u.. 

 

Acknowledgements  

We are thankful to the synchrotron SOLEIL for the allocated beam time on the CRISTAL beam line (proposal 

20160868), and particularly to Erik Elkaim as local contact.  

References  

[1] G. Wiesinger and G. Hilscher, Handbook of Magnetic Materials; 17, edited by K. H. J. Buschow, Elsevier North-Holland, 

Amsterdam, (2008), p. 293-456. 

[2]  S. Fujieda, A. Fujita, K. Fukamichi, Y. Yamazaki, and Y. Iijima, Appl. Phys. Lett. 79, (2001) 653 

[3]  V. Paul-Boncour and S. Matar, Phys. Rev. B 70, 184435 (2004). 

[4] V. Paul-Boncour, M. Guillot, G. Wiesinger, and G. André, Phys. Rev. B 72, (2005) 174430. 

[5] V. Paul-Boncour and T. Mazet, J. Appl. Phys. 105 (2009) 013914. 

[6] V. Paul-Boncour, K. Provost, E. Alleno, A. N’Diaye, F. Couturas, et al., J. Alloy. Compd., 896 (2021) 163016. 

[7] V. Paul-Boncour, K. Provost, T. Mazet, A. N'Diaye, E. Alleno, et al., J. Alloy. Compd., 907 (2022) 164390. 

  



 

88 

 

 
 

SYMPOSIUM 02.  
MAGNETIC MATERIALS FOR INFORMATION  
STORAGE AND SENSING TECHNOLOGIES. 
S2. INVITED ORAL PRESENTATIONS 

 
CLAIRE BARADUC  

 
PILAR MARÍN  

  



 

89 

SYMPOSIUM 02. INVITED ORAL PRESENTATIONS 

Optimizing Magnetic Sensors with Smart Shapes and High Gain Flux 

Concentrator 
C. Baraduc1*, S. Manceau1,2, S. Dounia3, T. Brun1,2, C. Ducruet3, P. Sabon1, C. Cavoit2, G. Jannet2, 

J.R. Childress3, L. Prejbeanu1, M. Kretzschmar2  
1 SPINTEC, UGA-CEA-CNRS, 17 rue des martyrs, Grenoble, France 

2 LPC2E, CNRS-Université d’Orléans, 3A av. de la recherche scientifique, Orléans, France 
3 Crocus Technology, 3 av. Doyen Louis Weil, Grenoble, France  

*claire.baraduc@cea.fr 

 

 Spintronic devices allow the realization of integrated magnetic field sensors with much better 

performances than Hall effect semiconductor devices. The optimization of a sensor depends on the desired 

performances in terms of field range, linearity and detectivity. Even if the macrospin sensor remains the 

reference device, other approaches have also been proposed, in particular the use of spin structures such as 

domain-walls or vortices. In all cases, hysteresis, sensitivity and noise level are essential issues [1]. 

We illustrate the richness and diversity of the approaches on two very different examples of sensors 

based on magnetic tunnel junctions: a sensor with a wide field range (typically 10 mT) and a sensor to detect 

sub-nanoTesla fields. For the first one, we take advantage of the naturally linear response of the vortex sensor 

[2]: under planar field, the vortex core moves perpendicularly to the field, which induces a linear response of 

the magnetoresistive sensor in a field range smaller than the annihilation field. Nevertheless, we may observe 

some irreproducibility of the signal, which is associated with the hysteresis of the magnetic cycle. We show 

that we can suppress the hysteresis if the chirality of the vortex is controlled by a judicious choice of the 

junction shape. 

The second example corresponds to the development of sensors for ultra-small field detection. In this 

case, we use micron-sized junctions, in which the magnetization of the free layer is maintained in the uniform 

state by soft pinning. This weak exchange coupling is achieved by indirect contact with an antiferromagnetic 

layer via a spacer with controlled thickness. By carefully tuning the exchange field value, we show that we can 

improve the sensitivity of symmetric response junctions. Then the use of a flux concentrator can significantly 

enhance the sensor sensitivity at low field. The flux concentrator design has been optimized to reach high gain 

values thanks to a particularly narrow air-gap of 10 µm. We demonstrate an amplification gain of a factor 350 

with a 6 µm thick flux concentrator realized by electro-chemical deposition. This result opens the way to the 

development of integrated magnetic field sensors for the detection of ultra-low fields. Such sensors would 

advantageously compete with current flux sensors, which are much larger and more expensive. 
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Figure: Magnetic field sensor for sub-nT field detection
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Already today, but in the very near future our life will depend enormously on sensors. Robotic technologies, 

home automation, telemedicine, the autonomous car, the internet of things are developed around sensors. All 

these applications include gas sensors, biosensors and sensors for medical applications. In this type of devices 

the transducer plays a fundamental role but the most developed technologies are based on resistive materials 

and acoustic waves. However, the technologies based on magnetic materials, although being very promising 

for the development of contactless sensors, are still in is infancy.    

In recent years, much interest and effort have been devoted to develop soft magnetic materials due to their 

technological potential [1]. Amorphous microwires are one of them most widely studied soft materials due to 

their outstanding properties as giant magnetoimpedance effect [2], bistability, ferromagnetic resonance, and 

magnetoelastic resonance [3]. It is easy, also, to find much literature regarding microwave-related applications 

of microwires [4]. This kind of work gives experimental evidence showing that the microwave scattering by a 

single microwire depends on the magnetic permeability with sufficient strength to be experimentally detected 

as an effect of the giant magnetoimpedance. This dependence is used to show the potential of such microwire 

as a wireless field and/or stress sensor. Experimental results are followed by a theoretical approach where the 

influence of the microwire magnetic state in its microwave reflection features is taken into account. The aim 

of the present work is to show the physical fundamentals and the possibilities offered by magnetoelastic 

materials as sensor transducers. In particular, biosensors based on magnetoelastic resonance are shown as well 

as the importance of the giant magnetoimpedance effect in microwaves domain for the development of 

remotely detectable safety labels, sensors with biomedical applications as for the detection of blood pressure 

or for the wireless detection of collagen concentration or even structural health monitoring of structures.  
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Manganese ferrite nanoparticles (MFNPs) are currently envisioned as theranostic nanomaterials [1]. Recent 

research has indicated that superparamagnetic MFNPs induce a high T2 contrast ability in MRI [2]. In addition, 

it has been suggested that these materials would increase the success of conventional oncological treatment 

through magnetic hyperthermia and the generation of reactive oxygen species [1]. Both applications rely on 

MFNPs’ intrinsic magnetic and structural properties.  

In the present work, we propose using superparamagnetic MFNPs for magnetic biosensing. Said 

nanomaterials present high saturation magnetization and low magnetocrystalline anisotropy. Depending on 

their dimensions, they are superparamagnetic at room temperature and exhibit high initial magnetic 

susceptibility. Both aspects play a key role in increasing the signal in radiofrequency (RF) inductive sensors 

[3,4]. Furthermore, since the dimensions of these nanomaterials are compatible with most biological entities 

such as proteins and viruses, they can tag molecules of interest, providing their isolation from the biological 

matrix, concentration in a small volume by a field gradient, magnetic detection and quantification. 

We synthesized MnFe2O4 nanoparticles and nanoclusters by hydrothermal coprecipitation. Synthesis 

parameters were varied to obtain different mean sizes. Nanoparticles and clusters were functionalized with 

citric acid to achieve colloidal stability and provide -COOH groups on the particle surface for binding to 

biorecognition molecules (as antibodies). Samples were characterized by XRD, TEM, DLS, ICP, and SQUID 

measurements. The detection performance of such nanomaterials was measured by using RF capacitive-

inductive sensors. We correlated the signal to the MFNP and cluster sizes and magnetic properties. 

Our results point out that Mn ferrite nanoparticles and nanoclusters are promising tags to increase the 

sensitivity of biomolecule detection and quantification. This would be useful for point-of-care testing devices 

such as lateral flow assays (like the COVID-19 rapid diagnostic tests), which provide the early diagnosis of 

several diseases, and detection of allergens and toxins in food and environmental pollutants. 
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For highly accurate magnetic field sensors, a high signal to noise ratio and a low offset are crucial. In this 

work we present a sensor concept which combines the high accuracy of TMR readout with the offset 

cancellation enabled via spin orbit torque (SOT). This allows the design of a magnetic field sensor which is 

on the one hand capable of offset compensation and on the other hand highly sensitive. Our sensor consists of 

a ferromagnetic (FM) layer with an in-plane magnetic anisotropy on top of a heavy metal (HM) layer. The 

TMR stack consists of an oxide layer and a reference layer which are placed on top of the FM layer (see Fig. 

1). The reference layer is magnetized in the x-direction and therefore enables the measurement of the x-

magnetization in the FM layer via TMR effect. The device utilizes a spin current, generated via an electrical 

current flowing in the HM layer. This spin current acts on the magnetization of the ferromagnetic layer via 

the SOT effect. By flipping the SOT current direction the measured effect on the magnetization also switches 

the sign. The subtraction of these two signals lead to an active offset compensation and therefore to an offset 

reduced signal. In addition we characterize the sensor response as a function of external bias fields Bbias to 

illustrate the tunability of the sensitivity and linear range by shape anisotropy. We can show with increasing 

bias field the linear range will increase and as a result the sensitivity decreases. 

 

Figure 1: Structure of the sensitive element (SOT line including the TMR junction)
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Spintronics devices formed on flexible substrates allow us to acquire mechanical information via the 

magnetoelastic effect and magnetoresistance effect [1]. Recently, we have demonstrated the spin-reorientatuion 

transition (SRT) between perpendicular and in-plane magnetic anisotropy by applying uniaxial/biaxial tensile 

strain to Co/Pd giant magnetoresistive devices [2]. The SRT caused by the strain can serve as new types of 

strain sensors. The sensitivity of them is expected to be improved by realizing this function in a CoFeB/MgO-

based magnetic tunnel junctions with higher magnetoresistance ratio [3]. In this study, we investigated the 

strain control of perpendicular magnetic anisotropy (PMA) in a CoFeB/MgO structure.  

CoFeB(1.2 nm)/MgO(2.0 nm) structure with Ta buffer and cap layers was direcrly formed on a flexible 

substrate by rf-sputtering at room temperature. The film was patterned into a Hall bar structure using maskless 

exposure apparatus and Ar-ion milling. The sample was annealed at 300°C for 1 hour to introced the PMA. 

The biaxial tensile strain b was applied to the sample with an auto tensile machine. We measured anomalous 

Hall resistance RAHE under several b values. Figure 1 shows the normalized RAHE (RAHE
n) as a function of 

perpendicular external magnetic field Hz. Clear increase in the saturation field is observed when b = 2.0% is 

applied, indicating that easy axis swiching from perpendicular to in-plane by the strain occurs in the 

CoFeB/MgO system. Moreover, the RAHE
n - Hz curve obtained after returning b to 0% is overlapped with the 

initial curve. Thus, reversible control of the strain-induced SRT is possible in this system. 
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The association of a well designed X-Magneto-Resistance (X=Giant or Tunnel; GMR or TMR) and 

superconducting flux to field transformer allows achieving femtotesla detectivity [1]. These sensors, called 

mixed sensors, are good candidates for magnetoencephalography, which requires fT- sensitivity for low 

frequency (<10kHz) signals or very low field Magnetic Resonance Imaging (MRI), where the signal to detect 

is at higher frequencies (typically few hundred of kHz) but requires even better detectivities down to the subfT, 

ie. from 0.1 to 0.01fT/√Hz. To target the applications requirements, improvements have to be performed on 

the sensitivity and on the design of mixed sensors. 

We present three advances to tackle these requirements (higher sensitivity, better detection at low frequencies). 

The first is to use flux-flux untuned or tuned transformers which add an extra gain of sensitivity. This approach 

is successfully used for performing MRI at very low fields with present detectivities in the range of 0.3-

0.5fT/sqrt(Hz). 

The second is to use modulation of supercurrents with Joule effect heaters. This technique improves 

performances of mixed sensors at low frequencies by pushing the detected field by the magnetoresistive sensor 

at high frequencies. 

The third is to lower the working temperature which becomes now rather easy with cryogenic free dilution 

systems developed for quantum computing. GMR sensors have been successfully used at temperature down to 

50mK and present an excellent detectivity [2]. 
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Magnetoelectric (ME) cantilever-based sensors [1-4] have the potential to measure small magnetic fields, 

such as biomagnetic signals in medical applications. To achieve a low limit of detection (LOD), it is crucial to 

reduce all noise sources, including dominant magnetic noise caused by the activity of magnetic domain walls 

during sensor operation. This is especially of importance as ME sensors rely on magnetic modulation schemes. 

In this work, we present various schemes of single-domain magnetic multilayer stacks designed to eliminate 

domain-induced magnetic noise in ME sensors. We employ a scalable approach using magnetostatically 

coupled (Fe90Co10)78Si12B10 “free” layers (FL) in combination with exchange-biased antiferromagnetic-ferro-

magnetic (MnIr/FeCoSiB)n multilayers (EB-ML) for layerwise magnetization alignment in the millimeter-

sized cantilevers. The approach enables nearly unbiased magnetically sensitive layers to exhibit single-domain 

behavior while maintaining high magnetic field sensitivity. The inverse ME composite resonator sensor 

concept used is described in detail in [3]. It provides sensitivity at zero magnetic bias fields. The ME sensors 

are characterized in terms of their magnetic properties in relation to their sensor performance. For this purpose, 

magnetic bias curves are measured from which the sensors are initialized for maximum sensitivity. In addition, 

the sensors are characterized in terms of total noise, sensor signal, and LOD.  

An example stack with the corresponding bias curve is shown in Figure 1. With the achieved eliminaton of 

magnetic domain walls we obtain a LOD of 20 pT∙Hz-0.5 for low frequency magnetic signals at 10 Hz for the 

sensor shown in Figure 1. Strategies to improve the sensor performance based on different FL and EB-ML 

arrangements are discussed in detail. 
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Figure 1: (a) Example of a 

magnetic multilayer stack and 
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function of magnetic bias fields 
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sensitivity.
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Tunning of the intrinsic thin film magnetic anisotropy can offer an extra degree of freedom when 

fabricating magnetic sensors. The ability to locally modify the magnetic anisotropy, either its strength or the 

easy axis direction, will directly impact key operation parameters in tunneling magnetoresistive devices (TMR) 

such as linearity, coercivity or the sensing direction [1].  In this work, we will use artificial defects such as 

voids in the magnetic thin films to locally pin magnetic domains walls due to the presence of local stray fields. 

Depending on the shape and the lattice arrangement of these non-magnetic voids, we are able to manipulate 

the magnetic anisotropy [2], and ultimately tailor the electrical output response R(H). For that, a fabrication 

process is presented to allow the inclusion of micro or nanometric holes precisely at the sensing layer of TMR 

devices. Electron beam lithography and ion beam milling were used to define the non-magnetic holes with 

dimensions ranging from 100 nm to 500 nm – figure 1 a. Their depth and profile were evaluated by atomic 

force microscopy. The impact of the artificial voids was accessed via the transfer curve R(H) at room 

temperature. Clear changes in the linearity and sensing range were observed (figure 1 b) within a 14 mT range, 

compared to a device without any nanovoid. In addition, higher field R(H) loops up to 200 mT (not shown) 

present significant differences in tunneling magnetoresistance ratio. For exemple, an increase from a 

magnetoresistance ratio of 4.5 % with no nanovoids to 8% was obtained when a quadrangular lattice of 200 

nm diameter voids distanced of 400 nm was patterned. The origin of such increase will be discussed in the 

framework of current perpendicular to plane devices. This work explores a new path to tune the linear range 

of TMR sensors without compromising the sensor electrical output [3] and which can be done selectively at 

wafer level to extend the window of magnetic field senstivity.  
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Figure 1: a) Example of a 

fabricated TMR sensor at the 

nanovoid fabrication level 

and b) corresponding R(H) 

transfer curves for a device 

with circular nanovoids with 

200 nm diameter (D) and 

distances (S) from 200 nm to 

400 nm.
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    Magnetic racetrack memory is the archetype research focus of domain wall memory since its first 

experimental demonstration. Due to its non-volatility, high storage capacity and flexible design, one potential 

application of racetrack is to replace hard disk drives whose capacity growth is slowing down. However, there 

are still many challenges before domain wall (DW) devices become commercially available [1-2]. First, the 

DW movement needs to be highly controllable. The distance the DW moves is proportional to the duration of 

DW driving stimulus (e.g. magnetic field or spin torque). Precise control of pulse timing usually requires more 

complex circuits and higher costs. Second, the operating power consumption of DW devices needs to be 

reduced. The current spin-transfer torque or spin-orbit torque current used to drive DWs is still too large to 

make DW devices commercially viable. 

     Hence, different methods are explored to reform the DW motion strategy to address reproducible DW 

motion. The Dzyaloshinskii–Moriya interaction (DMI), as one of the origins for chiral magnetism, could be 

game-changer in this respect. It however requires modulating the sign and size of the DMI. In this work, we 

propose an ultralow power and controllable magnetic racetrack memory device, which is driven by domain-

wall chirality-switching and spin current. Until now, several feasible methods of DMI sign control, which gives 

rise to the aforementioned chirality switching, have been reported, such as ferroelectric proximity effect [3], 

mechanical strain [4], etc. Interesting simulation results based on chirality switching such as driving domain 

walls have been proposed. However, this does not allow for a unidirectional motion of all ‘bits’ in the racetrack 

[5]. We propose to generate chirality switching by ferroelectric polarization switching, while a small symmetry 

breaking spin current (introduced via a spin-orbit-torque) is used to induce the unidirectional motion during 

the DW switching process. First, we establish an all-oxide trilayer model based on existing experimental results 

and demonstrate the feasibility of using it as a racetrack device. We also simulate the DW displacement under 

different initial and final DMI values, perpendicular magnetic anisotropy, saturation magnetization and 

damping constant to fit the actual experimental situation. Furthermore, a comparison of various DW motion 

methods using the same model parameters is made to verify the performance superiority of chirality switching 

mechanism. These results qualify that our device has the potential to become an ultralow power prototype 

device based on DW chirality control for racetrack memory [6]. 
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The integration of ferroelectric thin films with graphene (gr) spintronics potentially allows the realization 

of highly efficient, electrically tuneable, non-volatile memories through control of the interfacial spin-orbit 

driven interaction occuring at gr/Co interfaces deposited on heavy metal (HM) supports. Here, the integration 

of ferroelectric Hf0.5Zr0.5O2 (HZO) on gr/Co/HM epitaxial stacks is investigated via the implementation of 

several nucleation methods in atomic layer deposition. It has been shown that the gr-ferromagnet interface 

enhances interfacial perpendicular magnetic anisotropy (PMA) in Co/HM stacks[1]. Moreover, such Gr/Co 

interfaces present sizeable Dzyaloshinskii-Moriya interaction (DMI)[2] which is critical for stabilizing 

skyrmionic spin textures[3] and is particularly interesting in the case of gr, as it may be efficiently electrically 

tuned. The integration of ferroelectrics on these stacks allows the potential for new device geometries 

exploiting the interfacial Rashba SOC [4]. Nevertheless, the direct deposition of HZO directly on gr shows 

poor nucleation so no conformal film is formed. This is solved by adding an interlayer between gr and HZO 

[5]. By employing in-situ Al2O3 as a nucleation layer sandwiched between HZO and gr, the HZO demonstrates 

a remanent polarization (2Pr ) of 19.2 µC/cm2. Using an ex-situ, naturally oxidized sputtered Ta layer for 

nucleation, 2Pr could be controlled via the interlayer thickness, reaching maximum values of 28 µC/cm2 with 

low coercive fields[6].These results open up pathways for the integration of HZO and other HfO2-based 

ferroelectrics directly on transfer-free gr achieving high remanent polarization at room temperature.  
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Magnetoresistive (MR) sensors are widely used in consumer, automotive, medical, industrial and other 

applications [1]. Yole group report on magnetic sensor market and technology [2] predicted an increase of MR 

sensors market at the expense of widely used Hall sensors in different application areas, especially when 

enhanced sensitivity, detectivity and miniaturization is required. The magnetoresistive sensors, as they are 

broadly understood, usually include xMR (AMR, GMR, TMR) devices, and their operation range of magnetic 

fields is less than tens of millitesla. However, advanced scientific, medical and industrial equipment requires 

magnetic field sensors capable of measuring stronger magnetic fields (1-10 Tesla) in a wide range of 

temperatures. Furthermore, application of high pulsed magnetic fields for scientific or industrial applications 

requires fast, highly sensitive magnetic sensors with nano-microscale dimensions. It was demonstrated, that 

magnetic sensors based on colossal magnetoresistance effect in polycrystalline manganite films are able to 

measure pulsed magnetic field magnitude independently on magnetic field orientation in respect to the sensor’s 

plane [3]. Such sensors, called CMR-B-scalar sensors [4], were used for measurement of magnetic field 

distribution in electromagnetic launchers and nondestructive pulsed magnets, when duration of magnetic field 

pulses was more that millisecond [3]. However, for shorter pulses, for example, in magnetic forming and 

welding systems or plasma science applications, the sensors measuring microsecond duration magnetic fields 

with high accuracy and temporal resolution are required. Therefore, to use manganite films for the development 

of fast magnetic sensors, the magnetic memory effects have to be minimized. Moreover, to avoid parasitic 

signal due to electromotive forces appearing in the transmission line of the sensor during measurement of short-

pulsed magnetic field, a special recording system has to be developed.  

In this study, the results of magnetoresistance and memory effects of thin nanostructured lanthanum 

manganite films are presented and discussed. La-Sr-Mn-O films were grown by Pulsed-injection metal organic 

chemical vapor deposition technique onto polycrystalline Al2O3 and SiO2 substrates with different thicknesses 

in the range of 60-360 nm. The magnetoresistance of these films was measured in pulsed magnetic fields up 

to 20 T, while the resistance relaxation after the switch-off of the magnetic field was recorded up to 10 T. It 

will be demonstrated how magnetoresistance values (sensor’s sensitivity) and memory effects of lanthanum 

manganites could be tuned in a wide range of magnetic fields and temperatures by changing the substrate and 

thickness of the films. Moreover, a magnetic field recording system using a bipolar-pulsed voltage supply with 

a frequency up to 12.5 MHz and a 16-bit ADC with a sampling rate of 25 MHz will be presented and discussed. 

The measurements of several microsecond duration magnetic fields by using a sensor based on the investigated 

manganite films will be presented.  
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Manganite perovskites have attracted the attention of the scientific community due to their interesting 

electronic and magnetic properties. The concentration of a dopant cation will affect heavily the physical and 

structural properties of the material, changing, among other things, its Curie temperature. 𝐿𝑎1−𝑥𝑆𝑟𝑥𝑀𝑛𝑂3  

(LSMO) deposited on vicinal 𝑆𝑟𝑇𝑖𝑂3 (STO) substrates, was chosen for fabricating Anisotropic 

Magnetoresistance (AMR) sensors due to its very low intrinsic noise in the low-frequency region. As the final 

goal of these devices is to be able to use them for biomedical applications, it is essential for them to operate at 

body temperature (~310 K) and in the low frequency region. The LSMO thin films were deposited using 

Pulsed Laser Deposition (PLD) and Molecular Beam Epitaxy (MBE) and were patterned in Wheatstone bridge 

geometry using laser lithography and Ion Beam Etching (IBE). 

Following the promising results previously achieved with detectivity as low as 200 pT·Hz-1/2 [1, 2], new 

pathways for optimization have been implemented in order to simplify the required setup and get lower 

detectivity values while keeping the core configuration, ideas, and simplicity of fabrication intact.  The use of 

vicinal substrates induces uniaxial magnetic anisotropy with the easy axis parallel to the the step edges. First 

we will present results obtained with AMR sensors made of 45 nm thick epitaxial 𝐿𝑎2 3⁄ 𝑆𝑟1 3⁄ 𝑀𝑛𝑂3   deposited 

on 4º vicinal STO(001) with different sizes for the Wheatstone bridges. The usual bridge size which we refer 

to as 100% has 300 µm length and 100 µm width and is scaled down to 50% and 75% and scaled up to 200%. 

It is confirmed that the detectivity varies inversely with the square root of the Wheatstone bridge volume (figure 

1). Second, we will show the effect of different dopant concentrations (0.15 ≤ 𝑥 ≤ 0.45) of 𝐿𝑎1−𝑥𝑆𝑟𝑥𝑀𝑛𝑂3 

deposited on 4º vicinal STO(001) on AMR and noise [3].  
 

 
Figure 1: Effect of the size of the Wheatstone bridges on the 

detectivity for 10V bias. 
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State-of-the-art fault current limiters are based on active components or inductors, and are large and 

expensive devices. Here, we propose a new passive and miniaturized magnetoresistance-based system [1] 

strongly reducing device size and cost. The extraordinary magnetoresistance (EMR) effect was chosen as it 

exhibits the largest resistance ratio among the known magnetoresistive (MR) phenomena, reaching values up 

to 107 % [2]. 

Many works have studied EMR in high-mobility materials (like semiconductors [3], graphene [4] and 

heterostructures [5]) mainly for magnetic field sensing [2, 5]. For current limiter applications, only 2-terminal 

geometries are applicable. Through 2D finite element simulations (COMSOL), we have studied several 

geometry and material parameter combinations to understand if and how EMR-based current limiters can be 

realized. For instance, we have designed different planar shapes and sizes for the electrodes (such as van der 

Pauw disk [3], multibranch geometry [2], bar type geometry [5] or stripes). For 2-terminal systems, our 

simulations show that the EMR ratio reaches its largest value in simple sandwich designs, that maximize the 

resistance variation between current paths where the electrons cross the metal-semiconductor interface 

tangentially and normally, respectively. Comparing the EMR ratio values reported in the literature [2, 3, 5] 

with those resulting from our simulations, we suppose that the higher EMR values displayed by 4-terminal 

systems arise from a combination of Hall and EMR effects. 2-terminal systems, where the Hall effect is absent, 

exhibit instead lower EMR ratios.  

Simulations show that EMR saturates with lateral extension of such 2-terminal systems. This EMR 

saturation varies as a function of electron mobility and out-of-plane magnetic field according to the following 

empirical relation: EMR = 19.1(µB)2. This is in agreement with previous works [3]. It shows that it is possible 

to reach high EMR values of about 2000 % at a magnetic field of 1 T when the semiconductor materials 

mobility is around 105 cm2/(Vs). Such values are very promising for current limiter components. This behavior 

can also be found with a simple 2-channel model which describes 2-terminal systems, where electrons follow 

the least resistive path. It fits to the simulation data and gives EMR = 8480l/(0.29+l), with l being the lateral 

extension of our system. 

In summary, this work investigates a new passive and compact curent limiter device concept based on the 

EMR effect. With proper mobility and good interfaces, an EMR ratio as high as 2000% can be achieved in a 

2-terminal system, which could make this technology suitable to replace state-of-the-art fault current limiter 

components. 
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The Fe/MgO interface is one of the most promising junctions for spin filtering, which has brought about 

tunneling magnetoresistance (TMR) devices and provided the MgO-based magnetoresistive random access 

memory (MRAM) application [1]. One crucial problem from the application point of view is that on Fe(001), 

MgO grows in the three-dimensional Volmer-Weber mode rather than in the layer-by-layer (Frank-van der 

Merwe) mode. As a consequence, nanometer-sized MgO clusters are formed, resulting in large interface 

roughness, which is detrimental to device performance. 

This is caused by the strong interation between Fe(001) 3d surface states and adsorbed molecular states. For 

example, the oxidization process of the Fe(001) in vacuum (10-6 Pa) produced Fe2O3, Fe3O4, and FeO phases 

at different temperatures [2]. Also, this strong bonding could stop the thermal diffusion of adsorbed organic 

molecules [3,4]. 

Here, we succeeded in introducing a 1×1 oxygen monolayer film at the interface between the MgO films 

and the Fe(001) substrate [5]. This interface engineering drastically modifies the MgO growth and increases 

the MgO island size by a factor of 10 as compared to MgO grown directly on Fe(001) (see Figure). As a result, 

regularly shaped and atomically flat MgO islands are obtained. By using our novel method, the MgO/Fe 

interface roughness is dramatically reduced, which should lead to improved device performance. All 

experiments were performed using ultra-high vacuum (UHV) low temperature (4.6 K) scanning tunnelling 

microscopy and spectroscopy (STM/STS) setup. 

We also show, by a combination of tunnelling spectroscopy and first-principles calculations, that the MgO 

islands provide an efficient way to electronically decouple organic molecular films from the metal substrate 

with interesting perspectives for organic semi-conductor junctions. 
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The advance in nanotechnology promises to achieve the dream of being able to detect synaptic signals under 

physiological conditions in real time. Spintronic technologies are currently used in the fabrication of magnetic sensors 

because of their low fabrication cost, robustness, temperature stability and scalability. Anisotropic Magnetoresistive 

(AMR) sensors comprise of a single ferromagnetic material which are a much less complex fabrication than giant 

magnetoresistive (GMR) and tunnel magnetoresistive (TMR) technologies. In particular, engineered AMR sensors 

based on epitaxial La1−𝑥 Sr𝑥MnO3 (LSMO) films grown on top of vicinal (001)-oriented SrTiO3 (STO) single crystal 

substrates [1] show both highly sensitivity performances and suitable for industrial implementation [2,3]. The 

understanding of both magnetic and magnetoresistance features and their temperature dependencies will enable the 

optimisation of future tailored devices for biosensor applications. 

 

In this work, magnetic and transport features of epitaxial LSMO films grown on vicinal STO substrates with different 

vicinal angles are investigated. Simultaneuos vectorial-resolved magneto-optic Kerr effect (vMOKE) and 

magnetoresistance (MR)  measurements have been acquired at different applied field angles (αH) and different 

temperatures (T) close to Curie temperature [4]. In brief, MR clearly shows two contributions: one isotropic (red dashed 

curve in central panels) and the other anisotropic (right panels). At a given T, the former displays the same linear drop 

of the resistivity as the magnetic field increases for all αH conditions, and it is related with the collosal 

magnetoresistance (CMR). Remarkably, CMR is better identified at large magnetic fields while the anisotropic 

magnetoresistance (AMR) contribution is at low fields. AMR originates from competing magnetic anisotropy terms: 

uniaxial KU (growth-induced) and biaxial K2 (magnetocrystalline). The study allows to figure out which is the optimal 

sample to be used as sensors. 
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Magnetic materials with switchable magnetic domains and anisotropy are ideal for applications in the area of 

spintronics[1]. However, for sensing applications, the existing magnetoresistive (MR) sensors are limited by 

their sensing axis, which is restricted to only one direction. To overcome this limitation, it is crucial to tune the 

magnetic anisotropy of the reference layer of the thin film stack used in the MR sensors. The most efficient 

and reliable is the electrochemical effect[2] which uses ionic liquid to apply a gate voltage to tune magnetic 

anisotropy in magnetic materials[3]. This method has the added advantage of low joule heating dissipation and 

low power consumption of magnetic devices[4]. Here, I will present the tuneability of perpendicular magnetic 

anisotropy (PMA) in the two stacks, ‘MgO/Co2MnGa/Pd’ and ‘MgO/CoFeB/W’. This tuneability achieved 

through ionic liquid gating (ILG), and the change was recorded using a magneto-optic Kerr system (MOKE). 

Both stacks reduced their PMA upon the application of gate voltage through the ionic liquid. The CoFeB-based 

stack can completely switch from PMA to in-plane magnetic anisotropy and this change was reversible. In 

contrast, Co2MnGa could only reduce its PMA through gate voltage and remained in that state without any 

reversibility. Our results demonstrate that the ILG of thin film stacks based on reference layers of CoFeB and 

Co2MnGa is very useful for making the sensing axis tuneable in MR sensors. 

  

 Pristine-HOOP

 +2.5V-HOOP

 +3.5V-HOOP

 +3.5V-After 5min-HOOP

 +3.5V-HIPL

-200 -150 -100 -50 0 50 100 150 200

-1.0

-0.5

0.0

0.5

1.0

N
o
rm

a
liz

e
d
 K

e
rr

 S
ig

n
a
l

H (Oe)

Ta/CoFeB/W

-150 -100 -50 0 50 100 150

-1.0

-0.5

0.0

0.5

1.0

N
o

rm
a

liz
e

d
 K

e
rr

 S
ig

n
a
l

H (Oe)

  Pristine-HOOP

  -2.25V-at cycle 1-HOOP

  -2.25V-at cycle 8-HOOP

MgO/Co2MnGa/Pd 

 
Figure 1 Hysteresis curves of both stacks measured at various gate voltages using MOKE. The reduction of PMA signal 

is prominent for both stacks. HOOP is hysteresis with out-of-plane magnetic field and polar mode of MOKE. HIPL is 

hysteresis with in-plane magnetic field and longitudinal mode of MOKE. 
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Magnetic sensors are widely used in our daily lives [1], resulting in a significant amount of research on 

improving their properties, not only to have a better sensitivity but also: to increase their thermal stability [2] 

to be used under harsh conditions; and to reduce their dimensions [3][4] to have better spatial resolution and 

reduced energy consumption. For magnetic sensors based on magnetic tunnel junctions (MTJ), the sensitivity 

depends on the volume of the sensing layer, in theory the bigger the area and the thicker the MTJ the lower the 

noise of the sensor, but in reality there is a trade-off [5]. Amorphous materials attracted [6] as the sensing layer 

of an MTJ as they have been shown to be a soft magnetic materials in layers with thicknesses of a few hundreds 

of nanometers [5]. In this work a linear response has been achieved in bulk with one magnetic annealing, where 

the field was applied perpendicular to the field direction during the deposition, allowing the possibility of 

making large sensors with a good linear response in order to decrease the noise of the sensor. 

In this work we are going to present how we can control the linear range of an MTJ with the stack Buffer / 

20 IrMn / 2.6 CoFe30 / 0.825 Ru / 1.8 CoFe40B20 / MgO / 2.0 CoFe40B20 / 0.21 Ta / 100 CoFeSiB / Top lead, 

where all the thicknesses are in nm, CoFe30 percentage is weight and CoFe40B20 is atomic percentage. We 

manage to control the linear range by modifying the MTJ shape, both with and without aspect ratio, with one 

single annealing process. As it can be seen in the figure b), the coercive field and the tunnel magnetoresistance 

are almost constant, independent of the shape or size of the MTJ sensor, whereas the linear range controlling 

the sensitivity can be tuned between 3 and 54 mT by adjusting these parameters. 
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Figure: a) Optical microscope image of one device b) Characteristic fields and tunnel magnetoresistance of sensors depending on 

their shape. 

Acknowledgements 

The work is supported by the project NeWeSt - New generation of cyberphysical Weighing Systems, with the 

reference nº POCI-01-0247-FEDER-069716, co-funded by COMPETE 2020 - Operational Programme for 

Competitiveness and Internationalisation under the PORTUGAL 2020 Partnership Agreement, through the 

European Regional Development Fund (ERDF). 

References  

[1] X. Liu, K. H. Lam, K. Zhu, et al., IEEE Trans. Magn. 55 (2019) 0800222 

[2] B. Lim, M. Mahfoud, P. T. Das, et al., APL Mater. 10 (2022) 051108 

[3] E. Raymenants, O. Bultynck, D. Wan, et al., Nat. Electron. 4 (2021) 392–398 

[4] K. Wu, M. C. J. Cheeran, J. P. Wang, et al., ACS Appl. Nano Mater. 3 (2020) 9560–9580 

[5] M. Oogane, K. Fujiwara, A. Kanno, et al., Appl. Phys. Express 14 (2021) 123002 

[6] L. Huang, Z. H. Yuan, B. S. Tao, et al., J. Appl. Phys. 122 (2017) 113903 



 

109 

SYMPOSIUM 02. POSTERS 

High Sensitivity Amplification in Symmetric Response Magnetic Tunnel Junction with 

Flux Concentrators  
 

T. Brun1,2*, S. Manceau1,2, C. Ducruet3, P. Sabon1, C. Cavoit2, G. Jannet2, L. Prejbeanu1, M. Kretzschmar2, 

C. Baraduc1 

 
1SPINTEC, Univ. Grenoble Alpes, CNRS, CEA, 17 avenue des Martyrs, Grenoble, France 

2LPC2E, CNRS & Université d’Orléans, 3a avenue de la recherche scientifique, Orléans, France 
3Crocus Technology, 3 Av Doyen Louis Weill, Grenoble, France 

* thomas.brun@cea.fr 

 

 Magnetic Tunnel junctions (MTJs) are often used as magnetic sensors due to their high sensitivities but 

are limited by their 1/f noise.  Detecting sub-nanoTesla magnetic fields is therefore challenging. A possible 

route to achieve this goal is to amplify the sensor sensitivity by using a high gain flux concentrator. Here we 

demonstrate a gain of 350 with the addition of Flux Concentrators (FCs) on Symmetric Response MTJs (SR-

MTJs). 

The challenge in increasing the sensitivity of the MTJ itself lies in the compromise between the ability 

of the free layer magnetization to rotate freely and the need to keep the magnetization uniform without domain 

formation. This is a key point as reducing the noise of the sensor requires increasing the magnetic volume and 

thus using micron-size junctions. The solution we developed for our symmetric response MTJ is to use a soft-

pinned free layer [1].  We precisely control the exchange coupling strength between the free layer and an IrMn 

layer by inserting a thin Ru spacer layer. The corresponding exchange field value is measured with a vibrating 

sample magnetometer.  

With a soft-pinned free layer, we obtained SR-MTJs with a sensitivity 3.6 %/mT. Our experimental 

results are well described by an analytical model based on Stoner-Wohlfarth model considering exchange, 

Zeeman and shape anisotropy energies. We also included in the model any possible misalignment due to the 

process (orientation of the junction, direction of the magnetic field during annealing) or to the measurement.  

 Finally, to strongly increase the sensitivity, 

6µm-thick NiFe flux concentrators were 

electrodeposited around the MTJs. Their elongated 

shape and narrow air-gap of 10 µm are the key points to 

obtain the highest amplification. We have measured a 

gain of 350 for our most recent fabrication [2]; the effect 

of the flux concentrators is shown in Fig. 1 with the 

response of the SR-MTJ without FC in inset. The FC 

very high gain results in a drastic increase of sensitivity 

on small fields range.  

To conclude, using the high gain flux 

concentrators we achieve a sensitivity of 1260 %/mT.  

This result paves the way towards the detection of very 

small fields with an integrated sensor. For space 

missions, such a miniature sensor could advantageously 

replace currently used magnetometers with a significant 

reduction of mass [3].  
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Fig. 1 Symmetric response of a soft-pinned junction with 

flux concentrators aligned with the hard axis. The high 

gain result in a strong increase of the sensitivity at low 

magnetic field. Inset: same junction without flux 

concentrators. The exchange soft-pinning field is 4.75 mT.       
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Emerging data-intensive applications in fields including machine learning and neural networks require high-

performance and energy-efficient computation for operations such as automatic driving, pattern recognition, 

and disease diagnosis. Controllable spin-orbit torque based nonvolatile memory is highly desired for 

constructing energy efficient reconfigurable logic-in-memory computing suitable for emerging data-intensive 

applications. Here we report our investigation of IrMn/Co/Ru/CoPt/CoO heterojunction as a promising 

candidate for both multistate memory and programmable spin logic applications. The studied heterojunction 

can be programmed into four different magnetic configurations at-will by controlling both the in-plane 

exchange bias between IrMn and Co and the out-of-plane exchange bias between CoPt and CoO. Moreover, 

based on the controllable exchange bias effect, 10 states nonvolatile memory and multiple logic-in-memory 

functions have been demonstrated as shown in Figure 1. These findings indicate that IrMn/Co/Ru/CoPt/CoO 

heterojunction can be used as a building block for next-generation logic-in-memory and multifunctional, 

multidimensional spintronic devices[1]. 

 

 

 
 

Figure 1. Top: schematic illustration of programmable nonvolatile memory for very large scale integrated processor applications, 

where every IrMn/Co/Ru/CoPt/CoO heterojunction can be programmed at-will into four different magnetic configurations. Bottom: 

schematic demonstration of 10 states memory and spin logic applications. 
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Neuronal currents reflect part of the information transmission in the brain and nervous system and are widely 

measured through electrophysiology tools at the surface or within the tissues. They have also a magnetic 

counterpart of very small amplitude, which can be detected at large scale for ensembles of neurons in 

magnetoencephalography, by means of femtotesla-sensors such as Superconducting Quantum Interference 

Devices. 

In the quest for detecting at local scale, and furthermore in vivo, the magnetic signature of an action potential 

of a single neuron, spintronics sensors can be very good candidates since they bring sensitivity and 

miniaturization. 

We fabricated very thin (25m) probes, called magnetrodes, containing GMR elements [1], and combined 

them with standard tungsten electrodes to have a tool with the potential to detect both electric and magnetic 

signals in vivo. 

Here we present the in vivo experiments performed in the rat hippocampus with these thin magnetrodes. We 

show how, with specific spike sorting procedures, we could access both electric and magnetic action potentials, 

and were able to detect single-cell magnetic recordings [2]. 
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Figure: Magnetrode device, 25m thick, containing two GMR sensing elements at the tip, and used to record locally in vivo magnetic 

signals associated with single-neuron action potentials.
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Magnetic fields and particles are nowadays an everyday practice in modern biomedical treatments. 

Biomedical treatments may be categorized in three major pillars: Handling, Diagnosis and Therapy. For many 

years magnetic field modes (Static or Dynamic) are used to handle (Biomagnetic Separation) or diagnose (MRI: 

Magnetic Resonance Imaging). More recently, magnetic nanoparticles came into play either as treatment 

enhancers or “cargo” carriers promoting variable therapeutic schemes (e.g., Drug Delivery, Magnetic Particle 

Hyperthermia). The diversity of magnetically driven applicability schemes urges not only for handling to 

diagnostic and therapeutic probes but for their combinatory exploitation as well. Moreover, effectiveness of a 

biomedical modality also puts additional constraints based on physiochemical interactions will living matter, 

typically hindering effective in-vivo performance. The impact of magnetic fields and particles is driven by their 

magnetic interaction and according to the treatment, certain prerequisites should be followed with respect to 

a). particle properties, b). field conditions and c). bio-performance. Generally, the stronger the field-particle 

interaction the more efficient the treatment.  

To start with materials, particle properties will be discussed within the framework of their structure, 

stoichiometry and morphology focusing on their nanoscopic features. Namely, single, or two-phase magnetic 

nanoparticles of tuneable sizes, shapes, arrangements, will be evaluated in conjunction with prompt delivery 

of their adequate “cargo” at specific sites [1].  

The second critical point has to do with the field conditions required to provide an effective scheme. Again, 

issues imposed by field amplitude, frequency, and modes (DC, AC, Pulsed) will be discussed with respect to 

Brezovich-Atkinson criterion and potential side-effects [2]. Variable field modes in Magnetic Particle 

Hyperthermia and Magneto Mechanical Actuation [3] will be proposed as alternatives to promote enhanced 

efficiency yet with mitigation of side-effects [4]. 

Finally, the beneficiary role of magnetic nanoparticles and fields will be evaluated beyond the in-silico case 

towards in-vitro, ex-vivo and in-vivo studies where aspects such as biocompatibility, and sustainability should 

be circumvented without sparing treatment efficiency [5, 6]. Certain applicable case studies of magnetic field-

material combinations for handling, diagnosis, and therapy studies and theranostic schemes [7] will be 

proposed. 
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The biological and therapeutic effects of low magnetic fields have been the subject of numerous 

studies for over a hundred years. However, investigations of the biological effects of moderate 

and high magnetic fields are still at an early stage. Several new biological and therapeutic effects 

of moderate and high magnetic fields (MFs) will be discussed. Effects of a high static MF on 

lung cancer-bearing mice were examined in [1]. In mice treated 88 h with a 9.4 T static magnetic 

field, tumor growth and DNA synthesis were significantly inhibited, G2 cell cycle was arrested, 

while the ROS and P53 levels were increased. Surprisingly, the application of ultra-high static 

MF (up to 33 T) causes an anti-depressive effect on mice, enhancing the levels of oxytocin and 

c-Fos in the mice’s brains [2]. This was the first attempt to apply ultrahigh static MFs to living 

organisms. It is important for clinical applications to treat a number of myopathies associated 

with the defective calcium regulation in muscle cells that exposure of skeletal muscle cells to a 

complex spatiotemporally modulated 70 mT magnetic field triggers a significant increase in 

cytosolic Ca2+ levels leading to actin polymerization [3]. We found that low-frequency (4.2 Hz) 

rotating 0.4 T  MF not only reduced the F-actin filament in cells, but also interfered with actin polymerization 

and depolymerization in vitro, which showed the direct action of the MF on actin dynamics [4]. This implies 

that low-frequency rotating MFs could inhibit breast cancer metastasis through F-actin modulation and its related 

pathways. A high static MF can control the diffusion of biologically active molecules including oxygen, 

hemoglobin, and drugs, thereby affecting many physiological processes in organisms, e.g., wound healing [5]. 

We suggest several new physical mechanisms of the MF impacts on endothelial and cancer cells by the MF 

interaction with chains of biogenic and non-biogenic magnetic nanoparticles on cell membranes [6]. The 

physiological sequences of the MF – cell interactions for organisms in health and disease are discussed. A 

prolonged exposure to a high static MF (1.0–8.6 T) with magnetic gradient 10 T/m can have negative effects on 

diabetic mice, especially mice with severe T1D, whereas quasi-uniform 9.4 T MFs did not produce the same 

effects, providing important information for the future development and clinical application of MFs, especially 

high-field MRI [7]. The analysis performed in [8] showed that specific ion channels in cells can be turned off 

and on by remotely applying a high gradient magnetic field, thus modulating the cell membrane potentials. The 

suggested model and mechanisms provide a general framework for identifying possible hidden mechanisms of 

biomagnetic effects associated with modulation of ion channel activity by high gradient static magnetic fields. 

The described effects and their underlying mechanisms are general and should take place in a large family of 

biological effects of MFs. The results are of great importance for further developing novel approaches in cell 

biology, cell therapy and medicine. 
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 For decades, implantable sensors have been used in research to provide comprehensive understanding of 

the biomechanics of the human musculoskeletal system [1]. An implantable, freestanding, minimally invasive, 

intervertebral disc pressure sensor would vastly improve the knowledge of spinal biomechanics, the 

understanding of spinal disease and clinical indications for surgical interventions in disc-related pathology [2].  

 According to our previous study [3] it is possible to use bistable magnetic microwire for contactless 

sensor of the pressure.  Based on this possibility, the new concept for measuring the pressure in intervertebral 

discs implants using bistable magnetic microwire as minimally invasive implatable sensor has been created. 

 

 

 

 

 

 

 

 

 

 

 
Figure: Magnetic response (switching time change) of bistable 

microwire under applied load. 

 

 Bistable microwires were glued on the surface of 3D printed intervertebral disc made of Polylactide 

(PLA). Measurements were made in series of 3 runs with a gradual increase in the load from 0 to 200 N and a 

gradual release of the load from the finished position 200N to 0 N. Repeated measurements of this dependence 

show that with an increase in the force, the magnetic response increases monotonously. The observation of the 

measurements shows flattening of the intervertebral disc (see figure).  occurs and the horizontally located 

microwire is stretching. On the other hand, the measurement shows that torsion occurs when the load is applied. 
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 The hysteretic properties of magnetic nanoparticles allow for heating which can be utilised in a localized 

cancer treatment called magnetic hyperthermia. Clinical trials with magnetic hyperthermia have already been 

conducted [1]. For magnetic hyperthermia to be efficient it is of great importance to improve the heating power 

of the magnetic nanoparticles. 

Within the field of magnetic hyperthermia, there is a need for an accurate measurement procedure for 

quantifying the heating power of magnetic nanoparticles in order to support comparison between different 

candidates of particles [2]. Usually, this quantity is measured through AC-calorimetry in which a magnetic 

nanoparticle solution is placed inside an induction coil, which provides an alternating magnetic field while a 

thermometer records the temperature inside the sample [3]. 

A recent inter-laboratory study found that this standard method for quantifying the heating power is subject 

to large systematic errors of unknown origin [2]. Across the 17 participating state-of-the-art laboratories the 

intrinsic loss power (heating power normalized by the frequency times the squared amplitude of the applied 

magnetic field) displays a standard deviation of the mean of 40 %. This situation is highly problematic for 

comparing and developing new efficient magnetic nanoparticles and highlights the need for an accurate 

standard measurement protocol for quantifying the heating power. 

In this contribution, we present a newfound importance of sample environment (Fig. 1 left and centre). We 

demonstrate how heat transfer from the sample can be analysed (Fig. 1 right) and how local temperature 

increments in the sample insulation can influence the measured heating power. Based on our results we propose 

strategies for obtaining better estimates for the heating power of magnetic nanoparticles.  
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Fig 1: Left: AC calorimetric setups with three different sample environments. Centre: Sample temperatures measured in the three 

different sample environments seen in the left figure. Right: The data in the central plot converted into a plot of the time derivative 

of the temperature vs temperature change. From [4]. 
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Ischemic stroke is one the main causes of death and disability in developed countries. Strokes occur when 

the blood supply to a part of the brain is interrupted due to the blockage of blood vessels, leading to potential 

irreversible tissue damage. To re-establish blood and prevent further damage in the affected brain tissue, 

intravenous injection of the clot-busting agent tissue plasminogen activator (tPA) is provided to breakdown a 

blood clot. However this thrombolytic therapy is currently restricted by its short time window of efficacy and 

the risk of uncontrolled haemorrhage. Here, we investigated whether platelet-targeted magnetic hyperthermia 

(MH) induced by Iron Oxide Nanoparticles (IONPs) could be used to improve the efficacy of enzyme-mediated 

thrombolysis. PAC-1, an antibody that recognises activated platelets taking part in blood coagulation, was 

conjugated to IONP to produce platelet-targeted IONPs. Ex vivo generated human blood clots were exposed to 

tPa in the presence or absence of MH.  MH was found to enhance the clot-lysis action of tPa by reducing the 

weight of tPa + MH treated clots to 75.6 ± 1.5 % of untreated control clots, compared to 81.3 ± 2.2 % clots 

treated with tPa alone (n = 15, P < 0.05)[1]. Through 3D reconstruction of confocal images, platelet-targeted 

MH was found to increase permeability of blood clots to 70 kDa fluorescent dextran, which has similar 

molecular weight to that of tPa (Figure 1). Electron microscopy images revealed that localised MH enhances 

tPa-mediated clot disruption. Remarkably, viability tests evidenced no increase in cell death of HUVEC 3D 

cell cultures, which are those located in the internal layer of blood vessels, when exposed to f-IONP-mediated 

MH. Platelet-targeted magnetic nanoparticles could act as an adjuvant to enhance the efficacy of current clot 

busting therapies through the induction of localised MH. Nanoparticles-mediated MH could be also explored 

for improving the treatment of other cardiovascular conditions such as Venous Thromboembolism. 
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Figure 1: 3D reconstruction of a blood clot (A) 

untreated or (B) treated with nanoparticle-mediated 

magnetic hyperthermia. Green colour: Blood clot 

contour; Red colour: fluorescent dextran with 

similar molecular weight to that of clot-busting 

enzymes. Extracted from ref. 1
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Injuries to the peripheral nervous system are estimated to 

occur in 2-5% of trauma hospital admissions and can severely 

impact patients’ quality of life [1]. Current surgical interventions 

are limited and, in ~50% of cases, ineffective at restoring patients 

to their previous functional level [2]. Our current research aims 

to improve outcomes by understanding and harnessing magnetic 

microwires and magnetic stimulation, which increased total 

neruron outgrowth while strongly biasing growth parallel to the 

wire. These results build on our previous work highlighting the 

promise of static low magnitude (~15 mT) magnetic fields, 

increasing neurite outgrowth by 60% [3]. Additionally, linear 

topographical cues have been demonstrated throughout the 

literature to strongly influence neuron directional outgrowth, but 

never using highly responsive magnetic microwires [4, 5].  

These magnetic microwires (diameter ~80 microns), 

fabricated using the modified Taylor-Ulitovsky method [6], are 

composed of Fe73Si11B13Nb3, metallic glass core coated with 

inert pyrex glass. This class of material is extraordinarily 

responsive  to small (< 100 A/m) applied external magnetic 

fields, with a saturation induction around 1.6 T of the metallic 

core, coercivity in the range of several A/m, and permeability up 

to around 105. Magnetic field conditions with and without the 

magnetic wire were modeled using Ansys Simulation Software. 

Dorsal root ganglia (DRGs) were subjected to five different 

parameters: control (no magnetic stimulation, no wire), magnetic stimulation, magnetic wire, glass wire + 

magnetic stimulation, magnetic wire + magnetic stimulation. After five days, DRGs were fixed, 

immunocytochemistry was performed, and imaged. Images were analyzed for total neurite outgrowth, neurite 

density, longest outgrowth, and directional biases. Further, changes in gene expression between groups will be 

evaluated with RNA sequencing. Data was assessed with the Kruskal-Wallis Test with a post hoc Dunn’s 

multiple comparison test.  

The combination of the magnetic wire and magnetic field stimulation resulted in significant increase in total 

neurite outgrowth (by 120%), neurite density (by 500%), and the longest neurite extension (by 95%) compared 

to the unstimulated controls. Additionally, magnetic wire + magnetic stimulation drove a strong directional 

bias, with 50% more growth parallel to the wire. This study furthers our knowledge of the interactions between 

neurons and magnetic materials/fields, bringing us one step closer to improving patient outcomes after nerve 

injuries.  
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Figure 1: (A) Comparison of the longest neurite 

for all five experimental groups. Each point 

represents one DRG replicate. Significant 

differences are denoted with *, ***, and ****. 

Error bars indicate the standard error of mean 

(SEM). (B) DRG on magnetic wire + magnetic 

stimulation. Green fluorescence labels neurites 

(neurofilament-heavy), red fluorescence labels 

glia cells (S100β), and blue fluorescence labels 

cell nuclei (counterstained with DAPI).  
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Spatiotemporal application and modulation of mechanical forces in biological systems are of great interest 

for studying a wide range of mechanotransduction processes involved in therapy, including cancer mechano-

immunoengineering [1]. Remote cell manipulation can be implemented in an external magnetic field by using 

magnetic nanoparticles that serve as the “nanotransducers,” converting the energy of a magnetic field into a 

mechanical force in a 1-100 pN range [2]. To maximize this force (or a torque), magnetically anisotropic 

structures (for example, platelet-shaped) are preferred [3].  

In this work, we study synthetic antiferromagnetic (SAF) nanoplatelets (NPs) with perpendicular magnetic 

anisotropy for future magnetomechanical applications. Our group recently published the protocol for 

fabricating SAF NPs of 123.3 ± 3.3 nm diameter based on substrate conformal imprint lithography [4]. Yet, 

this fabrication route requires certain modifications and development of the functionalization steps to make 

SAF NPs stable and biocompatible while retaining their magnetic properties. 

In particular, introducing gold layers at the top and bottom of the SAF stack (Figure 1a) does not affect its 

magnetic characteristics, namely the antiferromagnetic state with two clear on/off switches (Figure 1b). It also 

allows for the surface modification of NPs with thiol-containing ligands (Figure 1c). In my talk, I will discuss 

our current strategies to fabricate and functionalize the gold-coated SAF NPs circumventing the associated 

issues that include the adjustment of non-magnetic layers, hydrophobicity of the as-deposited Au surface, 

colloidal instability of SAF NPs, and others. Finally, I will give an overview of using (gold-coated) SAF NPs 

for magnetomechanical cell manipulation, including recent examples from the literature. 

 

 
Figure 1. Gold-coated SAF NPs for magnetomechanical applications: a) SEM image of the NPs after the release, the inset shows the 

layered structure with thicknesses in nanometers; b) Hysteresis loop of a SAF thin film, MOKE measurement; c) XPS data on the 

patterned SAF NPs before and after the functionalization with a thiol (11-mercaptoundecanoic acid). 
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Hybrid magnetic nanoparticles made up of iron oxide, Fe3O4, presenting high magnetization and large surface 

area hold great potential for multimodal therapiesas such as tragered drug delivery, magnetic resonance 

imaging, and detection, diagnosis, and magnetic field–assisted radiation treatment of cancerous cells. [1,2] In 

this aim, we have prepared a multimodal hybrid core/shell nanoparticles composed of Fe3O4 core and 

mesoporous SiO2 shell through a two steps seeded-mediation growth synthesis, combining solvothermal and 

sol-gel approaches and using organic molecules as porous scaffold template. [3] As-synthesized nanoparticles 

have been characterized by means of transmission electron microscopy, x-ray powder diffraction, nitrogen 

adsorption-desorption isotherms, Fourier transform-infrared spectroscopy, AC and DC magnetometry, 

calorimetric hyperthermia measurements, thermogravimetric analysis, and ultraviolet-visible spectroscopy. 

The system presents a particle diameter of 30(5) nm (9 nm core and 10nm shell thickness) with 

superparamagnetic character, saturation magnetization of 32 emu/g, and a strong AC magnetic-field-induced 

heating response (SAR = 27 W/g, measured at 400 Oe and 307 kHz).  Using ibuprofen as a model drug, the 

large surface area (231 m2/g) of the porous structure presents high molecule loading capacity (10 % in weight) 

and controlled drug release efficiency (67 %) can be achieved using an external AC magnetic field in short 

time periods (5 min).  In addition, it has been demonstrated that the magnetic field induced drug release shows 

an enhanced efficiency in comparison with sustained release at fixed temperatures (47 and 53 % for 37 and 42 

ºC) even if the temperature reached at 5 minutes magnetic field exposition is well below (31 ºC). [3] 

 

References  

[1] X. Lu, et al. RSC Advances 7, (2017) 32049 

[2] N. Lee, et al. Chem. Rev. 19 (2015) 10637 

[3] L. García, et al. Langmuir 39 (2023), 211 

 

 
Figure 1. (a) Room 

temperature hysteresis 

loop, transmission 

electron image and 

particle size histogram 

for hybrid core/shell 

nanoparticles. (b) 

Comparative study of 

non-cumulative 

ibuprofen release 

experiments between 

magnetic field-induced 

and isothermal 

approaches.



 

125 

SYMPOSIUM 03. ORAL PRESENTATIONS 

Studying the magnetic hyperthermia effect of magnetosomes in a 

three-dimensional tumour model 
 

Alicia Gascón Gubieda
1
, Lucía Gandarias

1
, Danny Villanueva-Álvaro

2
, Alaine Urrutia

1
, Alicia 

Muela
1
, M. Luisa Fernández-Gubieda

2
, Ana García-Prieto

3
, Ana Abad Díaz de Cerio

1
 

1
Depto. Inmunología, Microbiología y Parasitología, Universidad del País Vasco (UPV/EHU), Leioa, 

Spain 
2
Depto. Electricidad y Electrónica, Universidad del País Vasco (UPV/EHU), Leioa, Spain 

3
Depto. Física Aplicada, Universidad del País Vasco (UPV/EHU), Bilbao, Spain 

*alicia.gascon@ehu.eus 

 

Magnetotactic  bacteria (MTB) are a group of bacteria that can align themselves  along the earth’s magnetic  

field  thanks  to  organelles  called  magnetosomes.   Magnetosomes   are  magnetic  nanoparticles enveloped by a lipid 

bilayer membrane that can be made of magnetite (Fe3O4) or greigrite (Fe3S4) of high chemical purity, and have very 

uniform morphology and a narrow size distribution. These properties, together with  their  low  toxicity  and  their  bio-

compatibility   make  them  good  candidates  for  many  biomedical applications, such as magnetic hyperthermia 

[1,2,3]. 
 

However, most of the studies on the medical applications of magnetosomes so far have been performed on  2D  

cell  cultures,  which  lack  many  of  the  properties  of  tumours  and  living  organisms,  and  further development of 

magnetosomes as hyperthermia agents will require studies in more biomimetic systems. For this purpose we have 

employed spheroids of the human lung carcinoma cell line A549. These are 3D tumour models with properties, such as 

nutrient and oxygen gradients, that mimic those of human solid tumours. Our study had two aims: first to determine how 

magnetosomes are degraded in 3D tumour models to evaluate how long  they  can  be  used  for  treatment;  and  second,  

to  determine  the  effectiveness  of  magnetosomes  as hyperthermia agents in this system. 
 

To study the degradation of magnetosomes from Magnetospirillum gryphiswaldense, A549 cells were incubated 

with them for 2 h at a concentration of 30 µg/ml and then placed on low-attachment plates for the formation of spheroids. 

The degradation was followed by means of magnetometric measurements and Fe K- edge X-ray Absorption  Near 

Edge Structure  spectroscopy  (XANES)  at the ESRF synchrotron  (Grenoble, France).  Both  techniques  revealed  that  

the  magnetite  of  magnetosomes  is  degraded  very  slowly  within spheroids, with only 30% of the iron degraded from 

magnetite to maghemite, and up to 90% of the magnetic signal still present 30 days after internalisation. 
 

To test the effectiveness of magnetic hyperthermia in 3D tumour models, we incubated the spheroids with 

magnetosomes and immediately exposed them to an alternating magnetic field of 157 Hz and 48 mT for 

45 minutes. We found that the treatment resulted in lethality of up to 40% in the first 48 h after a single 

hyperthermia session. 
 

The low degradation rate of magnetosomes in tumour-models, combined with the high effectivity of 

magnetosomes for magnetic hyperthermia, suggests that magnetosomes could be used for long-term hyperthermia 

treatments. 
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Accurately understanding the heating performance of magnetic nanoparticles (MNPs) under AC fields is 

crucial for the development of hyperthermia-based applications. Typically, the specific absorption rate (SAR) 

is used to describe this performance, which is obtained from the temperature change (∆T) versus time (t) curve. 

However, such estimates can be highly uncertain, resulting in vastly different SAR values for the same particles 

measured on different equipment or in different laboratories [1]. This lack of control hinders the advancement 

of MNP-mediated heat-triggered technologies.  

Here, we propose a new protocol to reduce the dependence of SAR estimates on specific measurement devices. 

First, we have identified the problems associated to the calorimetric methods, such as the inhomogenous 

temperature distribution along the sample or the different heat loss mechanisms. Then, we have developed an 

alternative way of analyzing the T(t) curves, changing from the initial slope, generally used in the most 

extended approaches, to the analysis of the peak generated once the AC field is switched off. This approach 

minimizes the influence of the apparatus' thermal properties on SAR determination. This “peak analysis” 

allows performing very fast measurements, so a further development of the methodology includes to perform 

very rapid field on/off switches resulting in a zigzag-shaped ∆T (t) curve (see Figure). This type of 

measurement allows quickly obtaining a large number of SAR values in a short period of time. Moreover, it 

can also allow tracking possible SAR variations over time. The proposed methodology has been experimentally 

tested using three different devices achieving better interlaboratory comparison then when the classical 

methods to calculate SAR are used. 

Overall, we propose a change of paradigm in the way SAR is calculated, aiming to improve the reliability of 

magnetic nanoparticle heating performance measurements. 
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Figure: (a) Zig-zag measurement of the heating properties of magnetic nanoparticles performed with three different devices. (b) SAR 

values calculated using the “peak analysis” from the measurements in panel (a).
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Chemically synthesized superparamagnetic nanoparticles (SP-MNP) have limited heat generation due to the 

low magnetization of the typically used oxidic materials, wide particle size distribution, and consequently 

narrow shape of their magnetic hysteresis loop. To overcome these limitations, top-down fabricated disk-

shaped particles were designed that either contain a single magnetic layer forming a magnetic vortex (V-MDP) 

or synthetic antiferromagnet particles (SAF-MDP) consisting of at least one pair of antiferromagnetically-

coupled ferromagnetic (F) layers [1]. 

Current approaches using SAF-MDP, which consist of ferromagnetic layers with in-plane magnetization, 

do not exhibit hysteretic losses. In contrast, a small hysteretic loss was demonstrated with V-MDP arising from 

the annihilation/nucleation of the vortex. SAF-MDP with perpendicular anisotropy include at least two stacks 

of Co/Pt or Co/Pd multilayers that are antiferromagnetically coupled through the RKKY interaction of a thin 

Ru interlayer. Li et al. [2] recently reported M(H)-loops with substantial hysteretic losses, but the field required 

to switch the particles from their antiferromagnetically aligned ground state to the ferromagnetic state (HAF→F) 

remained rather large for hyperthermia applications. Furthermore, the particles consist of expensive non-

magnetic materials, which limits their potential for economically viable applications. 

In our work [3], we utilize micromagnetic modelling to optimize the system the parameters of in-plane SAF-

MDP to achieve an antiferromagnetically coupled (zero-moment) ground state and an abrupt switching into a 

ferromagnetically aligned state in an applied field HAF→F to maximize the hysteretic loss. The primary 

difference from earlier approaches is that the ferromagnetic layers have an in-plane uniaxial anisotropy that is 

strong enough to align the magnetic moments, resulting in an antiferromagnetically coupled ground state via 

stray fields. This particle design also achieves an HAF→F of less than 50 mT, which is compatible with the 

oscillatory fields used in hyperthermia. The magnetic multilayer was sputter-deposited onto a 50 nm-thick Ge 

sacrificial layer on a silicon wafer. Self-assembled polystyrene spheres were used as an etch mask for the 

successive nanopatterning of disk-shaped islands. Finally, these islands were detached from the supporting 

wafer by dissolving the Ge layer. Using vibrating sample and Kerr magnetometry, as well as high-resolution 

in-field magnetic force microscopy, we analyzed the magnetic properties of the SAF-MDP. The results closely 

matched the design goals and micromagnetic simulation results. We observed a turn-on/turn-off magnetism of 

the SAF-MDP and hysteretic losses that approached the theoretical limit given by the magnetic material with 

the highest saturation magnetization and a perfectly rectangular hysteresis loop. Moreover, experiments 

mapping the hysteretic loss of SAF-MDP suspensions for different operation conditions revealed a 

substantially higher heating efficiency than that obtained with SP-MNP. 
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Despite their approval for human use, nanoparticles of ferrimagnetic iron oxides - namely maghemite (-Fe2O3) 

and magnetite (Fe3O4) - often underperform for drug release and hyperthermia, thus requiring higher doses. 

This is partly due to the magnitude of their magnetic moment as well as their magnetic anisotropy [1]. 

We have designed a thermomagnetophoretic nanopump for controlled heating and drug release. This 

nanopump consists of several layers, namely: (i) a core consisting of a controlled aggregate of FexNi1-xAy 

nanoparticles coated with a chelator that prevents Ni desorption; (ii) a layer of amorphous silica for the 

containment of the aggregates – either in liquid suspension or compacted, as needed -; (iii) a layer of 

poly(lactic-co-glycolic acid) derivative (PLGAd), a thermosensitive polymer with shape memory that retain 

and release the biomolecules of interest; (iv) optional surface linkers to facilitate the bonding of targeting 

biomolecules. By applying an external ac magnetic field, the core aggregates generate a thermophoretic effect 

that leads to an externally actuated and progressive PLGA destructuring, and hence to the controlled release of 

the inner biomolecules. 

Figure 1: SEM image of the FexNi1-x@SiO2@PLGAd thermomagnetophoretic nanopumps 
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Magnetic hyperthermia consists in converting electromagnetic energy into heat by applying an external AC 

magnetic field to an assembly of magnetic nanoparticles. This results in a very localized temperature rise which 

can be useful in medicine and catalysis. However, several fundamental aspects must be fully analyzed in order 

to better understand how to control the temperature space-time profile within magnetic nanoparticle 

assemblies. In particular, in view of building multi-scale sensible models for future developments in magnetic 

hyperthermia, two important points need to be clarified: 1) the role of dipolar interactions (DI) in the 

optimization of the specific absorption rate (SAR), and 2) the heat diffusion within the assembly and through 

its interface with the surrounding environment.  

Here, we address comprehensively these two issues. We first show how to determine the SAR of the assembly 

both semi-analytically (weak DI [1,2]) and numerically (higher concentration – strong DI [3]) to systematically 

investigate the effect of density and non-linear terms. The obtained SAR then serves as a source in the balance 

equation for heat diffusion, taking account of Newton’s law of cooling at the interface between the sample and 

its immediate vicinity [4]. The temporal profile of the temperature elevation is confronted with experimental 

data for maghemite and magnetite ferrofluids, providing a basis for the rationalization of the dependence of 

the Newton coefficients on the relevant physical parameters. 
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Biological markers are measurable indicators of biological or physiological states. Current detection technologies 

require exhausting sample preparation or complex detection methodologies. Such drawbacks are being overcome 

by recent progress in nanoscience and nanomaterials. Among the latest, nanoparticles have been widely employed 

in different diagnosis, therapeutic, and sensing applications. In particular, magnetic nanoparticles (MNPs) have 

been proven to transduce biomolecular recognition of target biomarkers in fluids. Here, we present a novel, quick, 

low cost and versatile methodology for magnetic detection of biomarkers in biological fluids (i.e. buffer saline, 

and blood plasma), based on the variation of the AC hysteresis loops of MNPs after interacting with an analyte. 

Such measurable variations are observed after short MNP-analyte incubation times, and are associated with 

the increase of hydrodynamic volume and magnetic dipolar interactions. The displayer is an AC magnetometer 

taking few seconds (< 5s) for measurement and requiring reduced magnetic suspension volumes. Among all 

these suitable features, the most important aspect of our novel method is that the sensitivity of biomarker 

detection is modulated down to 10 nM not only by the analyte-ligand interaction affinity, but by different 

parameters of employed magnetic display system (see Figure below). We have succeeded to perform the proof 

of concept of this novel and versatile magnetic detection methodology, whose potential relies on exploiting 

distinct strategies to probe changes in magnetic relaxation processes (i.e. Néel and Brownian) of MNPs 

dispersed in fluids. Indeed, AC magnetometry has a novel technological biosensing potential beyond its use as 

magnetic characterization technique. 
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Atomic force microscopy (AFM) is a powerful technique for the nanoscale characterization in a broad range 

of areas, such as nanomedicine, biophysics and nanobiotechnology. These subjects require the AFM 

measurements to be performed in physiological conditions, thus in a liquid environment. Magnetic force 

microscopy (MFM) is usually performed in vacuum or air conditions. Though the applicability of MFM in 

liquid has been demonstrated, the signal-to-noise ratio is decreased compared to vacuum and air [1]. 

Magnetotactic bacteria (MTB) are microorganisms that biomineralize magnetic nanoparticles surrounded 

by a lipid bilayer membrane (so-called magnetosomes) forming a chain along the axis of the cell, which allows 

bacteria alignment under a magnetic field. Due to their properties, MTB have potential applications in 

medicine, for example in cancer therapies [2]. Up to now, MFM characterization of MTB has been a 

challenging task due to the fact that magnetosomes are small compared to bacteria and they are localized inside 

their membrane, causing that their magnetic signal is hardly detected, even in air conditions. The customization 

of AFM probes with magnetic material has exhibited better results in air (Figure) [3], but the detection of the 

magnetic signal in liquid environments has not been yet observed for these MTB. More recently, magnetic 

nanorods grown by Focused Electron Beam Induced Deposition (FEBID) [4] on non-magnetic AFM tips have 

shown an improvement of the signal-to-noise ratio for the magnetic signal in liquids [5]. 

In this work, magnetic nanorods have been grown on non-magnetic AFM commercial tips. These probes 

are used to perform MFM measurements on MTB bacteria in a liquid environment. The detection of 

magnetosomes signal in these liquid conditions constitutes a significant advance in thedevelopment of MFM 

for biological applications.  
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Figure: Topography (left) and MFM (right) images of MTB measured in air with (a) a commercial Nanosensors PPP-MFMR probe 

and (b) a customized commercial Olympus Biolever Mini AFM probe with magnetic coating.
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Magnetic Particles Imaging (MPI) is a promising imaging technique exploiting magnetic nanoparticles with 

typical diameters in the 10-20 nm range. Nanoparticles, driven in correspondence of tumor masses, are 

triggered with a static magnetic field gradient to form a sensitive region that is excited to produce a measurable 

signal by an external, low-intensity ac electromagnetic field. By scanning with a suitable device (an antenna) 

over the patient’s body, maps of the magnetic response of the magnetic nanoparticles can be obtained, which 

can be used to identify the tumoral masses and characterise some of their properties. With respect to other 

imaging diagnostic techniques, MPI does not use ionising radiation or intense magnetic fields, and is therefore 

attracting much attention. 

The maps acquired during scanning report the real and imaginary components of the third harmonic of the 

signal detected by an antenna that is capturing the magnetic response of the magnetic nanoparticles excited by 

the rf field. For each point of the map, the signal does not come only from the particles immediately underneath 

the antenna, but it is the integral of the contribution of all the particles, according to their distribution and their 

distance from the antenna. The solution of the direct problem, i.e. the calculation within the sensitive region of 

the real and imaginary parts maps given the initial nanoparticles distribution and their magnetisation vs. field 

curve, is straightforward (although time consuming), whereas the inverse problem, i.e. the calculation of the 

nanoparticles distribution from the real and imaginary parts maps, is not trivial and may be severely affected 

by incomplete or inaccurate knowledge of the physical properties of the nanoparticles [1]. Nonetheless, it is 

the inverse problem that is mostly relevant for diagnostic applications. 

In this work we approach the solution of the inverse problem of MPI exploiting a machine learning model. 

First, nanoparticles with different size and magnetic properties (blocked or superparamagnetic), distributed in 

one or more clusters, with different shape and size, are randomly generated with a numerical approach (an 

example of nanoparticles distribution is given in Figure 1(a)). Then, by using the cyclic magnetisation 

associated to the considered nanoparticles, the complex third harmonic response (system function, Figure 1(b)) 

is calculated for each point of the map, and numerically integrated (Figure 1(c) and (d)). A large dataset is 

therefore compiled, whose entries are the real and imaginary parts of the signal, used as inputs, and the initial 

nanoparticles distribution, used as output, of a convolutional neural network. After training the machine 

learning model, it is possible to test its predictions by comparing the true (numerically generated) nanoparticles 

distribution, and the calculated one (Figure 1(e)). The model is shown to efficiently reconstruct isotropic and 

anisotropic nanoparticle distributions (including bimodal or multimodal classes) without the need of entering 

the details of the magnetic properties of the particles themselves (which are often difficult to check and control 

in a living environment). 
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Figure 1: (a) Simulated disrtribution of magnetic nanoparticles. (b) Calculated third harmonic response at the peak of the 

distribution. (c) Real part and (d) imaginary part of the integrated third harmonic maps. (e) Recalculated magnetic nanoparticles 

distribution by a convolutional neural network.
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Magnetic nanoparticles (MNPs), exposed to high frequency alternating magnetic fields, can generate 

localized heat and induce death of cancer cells; an effect termed magnetic hyperthermia (MH). The magnetic-

optic Faraday effect (MOFE) is the rotation of light polarisation through materials magnetised in a direction 

parallel to the light propagation. Here, a scanning laser microscope based on MOFE, developed in-house, was 

used to determine the AC magnetisation of nanoparticles in biological samples in situ. It could measure AC 

hysteresis loops under frequencies up to 500 kHz and field up to 50 mT with high spatial resolution (<1 μm). 

In addition, a fluorescence imaging module allows simultaneous biological structural and functional imaging. 

By mapping the magneto-optical AC susceptibility across cell regions, magnetic images of MNPs within 

the cells in situ were obtained (Figure 1: Centre). AC hysteresis loops under different frequencies from 

aggregates of MNPs within cells were also investigated by this microscope. Analysis of AC hysteresis loops 

obtained from different nanoparticles in suspension form, as well as in different intra and extra-cellular 

locations in biological samples, revealed differences in their AC magnetic properties. Such effects have been 

suggested previously from bulk measurements of cellular suspensions [1], but have not been resolved at the 

cellular level until now. The ability to probe this cellular level magnetic information from the MNPs, enables 

the determination of their AC magnetic properties in situ. This is essential to promote magnetic hyperthermia 

by informing on how the heating effect can be optimised inside cancer cells. 
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Figure 1: (Left) Fluorescence image of fixed human breast cancer cell line (MCF-7): labelling F-actin (red) and nucleus (blue). 

(Centre) Zoom-in fluorescence image superimposed with magnetic mapping (yellow) by measuring AC susceptibility under 64.8kHz 

using the in-house developed multifunctional microscope. (Right) Hysteresis loops under two frequencies (64.8kHz, 327.6kHz) 

measured from MNPs aggregated inside cells  
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One baby out of ten is born preterm and it may face many health complications. The ischemic 

stroke is one of them and is often diagnosed belatedly during a routine ultrasound exam, when irreversible 

neurological changes have already taken place. Our goal is to develop an alternative imaging tool, allowing for 

a safe and efficient scanning environment for neonatological applications. Our open very low field MRI 

(VLFMRI) is compatible with preterm baby’s incubators, which will be inserted between the main field’s coils, 

allowing for continuous image acquisition. 

The set-up is low cost with minimal acoustic noise and low specific absorption rate. To design it, 

we have developed a software, based on Biot-Savart’s law, calculating, and optimizing the B0’s and gradients’ 

coils. The |MRI is made of symmetrical big (2 m diameter) and small coils (64 cm diameter) generating a static 

B0 field of 8 mT with 7ppm on 10x10x30cm3. Our gradients Gx, Gy are rectangular coils placed symmetrically 

on both sides of the set-up, generating 290µT/m with 0.45% linearity error. Gz mimics the main field’s 

geometry and creates 500µT/m with 0.11% linearity error.  

The key challenge at very low magnetic fields is the low signal that requires extremely low noise 

sensors. We are developing two different approaches, one based on mixed superconducting-spintronic sensors 

[1] the other based on optimized tuned coils. The latter is presently better with achieved detectivities of 

0.03 𝑓𝑡/√𝐻𝑧. The current design is a rectangular double-layered surface tuned coil (23.5x17 cm2) with 28 

turns in Litz wire, spaced at 3 mm between each turn. Its intrinsic resistance (RDC+RAC) is 170 mΩ, with a 

quality factor Q=476.  

The neonatology MRI system is already operational, and first images have been performed on 

phantoms. Our future goal is to implement fast acquisition sequences for producing 3D images in a reasonable 

scanning time.  

View of the 8 mT open MRI during the installation process. 
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Since magnetic nanoparticles when exposed to an alternating magnetic field can generate heat, they are great 

candidates for applications in which thermal energy is essential to accomplish the anticipated experimental 

purpose. In nanomedicine, this phenomenon is used for localized cancer therapy (magnetic hyperthermia), 

complementing or being a promising alternative to chemotherapy and radiotherapy. [1][2][3] For achieving 

better biocompatibility and gaining additional features, the magnetic nanoparticles must be functionalised by 

different coatings or immersed in hybrid systems. With this in mind, albumin protein microbubbles obtained 

by a sonochemical method were chosen to attain a hybrid system, which hosts iron oxide nanoparticles (two 

samples with different size and shape) in the protein shell, and become endowed with magnetic properties for 

manipulation and/or heat delivery applications. [4][5]       
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Magnetotactic bacteria (MTB) are microorganisms able to align along the geomagnetic field lines due to 

their ability to biomineralize intracellular magnetic nanoparticles, called magnetosomes, that organize forming 

a chain. The morphology, composition and size of the magnetosomes are characteristic of each species and 

define the magnetic response of MTB and their potential use as nanorobots for cancer therapies such as 

magnetic hyperthermia. 

In this work, we study the suitability of the Magnetovibrio blakemorei (MV-1) species as a magnetic 

hyperthermia agent. The MV-1 bacteria synthesize elongated magnetite magnetosomes with truncated hexa-

octahedral morphology (~35x35x53 nm3). In order to reveal any relationship between magnetosomes 

morphology and heating efficiency of MV-1 bacteria, we used different MTB species with other magnetosomes 

morphology: Magnetospirillum gryphiswaldense (MSR-1) [1] and Magnetospirillum magneticum (AMB-1) 

[2]. MSR-1 and AMB-1 bacteria synthesize magnetite magnetosomes with a truncated octahedral morphology 

(~40nm) with a slight distortion. The main difference between both species lies in the arrangement of the 

magnetosomes in the chain: while MSR-1 present a full chain, AMB-1 presents a fragmented one. We 

evaluated the heating capacity of MV-1 by measuring the specific absorption rate (SAR) using a homemade 

AC magnetometer [3]. The SAR values were obtained from the area of the AC hysteresis loops measured at a 

frequency of 132 kHz and with magnetic field amplitudes ranging up to 

90mT. 

The evolution of SAR/f as a function of the applied field amplitude is 

depicted in Fig.1 within the values of MSR-1 and AMB-1 for comparison. 

The same trend is observed for the three species: at low field the SAR/f 

values are negligible, whereas above a threshold field SAR/f exhibits a 

rapid increase reaching saturation at 40, 53 and 80 mT with saturation 

values of 8, 12 and 16.4 W/gkHz for MSR-1, AMB-1 and MV-1, 

respectively. The main difference observed should be related to the shape 

anisotropy of the different morphologies studies. 
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Advances in nanotechnology brought significant progress in various technological fields including 

biomedical sciences. The use of engineered nanoparticles for drug delivery, diagnosis and treatment of 

deseases, imaging and biomarkers detection are the most pronounced cases of this research trend that frequently 

reaches clinical levels. However, avaibility of nanoparticles able to comply with the standards for handling in 

the health sector is not always an easy condition to fullfil mostly due to details of their synthesis procedure. 

Ideally, combining rapid, inexpensive, highly automated, green, aqueous processes, with minimum energy 

consumption and by-products release operable by non-specialized staff, is a prerequisite to qualify a synthesis 

method as a good manufacturing practice valid for medical facilities. 

In this context, this work examines the translation of a well-known production method for magnetite 

nanoparticles, based on the oxidative precipitation of FeSO4 in aqueous media into a continuous-flow process, 

which implements complete control of operating parameters and products’ quality, managing to minimize the 

duration of the rate-controlling thermal ageing step. Particularly, transformation of the green rust intermediate 

form into the Fe3O4 nanocrystals was carried out by heating in a microwave system adapted to a continuous 

flow reactor. In a first approach, a tank reactor (CSTR) was placed into the microwave oven and continuously 

fed with the green rust precursor. Following this scheme, Fe3O4 nanoparticles with diameter around 30 nm 

were successfully produced by applying a residence period of less than 10 min. Surprisingly, by using a plug-

flow tube reactor (PFR), an extremely high heating rate was succeeded and well-defined magnetic 

nanoparticles were produced with a residence period of less than 30 s. Monitoring and optimization of the 

procedure was assisted by computational fluid dynamics. The potential of produced nanoparticles was 

evaluated by studying their behavior for in vivo intravenous administration in mice and their efficiency as 

agents for detecting metabolic processes. 
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Figure: Microwave-assisted setup for continuous flow 

oxidative precipitation with a plug-flow reactor.
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Magnetic nanoparticles (MNPs) have been the subject of intense research, not only for fundamental 

research but also for their potentiality in a wide number of practical applications such as energy storage, 

catalysis, photonics, electronics, or biomedicine. [1-3] In particular, MNPs are constantly showing their great 

potential to revolutionize classical medical treatments and therefore the number of new biomedical applications 

has been increasing exponentially over time. 

Adiposopathy is one of the most widespread pathologies in EU member states. It is promoted by fat 

accumulation (adiposity) and a sedentary lifestyle in genetically susceptible patients. At the present, this 

pathology is treated by invasive interventions, such as bariatric surgery or liposuction procedures, or by 

pharmacological treatments aimed at addressing some effects of adiposopathy, such as hypertension or Type 2 

diabetes, but not the disease itself. For this, we propose a radical new approach for the treatment of pathological 

adipose tissue, based on the application of MNPs and the induction of magneto-mechanical stress applying an 

external LF-AC magnetic field that activates cell apoptosis or lipolysis, avoiding side effects associated with 

standard routes. Iron oxide MNPs of different shapes are of particular interest in the precise determination of 

their shape-dependent properties and functionalities in biomedical applications. Compared with spherical and 

octahedral MNPs, iron oxide nano-octopods offer higher heating efficiency, enhanced anisotropy, and higher 

contrast in magnetic resonance imaging (MRI) while magnetite nanorods offer longer blood circulation times, 

stronger interaction with tumors, enhanced retention at tumor sites, improved targeting efficiency, making them 

excellent candidates to induce mechanical damage of cells. [4] 

In this contribution we present the synthesis of iron oxide MNPs of different sizes and shapes (rods and 

octapods) by colloidal chemistry to be used as stress inductors in adipocytes. The MNPs were characterized by 

X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), and superconducting quantum 

interference device (SQUID) magnetometry. Also, we present a prototype of an LF-AC generator for inducing 

magneto-mechanical damages. This device is easy to handle and transport and can be used for different cell 

cultures and biological targets. The Fe3O4 MNPs were synthesized to be used as stress inductors in adipocytes. 
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Quantification of magnetic nanoparticles (MNP) in biological systems like cells is of importance for the development of 

novel biomedical applications [1]. Surface and charge as well as MNP size are considered to be key factors for the 

biomedical applicability of MNP. Therefore, characterization of MNP in environments that mimic physiological 

conditions is of great importance. For this reason, the development of new biomedical applications of MNP requires 

powerful techniques capable of measuring all relevant structural and magnetic properties of MNP in complex media. The 

coupling of chromatographic separation techniques with complementary detectors in a contained system allows real-time 

and detailed characterization of MNP, as shown in [2]. In this work, we used this multi-detector platform to characterize 

the interaction between MNP and biological environments. We applied centrifugal flow-field fractionation (CFFF, 

Postnova Analytics GmbH) to separate the MNP in different media according to their mass. The fractions were then 

magnetically and physically characterized by the detector array consisting of UV/Vis detection for concentration 

determination, dynamic light scattering (DLS) for hydrodynamic size determination, and magnetic particle spectroscopy 

(MPS) for dynamic magnetic characterization. Using this setup, MNP changes were studied in deionized water (H2O), 

Fetal Calf Serum (FCS, Biochrom), Roswell Park Memorial Institute 1640 medium (RPMI 1640 Medium, Gibco), and 

Dulbecco's Modified Eagle Medium (DMEM high glucose, Thermofisher). All these media are widely used for 

experiments on human and animal cells. Investigations were carried out on various commercial MNP systems. After 

separation of the MNP sample with respect to particle mass and instantaneous determination of hydrodynamic size (DLS 

signal), concentration (UV/Vis signal) and magnetism (MPS signal), the measurements were evaluated. The results for 

the commercial MNP system Synomag-COOH (SynC, Micromod Partikeltechnologie) with a citrate surface and a 

hydrodynamic diameter of 30 nm, in H2O, 10% FCS+RPMI and DMEM are shown in Fig. 1. In H2O (black curve), SynC 

exhibits a narrow size distribution (Fig. 1a), which changes for DMEM (green) and becomes much broader for 10% FCS 

in RPMI (purple). These changes also reduce the magnetic signal of the detected size classes (Fig. 1b).  
 

Figure 1: a) Size dependent UV/Vis  
signal (cFe) and b) MPS signal (A3) of SynC30 in three biological 

media H2O (black), 10% FCS in RPMI (purple) and DMEM high 

glucose (green) as obtained by  the multi-detector platform. 

 

Our results show that the multi-detector platform is 

suitable for studying the interaction of MNP in 

different physiological media. Due to the separation of 

the MNP sample prior to multi-modal 

characterization, this method is significantly more powerful and reliable compared to commonly used integral 

measurement methods. The platform provides important insight into the physics of MNP in biological 

environments and can be used as a standard analytical method for the control of MNP in biomedical 

applications. 
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The emergence of new 3D printing technologies together with the development of miniaturization techniques 

holds promise to start a new industrial and technological era through the incorporation of complexed shaped 

multifunctional microstructures. From the Internet of Things (IoF) environments to integration of theranostic 

in-vivo devices, many technological fields will benefit from the development of stimuli-responsive 

microstructures. In particular, the capability to respond to external magnetic fields possess some inherent 

advantages in comparison to other stimuli (thermal, chemical, electrical, etc.), such as the possibility for remote 

control or high controllability.1 Despite the rapid development of 3D printing of magnetoresponsive materials 

on the macroscale, fabrication of micron/nano sized structures is still an emerging field. 

In view of this, we present two different approaches that we are developing towards the creation of 3D 

polymeric magnetoresponsive structures (Figure 1). (a) Direct printing of nanoparticles embedded in a 

polymeric matrix via FluidFM2, a technology based on the combination of microfluidics with atomic force 

microscopy (AFM), in which a hollow cantilever, with an aperture at the tip apex, can be used for precisely 

localized liquid dispensing. (b) The combination of scaffolds fabricated via 2-photon lithography with physical 

vapour deposition of ferromagnetic alloys to render them responsive to magnetic field.3 

 

Figure 1. Sketches of (a) FluidFM for direct writing of 

(b) polymeric matrices with magnetic nanoparticles. 

(c) Two-photon lithography to fabricate (d) 

magnoactuated cantilevers. 
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Currently, the main method for detecting SARS-CoV-2 virus is the molecular diagnostic test qRT-PCR, 

which is relatively slow, because it takes about 48 hours to perform and requires expensive and complex testing 

techniques. To ensure rapid community testing other ways to detect the virus are needed. Therefore, it is 

relevant and important to develop simple, non-invasive tools and methods that allow tests to be performed on 

anyone without special preparation [1]. To develop the biosensor prototype for direct virus detection from the 

patient's exhaled air we have chosen nanolayered structures based on spin valves [2]. These are giant 

magnetoresistive devices which operation is based on spin selective electron scattering between ferromagnetic 

layers with thicknesses in nanometer range. As their properties can be tuned by many factors, they can be 

designed to fit specific biosensing applications. In this contribution, we tested several spin valve structures 

deposited using ultra-high vacuum magnetron sputtering with varing layer thicknesses and different magnetic 

materials, namely CoFe and Co2MnSi, in order to achieve high magnetic field sensitivity and large 

magnetoresistance. The spin valves were shaped as 6 mm × 2 μm meandering channels and incoroporated into 

a microfluidic system. The biosensing of the device is based on the detection of the shift in the 

magnetoresistance characteristics due to the presence of magnetic nanoparticles joined with the virus on the 

surface of the structure. Top layer of the structure was passivated with a polimer in order to anchor covalantenly 

binded polyclonal antibodies to the surface. Inactivated SARS-CoV-2 Whole Virus was used as a model. To 

detect and measure concetration of the attached virus, superparamagnetic nanoparticles funcionalized with 

monoclonal antibodies against virus were used. The prototype of final device for detection of viruses or other 

airborne patogens in exhaled air will be presented and discussed.    
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Nanomedicine seeks to develop new efficient therapeutic tools which can overcome the limitations of current 

treatments based on the use of nanomaterials. These nanoparticles can overcome cellular and physiological 

barriers and provide favorable biodistribution, bioavailability and improved pharmacokinetics of desired drugs 

[1]. They can also target entities in the tumor environment and induce physical therapeutic effects after being 

stimulated by a remote signal, allowing for site-specific treatment. These treatments can limit unwanted side 

effects by preventing damage to surrounding healthy cells. One of the most promising treatments is 

hyperthermia. Hyperthermia therapy is an anticancer clinical practice based on elevation of the tumor 

temperature, driving malignant cells and tissues up to the cytotoxic level, that is, 42-48 °C [2]. In addition, cell 

resistance against traditional treatments, such as chemotherapy or radiotherapy, can be reduced. In this work, 

we report the synthesis of a multimodal therapeutic system based on iron oxide nanoparticles (IONPs) loaded 

with a chemotherapeutic agent, doxorubicin (DOX). IONPs are widely used in biomedicine and have been 

approved as contrast agents for magnetic resonance imaging (MRI) [3]. Furthermore, IONPs are excellent 

candidates for magnetic hyperthermia (MHT). Therefore, we propose a multimodal treatment that combines 

local chemotherapy with efficient thermal therapy, to obtain a remarkably effective treatment due to the 

synergistic effects of the therapies. Biocompatibility and internalization capacity of IONPs in cells were 

examined, as well as the release and localization of the drug before and after thermal therapy. After 

hyperthermal treatment, this initial co-localization of DOX in lysosomes is lost. We can conclude that DOX-

loaded IONPs are excellent agents for chemo-thermal therapy after an adequate functionalization of the IONPs.  
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Magnetic particles have attracted much attention in biomedicine by their physical properties to manipulate 

cells, release drugs at specific targets, develop novel diagnostics techniques, and envision promising therapies. 

In this field, magnetic nanodisks (MND) are very promising for novel applications. A new kind of particle with 

great potential in all these fields is a disk-shaped nanomagnet. These nanomagnets are fabricated by top-down 

lithography techniques and present remarkable properties for biomedical applications, e.g., large magnetic 

moments and anisotropic shapes appropriate for mechanical stimulations [1], which can lead to neuron 

signaling [2], or cell annihilation [3]. 

This work uses MND with diameters of 300 nm and 700 nm fabricated by interference lithography. The 

structures are made of Permalloy (Ni80Fe20) in a vortex state, a flux closed spin configuration that shows zero 

remanence in magnetization curves [4]. The internalization process of these particles was investigated in vitro 

assays with melanoma cells, melanocytes and macrophages. A magnetometry technique, superconducting 

quantum interference devices (SQUID), was used to quantify the number of nanodisks internalized by cells 

and determine the dynamics of the cellular uptakes. MND internalization and externalization times were 

evaluated and confirmed with other techniques such as confocal microscopy and transmission and scanning 

electron microscopy (figures 1). 

We saw that the dynamics and behaviour of the disks with cells depends of the disk size and the 

characteristics of the cell type. Melanoma cells are capable of internalizing 300 and 700 nm disks, but only 

externalizing the smaller ones. While melanocytes are only capable of interacting with smaller disks, 300 nm, 

with a prolonged exposure time and without signs of externalization. 
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Figure 1: Scanning electron microscopy images of melanoma cells with figures A, 300 nm and B, 700 nm MND. 
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The use of magnetic nanoparticles in regenerative medicine is a thriving research field aimed at remotely 

manipulating cells and/or conditioning their behavior [1]. On the other hand, tissue engineering using silk-

based materials is gaining increasing interest. This is because the silk fibroin protein possesses high 

biocompatibility with low inflammatory and immunogenic responses, tunable biodegradability and mechanical 

strength, permeability to water and oxygen [2]. By combining these two elements, we have created a 

biomaterial in the form of film ( 10 µm thick), for prospective applications as bioactive coating in regenerative 

medicine [3]. In fact, it consists of a silk fibroin matrix with embedded iron oxide superparamagnetic 

nanoparticles (mean size 10 nm).  

Films with different load of magnetic nanoparticles are produced (nanoparticles/silk fibroin nominal ratio = 

5, 0.5 and 0 wt%) and the structural, mechanical and magnetic properties are studied. The nanoparticles form 

aggregates in the silk fibroin matrix and the film stiffness, as tested by nanoindentation, is spatially 

inhomogeneous, but the protein structure is not altered.  

In vitro biological tests are carried out on human bone marrow-derived mesenchymal stem cells cultured on 

the films up to 21 days, with and without an applied static uniform magnetic field. The sample with the highest 

nanoparticles/silk fibroin ratio shows the best performance in terms of cell proliferation and adhesion. 

Moreover, it promotes a faster and better osteogenic differentiation, particularly under magnetic field, as 

indicated by the gene expression level of typical osteogenic markers.  

These findings are explained in light of the results of the physical characterization, combined with numerical 

calculations. It is established that the applied magnetic field triggers a virtuous magneto-mechanical 

mechanism in which dipolar magnetic forces between the nanoparticle aggregates give rise to a spatial 

distribution of mechanical stresses in the silk fibroin matrix. The sample with the largest nanoparticle load, 

under cell culture conditions (i.e. in aqueous environment), undergoes matrix deformations large enough to be 

sensed by the seeded cells as mechanical stimuli that favor the osteogenic differentiation. 
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In the Magnetic Hyperthermia (MH) and Photothermal Therapy (PTT) applications, magnetic nanoparticles 

(MNPs) are used as an “antennae” able to capture energy (either from an alternating magnetic field (AMF) or 

a near infrared (NIR) light) and transform it into local heat. In the frame of this therapy design, it is fundamental 

to know how possible particle transformation would affect its performance over time.  

In this work, we used MNPs with two different coatings (dimercaptosuccinic acid - DMSA-NPs) and 

poly(maleic anhydride-alt-1-octadecene) - PMAO-NPs) but with same magnetic core (≈13.5 nm) (Figure 1A). 

We evaluated how the MNP coating affects their degradation profile using a medium that simulates the 

lysosomal conditions and how this degradation affects their heating performance in the frame of both magnetic 

hyperthermia and photothermal treatments. The faster degradation of DMSA-NPs in comparison with PMAO-

NPs was verified by transmission electron microscopy (TEM), magnetic and colorimetric measurements 

(Figure 1B).   

To track how the transformations suffered by the particles along their degradation process affected their heating 

properties, magnetic hyperthermia and photothermal measurements were performed (Figure 1C). In both cases, 

the degradation process resulted in a decrease of the heating capacity of both types of materials. As a result of 

the faster degradation of DMSA-NPs, the reduction of the heating properties along time was increased for this 

material when compared to PMAO-NPs. 

Thus, the less prone to degradation nanoparticles (PMAO-NPs) were selected for the in vivo analysis, to 

evaluate the degradation speed of this material in tumor tissues. In this study, although the number of particles 

decreased in the tumors along time after their administration, no transformations in the average particle size of 

particles occurred (Figure 1D). 
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Figure 1. A) TEM images and particle size distribution of the 

nanoparticles used. B) Photos of the nanoparticle suspensions at 

different times during the degradation process. C) Magnetic 

Hyperthermia and Photothermal measurements of PMAO-NPs 

at different times of the degradation process. D) Temperature 

dependence of the AC magnetic susceptibility profiles of tumor 

tissues collected at different time points and iron concentration 

in the form of particles in the tumor calculated from the out-of-

phase susceptibility data. 
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This work presents the results of magnetically induced heat generation for different types of magnetic 

nanoparticles, to evaluate their application in Magnetic Hyperthermia. The study was done using a home-made 

low cost and portable device, which operates at frequencies between 150-350 kHz and generates magnetic 

fields in the range of 4-12 mT. The obtained results, which are quite promising, are justified having in 

consideration the heating mechanisms, the role of particle–particle interactions and the balance between 

generated and dissipated heat. The influence of particle concentration and their magnetic properties is studied 

for field strengths and frequencies within the range used in human treatment. Different methods for calculating 

the Specific Absorption Rate (SAR) are investigated and some possible sources of errors are pointed out.  The 

synthesis of the magnetic particles used in this article will be also detailed as well as other practical aspects 

and limitations. 
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 Since their first report in 1998 as sensors capable of detecting biological signals [1] magnetoresistive 

(MR) sensors have attracted the interest of the scientific community. Most of the recent research on biosensors 

involves attempts to develop sensors based on the MR effect to detect magnetic nanoparticles (MNPs). To be 

reliable in biosensing applications, a MR sensor must be able to detect low particle concentrations and quantify 

them in a linear range. So far, magnetorelaxometric imaging (MRX), magnetic resonance imaging (MRI), or 

magnetic particle imaging (MPI) have been used as methods to detect the magnetic response of MNPs [2,3], 

but there is still a need to improve the cost and efficiency of localizing MNPs, which is of great importance in 

medicine for use in magnetic hyperthermia. The detection of MNPs by scanning human tissue with a highly 

sensitive sensor could overcome the main problem of magnetic hyperthermia, heating only the diseased area 

without affecting the surrounding healthy tissue. 

 Among magnetoresistive sensors, which have special characteristics such as low-cost fabrication, small 

size, and low power consumption, those based on the tunnel magnetoresistance (TMR) effect offer better 

sensitivity and resolution due to their higher magnetoresistance ratio. Therefore, in this work we focused on 

improving the characteristics of TMR-based sensors to detect volume-distributed MNPs in real-time. The 

device consists of a TMR sensor with a multilayer structure: Ta (5 nm) / Ru (20 nm) / Ta (5 nm) / CoFe (2.5 

nm) / IrMn (20 nm) / CoFe (2.5 nm) / Ru (0.85 nm) / CoFeB (3 nm) / MgO (1.5 nm) /CoFeB (3 nm) / Ta (10 

nm) deposited on a Si/SiO2 substrate (18 x 18 mm2) using the ATC 2200 / AJA International deposition system. 

The surface of each component layer was analyzed and the roughness was minimized to increase the uniformity 

of the MgO layer, thus improving the properties of the TMR sensor. For the proposed TMR sensor, we 

measured a maximum magnetoresistance ratio of about 58 % and a sensitivity of 1.45 %/Oe. 

 To investigate the detection capability of the sensor, a human tissue “phantom” was fabricated from 

transparent epoxy resin (EPON 812) in which magnetic FeCrNbB nanoparticles were dispersed at various 

concentrations. After scanning this sample with the improved TMR-based sensor, we observed a linear change 

in the output signal as a function of nanoparticles concentration, demonstrating the capability to detect and 

quantify magnetic nanoparticles. 
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         Biosensors for the detection of various diseases, the ratios of constituents in blood content, and various 

biomedical applications have recently become diagnostic kits that science focuses on. Although there are many 

developments in this field, rapid results, and easy use have not been achieved. With continued advances in 

science, a magnetic gradient patch (MGP) is open to development, and nanoparticle/bio-entity capture 

capabilities of MGPs are promising.[1] MGPs have contributed greatly to developing biosensors that allow the 

identification of biological entities.[1] It was observed in the studies conducted by our group that the 

ferromagnetic nanoparticle passing through the microfluidic channels in MGP was captured with an efficiency 

of >90%.[2] It was also discovered in a preliminary study that it could capture RNA with an adequately 

regulated MGP.[3] Capture efficiencies ranged from 75% to 40% for epoxy and PDMS-based patches, 

respectively. (Figure 1 a) [3] This work is focused on the trapping efficiency of superparamagnetic iron oxide 

nanoparticles (SPIONs) under a liquid flow. In particular, Fe3O4 nanoparticles were synthesized and XRD 

analyses showed that their size was 7 nm. (Figure 1 b) The developed biosensor shows promise in the diagnosis 

of various diseases. In addition, thanks to early diagnosis, it offers the patients the opportunity to enter the fast 

treatment process for diseases.  

 

Figure1. a) The illustration of the process and the capturing ability of different polymer-based patches. b)XRD analysis graph of produced Fe3O4 nanoparticles. 
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The biomedical field is always seeking better and cheaper versions of a prosthesis. The most promising 

method for this is 3D printing which is developed to fit patients' demands and is designed to be more functional 

than existing prostheses/implants on the market. Nowadays, hydrogels are preferred for 3D printing bio inks 

due to their affordable, easy, and accessible production. Additionally, the biocompatibility of the hydrogel 

makes it a great option for the medical field [1]. Although simple hydrogels are available on the market, their 

formula is open to new additions/improvements which are then named composite hydrogels. Here, it is intended 

to create composite hydrogel with magnetic microparticles. A base hydrogel recipe whose biocompatibility is 

proven is selected for use. Based on their findings, the chosen hydrogel composition (gelatin-cellulose-alginate, 

5:2:2%) and post-crosslinking process using CaCl2 are suitable for enhancing the 3D printability and 

cytocompatibility of the material [2]. Different ferromagnetic powders such as Fe12O19Sr, NdFeB, Bismuth, 

Graphene, and Fe are used to give magnetic properties to the hydrogel. The mechanical characteristics of the 

composite materials are a combination of those of their constituent materials, and in certain situations, the 

composites have better mechanical properties than the separate materials [1]. This enriched formula aims to 

give new characteristics such as magnetism and solve the mechanical strength disadvantage of the hydrogel. 

Furthermore, the cytocompatibility of the magnetic hydrogels is going to be assessed on fibroblast cells using 

an MTT assay. The magneto-responsive hydrogel ink, which has the best biocompatibility and magnetic 

properties, is expected to be used in distinct designs using extrusion-based 3D printing (Figure 1). This method 

aims to broaden the technologies mainly in the biomedical industry. 

 
Figure 1. To facilitate 3D printing 

by extrusion, a hydrogel composite 

consisting of a 

gelatin/cellulose/alginate 

combination has been developed. 
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Magnetic separation to extract material from solution using an external magnetic field enables higher 

concentrations for purposes such as separation of pathogens in blood samples for analysis. Magnetic drug 

targeting can guide medication to the precise location of the disease (e.g. cancer) by injecting magnetic particles 

into the bloodstream and capturing them at the target site under by an external magnetic field. To design devices 

for these applications, experimental in situ studies of forces on magnetic nanoparticles in fluid flow are needed. 

In this study therefore, we investigate capturing behaviour of commercial magnetic nanoparticles in 

phosphate buffered saline solution upon application of external magnetic field. For this purpose, a modified 

optical microscope setup was used which is equipped with light polarization options and an AC/DC external 

magnetic field generator up to 500 mT. The external magnetic field was applied perpendicular to the flow 

direction to observe the capturing behaviour. Effect of fluid flow velocity, diameter of the magnetic 

nanoparticles and strength of the applied magnetic field on capturing was studied. In addition, the possibility 

to use alternative magnetic nanoparticles [1] with magnetization higher than the conventionally used iron 

oxides is considered.  

Figure 1 shows the magnetic flux density required for capturing 130 nm and 250 nm iron oxide-based 

nanoparticles at different flow rates. The larger particles require lower magnetic fields due to their higher 

magnetic moment. The field necessary for capture increases continuously with the fluid flow because of the 

hydrodynamic drag force. 
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Figure 1: capture of 130 nm and 250 nm nanoparticles by magnetic field for different flow rates.
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Superparamagnetic iron oxide nanoparticles, e.g., γ-Fe2O3 (maghemite) or Fe3O4 (magnetite) are used in 

biomagnetic applications such as magnetic fluid hyperthermia (MFH), as they are inexpensive to produce, 

chemically stable, with low toxicity and their pathways of metabolism are known. However, due to their 

ferrimagnetic nature, the saturation magnetization remains moderate. This is particularly important for 

applications where the concentration is very low as for instance in the case of targeted hyperthermia. For this 

reason, a novel magnetic material with superior magnetic properties enabling enhanced heating power would 

be highly beneficial [1]. The heat power generated per particle unit mass should be as high as possible.  

In this work we study iron nitride Fe3N nanoparticles as alternative to the conventional iron oxides and 

compare to core-shell iron/iron oxide nanoparticles syntesized under comparable conditions. Furthermore, a 

comparison in terms of heating ability with commercial Fe-O ferrofluids is performed. Bright-field TEM image 

in Fig. 1a shows that the synthesized iron nitride ε-Fe3N nanoparticles are monodisperse, exhibit rounded near 

spherical shapes with a narrow size distribution and an average particle size of 12.7 nm ± 1.2 nm. MFH heating 

rate measurements were conducted on nanoparticle dispersions in hexane with the concentration of 2 mg/mL. 

The results are shown in Fig. 1b. The step-like curve of the nitride sample in the beginning is caused by the 

rapid heating rate that exceeds the too-low signal processing rate for temperature readings of the experimental 

device. In agreement with the magnetization measurements, the ε-Fe3N nanoparticles significantly outperform 

comparable iron oxide nanoparticles, reaching SLP of 540 ± 54 W/g. Results from structural, magnetic, 

oxidation stability and MFH heating performance investigations will be presented. 

Acknowledgements 

We acknowledge funding by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), 

Project ID Nos. 471878653, 405553726-TRR 270 and CRC 1487. 

References 

[1] I. Dirba, C. K. Chandra, Y. Ablets, J. Kohout, T. Kmječ, O. Kaman and O. Gutfleisch, J. Phys. D: Appl. 

Phys. 56 (2023) 025001. 

 

 
Figure 1: (a) bright-field TEM image of the ε-Fe3N nanoparticles and (b) heating rate measurements results for the ε-Fe3N and 

Fe2O3/Fe3O4 nanoparticles colloidal dispersions in hexane.
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Magnetic hyperthermia has shown great potential as an adjuvant to standard cancer therapies, such as 

radiotherapy or chemotherapy, enabling a selective heating of the diseased tissues with limited side effects in 

the healthy ones [1]. This technique is based on the administration of magnetic nanoparticles (MNPs) within a 

target region and on their activation with AC magnetic fields, with frequency between 50 kHz and 1 MHz [2]. 

The MNP activation leads to a release of heat that raises the temperature within the tumour, promoting the 

damage of cancer cells. Preclinical tests on murine models (mice, rats) are commonly used to evaluate the 

efficacy of this therapeutic technique [3], investigating how to maximize heat deposition and minimize side 

effects, connected to the occurrence of  hotspots. To this aim, several factors have to be taken into account, 

including the fulfillment of biophysical constraints [4] when choosing magnetic field parameters (frequency 

and peak amplitude), the geometry of the field applicator and its placement with respect to the body, and the 

dependence of the MNP thermal efficiency on the experimental conditions. 

In this framework, we performed in silico tests of magnetic hyperthermia treatment in high-resolution digital 

phantoms of two murine models (a 30 g mouse and a 500 g rat), to study the role of AC magnetic field sources. 

In the simulations, we compare different magnetic field applicators, varying their geometry (solenoid, pancake, 

Helmholtz-type) and the AC supply conditions (frequency and peak amplitude of the supply current). The 

analysis is performed by means of in-house finite element solvers [5, 6], which enable us to evaluate the 

magnetic field spatial distribution within the target region, the possible eddy current heating and the thermal 

effects due to MNP excitation, under different magnetic field application conditions. 

 
The figure shows the results obtained when treating a tumour within the body of a 500 g rat, with iron oxide nanoparticles activated 

by a 300 kHz magnetic field, generated by a 8-turn coil. The MNPs are considered to be uniformly distributed within the tumor, with 

a local concentration of 5 mg/cm3. 
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In magnetic hyperthermia, the temperature increase in diseased tissues is achieved after the administration 

and activation of magnetic nanoparticles (MNPs), which release heat when exposed to AC magnetic fields with 

frequencies between 50 kHz and 1 MHz [1]. The reaching of a target temperature in the tumour mass, within 

the range of 40-45 °C, contributes to cancer cell damage and increases cell sensitivity to other cancer therapies. 

The heating efficiency of MNPs is generally quantified by means of the specific loss power (SLP), which 

defines the power dissipated per unit mass of magnetic material. The SLP is affected by several factors, 

including MNPs' material composition, size, shape and surface coating [2, 3], as well as AC magnetic field 

parameters (peak amplitude and frequency), which have to fulfil biophysical constraints to limit eddy current 

effects. A crucial aspect when planning magnetic hyperthermia treatments is the monitoring of the temperature 

increase, considering that the target temperature range should be ideally reached in the entire tumour region 

and maintained for a sufficiently long time (from 20–30 min up to one hour). However, a complete knowledge 

of the temperature distribution within the region of interest is impossible during hyperthermia sessions.  

In this context, we present a physics-based modelling approach to support in vivo tests of magnetic 

hyperthermia [4]. In particular, we have developed an in silico tool, which enables us to evaluate the spatial-

temporal distribution of the temperature in the tumour region to be treated, versus the MNP heating properties 

(SLP), the AC magnetic field parameters, and the MNP local concentration. In the study, we test different 

MNPs [5] by conducting simulations on high-resolution digital phantoms of a rat and a mouse. The analysis is 

completed by integrating the results from thermal simulations with regression models, like multiple linear 

regression and Gaussian process regression. 

 
Average temperature evaluated within the tumour of the mouse model for two different types of citrate-coated MNPs [5]: manganese 

ferrite (MnFeO) NPs, and iron oxide (FeO) NPs. Results obtained by considering a uniform magnetic field distribution and by varying 

the magnetic material concentration [Fe] and the field amplitude Ĥa. The field frequency is fixed to 150 kHz and the SLP values of 

the MNPs are reported on the left as a function of the Ĥa. 

Acknowledgements  

This work was supported by Project 18HLT06 RaCHy that received funding from the European Metrology 

Programme for Innovation and Research and from the European Union’s Horizon 2020 Programme. 

References  

[1] E. A. Périgo et al., Appl. Phys. Rev. 2(4) (2015) 041302. 

[2] H. Gavilán et al. Chem. Soc. Rev. 50 (2021), 11614-11667. 

[3] M. Vassallo et al. ACS Omega 8(2) (2023), 2143–2154. 

[4] A. Manzin, R. Ferrero, M. Vicentini, Adv. Theory Simul. 4(5) (2021), 2100013. 

[5] F. Soetaert, S.K. Kandala, A. Bakuzis, R. Ivkov, Sci. Rep. 7 (2017) 6661.



 

156 

SYMPOSIUM 03. POSTERS 

Nanomagnetic force in action: towards magnetically guided nerve 

regeneration 
T. Nahar1, M. Gates1,2, E. Secret3, J.M. Siaugue3, J. Fresnais3, M. Rotherham1,4, A.J. El-Haj4 and N. 

D. Telling* 

1 School of Pharmacy and Bioengineering, Keele University, Staffordshire, UK 
2 School of Medicine, Keele University, Staffordshire, UK 

3 Sorbonne Université, CNRS, Physico-Chimie des Électrolytes et Nanosystèmes Interfaciaux, 

PHENIX, 75005, Paris, France 
4Healthcare Technology Institute, Institute of Translational Medicine, University of Birmingham, 

Birmingham, United Kingdom 
*corresponding author email address 

 

Damage to the neural circuitry in the central nervous system (CNS) can be caused by acute trauma (for 

example spinal cord injury) or following the development of neurological disorders such as Parkinson’s 

disease. Unfortunately, the ability of axons in the CNS to naturally regenerate is extremely limited, and so the 

functional deficits that result from damage to the brain or spinal cord can persist indefinitely. In this study 

magnetic nanoparticles were sequestered within intracellular compartments known as endosomes in neuronal 

cells. This accumulation of nanoparticles enabled the formation of micrometer sized aggregates within the cell 

(in effect forming magnetic endosomes). The magnetic forces effective on these endosomes are significantly 

larger than those for individual nanoparticles. We were able to manipulate this intracellular magnetic force by 

the application of suitable magnetic field gradients to the cells, influencing the direction of the neurites 

(projections) that grew from the cell bodies (Figure 1).  

The average direction of neurite outgrowth in different cell regions was quantified using a 2D Fourier 

transform analysis, and showed excellent agreement with derived magnetic force vectors for the field 

configuration used. Significantly, the control of orientation was found to be effective over areas >1cm2 using 

only modest forces of ~10 fN per endosome, apparently limited only by the local population density of cells. 

However, in regions where the force vectors converged, large (~100 µm) nanoparticle loaded neurospheres 

(ball-like collections of cells) were seen to form, connected by unusually thick linear neurite fibres. This 

suggests a magnetically driven enhancement of neurosphere growth, with the neurospheres themselves 

contributing to the local forces that direct outgrowth. Such structures, which have not been previously observed, 

could provide new insights into the development and possible enhancement of neural circuitry.  

 
Figure 1: Nanomagnetic 

force methodology applied 

to neuronal cells. Insets 

show fluorescence 

microscopy images of 

neuronal cells with the cell 

bodies stained with green 

fluorescent dye and the 

cell nuclei with blue 

fluorescent dye. The 

nanoparticles are labelled 

with a red fluorophore and 

dense neurospheres which 

were heavily loaded with 

nanoparticles can be seen 

in pink (from the overlap 

of the blue and red 

fluorescence).
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Characteristics such as versatility and low cost have catapulted magnetic materials such as iron oxides to a 

highlighted position in biomedical research, namely in bone tissue engineering. In the last decades, these type 

of materials have been developed as different structures like films, scaffolds, and implants, benefiting of their 

magnetic response by the application of a static external magnetic field to help improve bone tissue 

regeneration [1,2]. Recently, the doping of calcium phosphates (CaP) with iron ions has been shown a 

promising alternative for multifunctional applications for both bone restoration and cancer hyperthermia, 

encouraging the huge interest in such materials. 

The main purpose of this research was the development of magnetic CaP-based powders doped with iron 

ions (FeCaP) by a wet chemical precipitation method, with the intention to improve the magnetic susceptibility 

of their undoped peers. The influence of thermal treatment on the crystalline structure and phases formed was 

evaluated and correlated with their magnetic and magneto-thermal properties. In contrast to other works 

reported in literature [3], the thermal treatment not only improved the crystallinity of the resultant FeCaP 

powders, but also improved their saturation magnetization and hyperthermic performance when in comparison 

with as-synthesized powders, exhibiting a ferromagnetic-like behavior for both conditions. In this work, 

magnetic CaP-based powders have been successfully obtained, with great potential for the development of new 

materials for hard tissue regeneration. 
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Magnetic imaging based on nitrogen-vacancy (NV) spins in diamond enables probing condensed matter 

systems with nanoscale resolution[1]. In this talk, I will introduce NV magnetometry as a tool for imaging spin 

waves – the collective spin excitations of magnetic materials. Using the NV sensitivity to microwave magnetic 

fields, we can map coherent spin waves[2] and incoherent magnon gases[3] and provide insight into their 

interaction and damping underneath metals[4]. By using a single NV in a scanning diamond tip we gain access 

to spin-wave scattering at the nanoscale[5]. I will highlight the use of spin-wave mixing to generate frequency 

combs that enable high-fidelity, coherent control of the NV spins even when the microwave drive fields are far 

detuned from the NV spin resonance frequency[6] (see Figure). Our results form a basis for developing NV 

magnetometry into a tool for characterizing spin-wave devices and expand the control and sensing capabilities 

of NV spins. 
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Figure: Using spin-wave mixing for coherent manipulation of spins in diamond [6].
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The continued development of spintronic and magnetoelectric devices benefits from a detailed 

understanding of the magnetic (and sometimes multiferroic) structure and behaviour of materials at surfaces 

and interfaces. In pursuit of such goals, we use a scanning probe technique with a single nitrogen-vacancy 

(NV) centre at the tip apex [1]. Scanning NV microscopy is a non-invasive, ambient-operating imaging 

technique capable of measuring magnetic fields with high spatial resolution [2]. This technique is commonly 

used to quantitatively image domain walls in thin ferromagnets, ferrimagnets, and antiferromagnets; however, 

DC sensitivity limitations hinder the detection of weaker stray fields [3]. 

We present a detection scheme that improves field sensitivity by at least one order of magnitude [4]. Our 

technique is based on the upconversion of a static magnetic field gradient into an effective AC signal via 

mechanical oscillation of the scanning probe. Through synchronisation of the probe's oscillation and coherent 

NV spin manipulations, we leverage AC detection protocols to improve our measurement sensitivity. With this 

gain in sensitivity, we are able to image weakly magnetic materials (with magnetisations on the order of 10 

A/m) and resolve the nanotesla-sized fields from atomic steps on the antiferromagnetic Cr2O3(0001) surface. 

Additionally, our technique can be combined with regular DC measurements to produce superior DC field 

images. 

As an extension of our detection scheme, we also image ferroelectric materials through their stray electric 

fields [5]. Electric field detection relies on the NV centre's Stark shift [6] and AC detection of the gradient 

signal mitigates the detrimental charge screening which prohibited previous imaging attempts. We extract 

ferroelectric domain distributions and gain information about the local charge environment on ferroelectric 

PbZrTiO3 and YMnO3.  

By measuring magnetic and electric fields with improved sensitivity, we expand the scope of nanoscale 

phenomena accessible to scanning NV microscopy. In doing so, we establish a microscopy platform capable 

of imaging general magnetic, ferroelectric, and multiferroic materials. 
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Solid state quantum computing and quantum sensing technologies are based on the strong coupling between 

qubits and a quantized field of excitations. Besides photons, the solid state offers a wide variety of bosonic 

excitations that can be emitted or absorbed such as, e.g., magnons, the quantum version of spin waves. 

Magnonic cavities offer the advantage of operating at reduced wavelengths compared to electromagnetic 

resonators of the same frequency. Here, we investigate the integration of magnonic cavities based on 

topological magnetic solitons as, e.g., magnetic vortices. The latter are extremely stable magnetic textures 

exhibiting a very rich dynamical behavior in the sub-GHz to tens of GHz range. We focus on the coupling of 

individual spin qubits to vortex cavities for sensing and quantum computing applications.
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The study of cavity magnonics lead to the discovery of new and interesting regimes of the coupling 

dynamics between photons and magnons. The field attracted initial attention by the relative ease of achieving 

strong coupling, even at room temperature because of the large spin density in magnetic materials leads to a 

large coupling that easily exceeds cavity loss rates and thereby hybridized quasi-particles (magnon polaritons). 

Yu et al. [1] proposed generating non-reciprocity in a circular microwave cavity by breaking its time-reversal 

symmetry (TRS) with magnetic loads with preferential clockwise vs. counterclockwise spin and energy flows. 

The TRS breaking can be achieved by positioning magnets on special chiral lines in a microwave cavity on 

which the propagating photons are chiral, i.e. the sign of their circular polarization is locked to their linear 

momentum. This causes a strong direction-dependent coupling with the magnon excitations that can be 

controlled by applied magnetic fields. 

 
Figure: (a)-(d) 
Transmission spectra when 

the YIG sphere is located at 

𝜌− and 𝜌+ defined in (e). 

The thin red and black lines 

are the fit obtained by the 

model scattering matrix. (e) 

Torus-shaped cavity 

overlayed with a snapshot of 

the simulated 

electromagnetic fields of the 

m=2 TE cavity mode. 

 

 

 

Here, we experimentally demonstrate circularly polarized, unidirectional magnon polaritons, thereby 

confirming theoretical predictions [1]. We place a YIG sphere inside a newly machined torus-shaped cavity on 

special positions and tune the magnetic resonance to a transverse electric (TE) cavity mode. We detect the 

coupling dynamics in the microwave scattering matrix as a function of an applied magnetic field. The 

experimental results agree with the simulations and the non-reciprocity of scattering parameters confirm the 

chiral nature of the hybrid modes. 
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The interaction between magnons and phonons has regained attention in the last few years. Of particular 

interest, it is to explore the ramifications of enhancing the strength of the interaction, towards the formation of 

a hybrid magnon-phonon quasiparticle in the strong coupling regime, with tantalizing perspectives [1]. The 

experimental signature of strong coupling is the mode splitting or band anticrossing at the intersection of two 

quasiparticles dispersions. In fact, magnon-phonon band anticrossing is being recently reported, for the case of 

a nanoscale magnet with phonons thermally excited by a pulse laser [2]; for the case of a YIG/GGG/YIG 

heterostructure, where the magnetic precession excited by a microwave antenna generates shear bulk phonons 

via magnetostriction [3]; and for the case of the layered antiferromagnet FePS2, by studying the magnon band 

evolution by Raman spectroscopy at high magnetic fields [4]. In our work, we carefully engineer a planar 

surface acoustic wave (SAW) device in the presence of an acoustic cavity in the GHz frequency, having a 

CoFeB thin film as magnetic specimen within our acoustic cavity device. We characterize the resonant phonon 

absorption/transmission energy using a vector network analyser at room temperature, while applying external 

in-plane magnetic field. The device design and experimental details are similar to those in one of our previous 

studies [5]. In our study, we pay particular attention to minimise the magnetic damping of our CoFeB films 

and the losses of phonon energy in our acoustic cavity device. As a result, our experiments show an evident 

magnon-phonon mode splitting. By fitting, we estimated the coupling strength in the order of hundred-

megahertz, being larger than both phonon and magnon relaxation rates in our device, therefore, achieving the 

requisites of the strong coupling regime. As we increase the thickness of the CoFeB, we notice a linear increase 

of the coupling strength, in contrast to the known square-root dependence of the quasiparticles in the interaction 

√𝑁, the so-called “Jaynes-Cummings ladder”. We argue that different from other recent reports of magnon-

phonon band anticrossings, our SAW acoustic wave device offers larger flexibility for research and easier 

technological implementation, as exemplified by the resurgent interest of SAWs in spintronic research [6]. In 

analogy to the first implementation of exciton-polariton experiments in a semiconductor optical microcavity 

device in the 90’s [7], we expect that the implementation of SAW acoustic devices accelerate the understanding 

of phenomena occurring in the magnon-phonon strong coupling regime, and facilitate technology 

developments.    
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Magnetoresistive sensors have a large sensitivity even at micron size. As they are mainly metallic systems, 

they are able to be cooled down to cryogenic temperatures without loosing their properties. This has been 

exploited to measure for the first time the gate voltage–dependent magnetization of a single graphene 

monolayer encapsulated between boron nitride crystals. The signal exhibits a strong diamagnetic peak at the 

Dirac point consistent with the theory [1]. 

More recently, paramagnetic singularities and additional diamagnetic singularities of the orbital magnetism in 

graphene with a moire potential have been measured in aligned graphene monolayer/HBN crystals [2]. 

We will present the path of optimization of Giant Magneto-Resistance 5GMR) sensors for this kind of 

applications which require highly sensitive sensors with small shapes and top surfaces compatible with 

graphene deposition and we will give the main properties of such devices. 

We will discuss the signal to noise limit achievable at very low temperature and the interest of moving or not 

from GMR to Tunnel Magneto-Resistance (TMR) devices for this kind of measurement. 

Finally we will present the residual stray field created by the GMR stacks, the way to reduce this effect and its 

possible influence for the use of magnetic sensors for probing quantum states of Qbits. 
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Spin orbit interactions are key for spintronics, quantum computation and topological matter. They affect the 

transport dynamics in solids and through spin-dependent phenomena they enable the manipulation of spin 

degrees of freedom. On the other hand, the manipulation of solid-state electron spins is a promising route 

towards quantum computation, with interest in finding pathways to couple efficiently the electric field of 

photons to spins. Recently, our group has investigated how quantum spin states interact with electromagnetic 

fields, which may hold potential to tune their properties and reveal interesting physics. Using magneto-optical 

spectroscopy, we have uncovered a remarkably large gyrotropic signal in some Jahn-Teller manganites [1], 

which we attribute to the interaction of Jahn-Teller polarons with electromagnetic radiation [2]. By gyrotropy 

we mean a different response to light of opposite handedness, i.e., different response to left versus right 

circularly polarized light. Interestingly, the gyrotropic signal is directly related to a field-induced transition in 

which the spin of Jahn-Teller polarons is inverted. We have rigorously proved this observation, using a group-

theoretic analysis of many-electronic quantum states in a multiconfiguration method [3]. Additionally, 

combining group-theoretical analysis and Green’s functions formalism we have determined appropriate 

selection rules, which prove that the efficiency of the spin-photon coupling depends critically on the relative 

orientations of the propagation of light, spin quantization and Jahn-Teller distortions, which is consistent with 

our experimental optical spectra. Our work shows that electromagnetic interactions with spins in Jahn-Teller 

systems offer the opportunity to use optical wavelengths to entangle orbital and spin degrees of freedom. We 

believe that the realization of spin-photon coupling enabled by Jahn-Teller interactions can be extended to 

other transition metal compounds where Jahn-Teller physics is relevant (e.g., correlated manganites, cobaltites, 

Jahn-Teller molecules). In this regard, we envisage the use of electromagnetic fields to entangle spin and orbital 

degrees of freedom, which could allow studying quantum tunneling of vibronic states, which could form a so 

far unexplored basis for quantum states in quantum technologies.  
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Figure: Figure: (Left) Temperature dependence 

of Kerr ellipticity (ε) of a La2/3Ca1/3MnO3 film 

measured at different wavelengths. Around the 

Curie temperature, ε  is strongly enhanced for 

blue-violet wavelengths. This enhancement is 

absent in the red region of the spectrum. The 

gyrotropic increase is due to spin-reversal 

photoinduced hopping driven by photons of large 

enough energy (inset and right panel).
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A new kind of magnetism, such as L. Néel's ferrimagnetism and F. D. M. Haldane's antiferromagnetism, 

opens a new research field. For the latter, the entangled gapped quantum spin-liquid state[1], where 

fractionalized 1/2 spins that form an entangled spin singlet on a bond in the valence-bond-solid picture, is 

impotant in quantum computer science.  

Recently, we find a new ferromagnetism with quantum entanglement theoretically[2]. Our theory is based 

on rigorous correspondence between spin-1/2 model and spin-S model on a general lattice in any dimension. 

As a numerical validification, quantum phase diagram of spin-S bilinear biquadratic chains described by  

𝐻𝛼 = cos 𝛼  ∑ 𝑺𝑖 ⋅ 𝑺𝑖+1

𝑖

+ sin 𝛼  ∑(𝑺𝑖 ⋅ 𝑺𝑖+1)2

𝑖

 

 has been calculated by the exact-diagonalization method. As a result, we obtain the phase transition point 𝛼𝑐 

from fully magnetized classical ferromagnetic phase to a new fractionally magnetized “quantum” 

ferromagnetic phase. The S=2 case is summarized in the Figure.  At the rigorous eigenstate correspondence 

point 𝛼𝑟, it is easy to understand that ferromagnetic ground state even after spontaneous magnetization can 

have quantum entanglement because corresponding antiferromagnetic ground state is known to have quantum 

entanglement. A key to realizing an entangled ferromagnetic state is to partly create an antiferromagnetic 

quantum state in a ferromagnetic classical background, that is, “spin liquefaction” of a ferromagnet. In the 

presentation, we will detail spin-1/2 liquefaction in spin-S bilinear biquadratic chains. 
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Figure: Phase diagram of S=2 BLBQ chain near the end point of classical Ferromagnetic phase 
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Enhanced coherence in crystals containing HoW10 molecular spin qubits was demonstrated by use of so-

called clock transitions (CTs).[1] Later it was shown that, while operating at the CTs, it was possible to use an 

electrical field to selectively address subsets of HoW10 molecules within a crystal that contains two kinds of 

identical but inversion-related molecules.[2] We recently theoretically explored the possibility of employing 

electric field pulses to effect entangling two-qubit quantum gates within a 2-qubit Hilbert space resulting from 

dipolar coupling of two neighbouring CT-protected HoW10 molecules in a diluted crystal.[3] We lay out how 

to combine a sequence of microwave and electric field pulses to achieve coherent control within a switchable 

two-qubit operating space between symmetric and asymmetric qubit states that are protected both from spin-

bath and from phonon-bath decoherence. This two-qubit gate approach presents an elegant correspondence 

between physical stimuli and logical operations, meanwhile avoiding any spontaneous unitary evolution of the 

qubit states. Current experimental efforts are ongoing to implement an extension of the proposed protocol. 
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Figure: Nearest inversion-related HoW10 pair within the crystal, illustrating their dipolar interaction. Calculated energies (left axis) 

and mixing degree (right axis) of the eigenstates in terms of the |MJ=±4> spin states of HoW10 as a function of magnetic and electric 

fields. 
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The coherent interaction between microwave photons and magnons is well understood and originates from 

the Zeeman coupling between spins and a magnetic field [1-2]. Interestingly, the magnon/photon interaction is 

accompanied by a phase factor which can usually be neglected [3]. However, under the rotating wave 

approximation, if two magnon modes simultaneously couple with two cavity resonances, this phase cannot be 

ignored as it changes the physics of the system. We consider two such systems, each differing by the sign of 

one of the magnon/photon coupling strengths. This simple difference, originating from the various coupling 

phases in the system, is shown to preserve, or destroy, two potential applications of hybrid photon/magnon 

systems, namely dark mode memories [4] and cavity-mediated coupling [5]. The observable consequences of 

the coupling phase in this system is akin to the manifestation of a discrete Pancharatnam–Berry phase [6], 

which may be useful for quantum information processing. 
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Over the last decade, quantum systems offering new computational and sensing capabilities have emerged [1]. 

One of these promising hybrid systems involves the interaction between photons and magnons. This interaction 

is quantitatively known by the strength coupling g and furthermore by its ratio with the cavity frequency g/ω. 

It exists three different domains of this ratio: the Strong Coupling (SC) for g/ω < 0.1; the Ultra-Strong Coupling 

(USC) for 0.1 < g/ω < 1; and the Deep-Strong Coupling (DSC) for g/ω > 1. One of the objectives of this last 

decade is to achieve the USC, and to approach the DSC [2].  

Here, we present an experimental study of the SC to USC regimes at room temperature (RT) in frequency-

reconfigurable 3D re-entrant cavities coupled with a YIG slab, as show in Fig. 1(a). The observed coupling 

rate, defined as the ratio of the coupling strength (g) to the cavity frequency of interest (𝜔/2𝜋), ranges from 

12% to 59%. One of the measurements is presented in Fig. 1(b), where is shown the S parameter according to 

a sweep on RF frequencies and the static H-field. We show that certain considerations must be considered 

when analyzing the polaritonic branches of a cavity spintronic device where the RF field is highly focused in 

the magnetic material. Our observations are fully confirmed by electromagnetic finite element simulations in 

the frequency domain. 

Figure1: (a) Double re-entrant, and (b) experimental transmission spectra versus frequency and applied magnetic field. 

Measurement at RT 

We prove the ability of a double re-entrant cavity to reach the USC regime at RT and its tuneability to radically 

increase the coupling rate. The validation of the FEM model (including the FMR expression for a millimeter 

slab YIG sample) in the frequency domain allowed us to highlight the importance of the form factor on the 

understanding of CMPs in cavity spintronics. 
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We fabricate highly magnetic cobalt nanostructures patterned in a single-step process using focused-electron-

beam-induced deposition. We image the magnetic stray field of the micromagnets using scanning NV 

magnetometry and find good agreement with micromagnetic simulations and the TEM analysis of the structure. 

Our scanning probe measurements indicate the structure of the magnetic domains, extended halo particles, and 

the profile of the magnetic stray field. Furthermore, we estimate the effect of the disordered halo stray field on 

spin qubit decoherence. These measurements guide the use of single-step micromagnet patterning for future 

spin qubit devices.[1] 

 

 

Figure 1. a) Optical micrograph of Co Hall bar, with halo distinguishable as dark shape. (b) Scanning NV fluorescence map of area 

outlined by red box in (a). (c) Histogram of equivalent square side of grains in SNVM data. (d) SNVM map of area outlined by red 

box in (a). (e, f) Maps of estimated T ∗2 (x, y) for spin qubit displacement amplitude of 10 pm and 1 nm, corresponding to 

displacement due to charge noise (e) and EDSR driving (f), respectively. 
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Within the last decade, spintronics and magnonics have demonstrated an impressive development in the experimental 

realization of Boolean logic gates. However, the exponential growth of data and the rise of the internet of things are 

pushing the deterministic Boolean computing of von-Neumann architectures to their limits or simply consume too much 

energy. Moreover, conventional Boolean computer architectures are likely to remain inefficient for certain cognitive 

tasks in which the human brain excels, such as pattern recognition, particularly when incomplete or noisy data are 

involved.  

One of the most generic and abstract implementations of brain-inspired computing schemes is reservoir computing, 

which uses the nonlinearity and recurrence of a physical system to separate patterns of time series data into distinct 

manifolds of a higher dimensional output space. In this presentation, I will demonstrate the experimental realization of 

pattern recognition based on reservoir computing using magnons. 

Recently, we reported on the nonlinear scattering of magnons in vortices in micron-sized NiFe discs [1] which we 

learned to control and stimulate by means of other magnons [2]. Now, we utilize these phenomena to employ magnons for 

pattern recognition without relying on magnon transport in real space [3]. I will present a comprehensive overview of 

experimental results and numerical simulations demonstrating the capabilities and advantages of magnon reservoir 

computing in reciprocal space. Additionally, I will elaborate on the potential of modifying nonlinear magnon scattering 

by the distortion of the magnetic vortex using static [4] and dynmic in-plane magnetic fields.  
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The performance of artificial intelligence (AI) technologies has improved significantly over the last decade 

in such a way that AI is now everywhere in our daily life via software neural networks. However, this continual 

growth in computational performance of these networks comes with large increases in the computational time 

and energy needed to train them. Developing AI at the hardware level has the potential to bend this curve and 

provide fast and lower energy computing. In this talk, I will present a new hybrid magnetic-superconducting 

device that can be used as an artificial synapse in neuromorphic circuits [1,2]. The device is a nanoclustered 

magnetic Josephson Junction (nMJJ) that consists of a barrier of magnetic nanoclusters between two Nb 

electrodes. The critical current of these junctions can be tuned by varying the magnetic order of the clusters, 

which can be used to perform synaptic weighting. I will describe the properties of the nMJJ and show that its 

synaptic properties can be obtained in different material systems [3] with an energy cost as low as 10-19J. 

Finally, I will present circuit simulations where MJJs are included in a neural network for image recognition 

operating at speeds over 100 GHz, and show some preliminary experimental validation of the simulations. 
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Physical computing is an exciting paradigm where the complex behaviours of material systems are exploited 

to perform computation. Spintronic platforms are especially promising due to their inherent nonlinear and 

hysteretic behaviours, proven nanofabrication routes, and ability to interface with existing electronic platforms. 

Many spintronic computational systems have been proposed under the reservoir computing (RC) paradigm [1-

4], where input/reservoir connectivity weights are randomly generated and untrained, and the complexity of 

the underlying dynamic system provides the computational power [5]. However, experimental implementations 

often rely upon time-multiplexing techniques to construct networks of ‘virtual’ nodes from a single dynamical 

node. This limits both the throughput of data as well as the computational properties of the platform, with 

external delay lines often necessary to augment the system’s dynamics to generate memory. 

Another computational paradigm which similarly uses random input connectivities is the Extreme Learning 

Machine (ELM) [6]. In this paradigm, the network consists of a single hidden layer of unconnected neurons, 

and the outputs are trained via linear regression techniques similarly to RC. However, this technique is usually 

limited to time-invariant problems and has not seen widespread deployment for in-materia computing. In our 

work, we show how this paradigm can be extended to time-signal processing tasks with spintronic neurons 

(here, interconnected magnetic nanoring arrays), forming Extreme Learning Reservoirs (ELRs). We 

demonstrate the performance of in-memory computation without the need for connections between physical 

neurons- vastly improving the experimental viability of multi-neuron physical reservoirs. Using a neural-ODE 

model [7,8] to simulate the nanoring array’s response, we show how computational capability can be 

maximised by ensuring the random input weights are appropriately scaled to drive the system into different 

dynamic regimes, then verify the results of these simulations with experiments in hardware. Finally, we show 

how the computational performance can be further enhanced by generating feed-forward networks of these 

ELRs with inter-layer connectivity, forming deep-ELRs capable of solving time series prediction tasks, 

surpassing the accuracies of other spintronic computing platforms (NRMSE 0.203 vs 0.367 [2]). 

 
Figure: Figure 1-(a) Memory capacity vs number 

of neurons for single-layer ELR consisting of 

magnetic nanoring neurons. Dotted line shows 

the mean performance over 10 shuffles of 

randomly selected neurons, shaded region 

reflects minimum/maximum performance. (b) 

Normalised root-mean-squared error for 

NARMA-10 system modelling task versus 

number of layers, for layer width = 50 neurons. 

Dotted line shows mean performance over 10 

repeats, shaded region reflects 

minimum/maximum performance. 
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Reservoir computing (RC) is a type of computing framework based on recurrent neural networks that 

capitalizes on the inherent dynamics of complex systems. In RC, signals from a fixed input are introduced to a 

reservoir that is intentionally constructed to possess high-dimensional nonlinear dynamics. This reservoir then 

transforms the input patterns into a high-dimensional, linearly separable feature space, allowing for easy 

training of an output using uncomplicated techniques like linear regression. Physical reservoir computing 

(PRC) is a version of reservoir computing that utilizes a physical system as the reservoir rather than software-

based implementation. PRCs leverage the unique properties of the physical system to perform computations in 

a way that would not be possible by conventional means. 

We propose a multi-channel input skyrmion RC model made up of a magnetic thin-film hosting skyrmions in 

a random configuration, capable of nanosecond timescale pattern recognition. In contrast to single input 

channel RCs, multi-channel input systems provide the advantage of lower error rates and better power 

efficiency [1]. We demonstrate the outstanding multi-dimensional classification capabilities of the reservoir by 

subjecting it to a standard benchmark audio recognition test, where we classify isolated spoken English digits 

(from 0 to 9). During this process, audio samples are first converted into voltage signals with acoustic frequency 

bands as their parameters before being sent as inputs into the reservoir. The outputs states of the reservoir are 

then used to create a linear classification model, which can identify every spoken digit regardless of the speaker 

with an overall accuracy of 97.4%. The entire procedure is summarized in the figure below. 

Figure: Skyrmion-based reservoir computing scheme used 

for audio recognition. (a) Audio waveforms are converted 

to (b) voltage signals which in turn are used as inputs for 

(c) a multi-input skyrmion reservoir. (d) Reservoir output 

is trained to classify the audio sample [2]. 
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Traditional neural networks based on CMOS architecture are notoriously inefficient, with substantial energy 

costs in both training weights between nodes and shuffling data between memory and processing units. 

Reservoir computing (RC) offers one potential solution by replacing conventional recurrent networks with a 

reservoir, composed of a dynamic system, where only output layers are trained. Additional efficiency is 

obtained moving from a von-Neuman system simulating a dynamical system to using material systems whose 

physics inherently provide the required properties. Two broad requirements for a material’s suitability for RC 

are non-linear responses to input stimuli, and a ’fading memory’, where the current state is dependent upon 

past states. Magnetic materials satisfy both of these criteria, making them ideally suited for in materio RC. 

Several magnetic systems have been proposed for RC, notably spin-oscillators [1] and artificial spin-ice 

systems [2], each with their own benefits and drawbacks. Recently, the domain wall population of an array of 

interconnected magnetic rings has been observed to be an emergent property and proposed to be a possible 

vehicle for performing RC [3]. We have shown the capability of such an ensemble at performing a range of 

benchmark tasks [4] and reservoir configurations. However, a common problem with magnetic RC platforms 

are inefficient methods of data input/output. Typically, magnetic states require sufficient external magnetic 

driving fields to alter their configurations as input, while measuring the states of complex metamaterial systems 

in sufficient detail for a meaningful output is not trivial. 

Here, we present the results of a series of studies which show the promise of the ring system as an on-chip 

RC platform through efficient interfacing. First, we show how the microwave spectra of ring systems provides 

insight into the internal states present in a uniform ensemble of interconnected permalloy rings (see figure), 

and how this information can be utilised as an output for RC. We then show how heterogeneous ring array 

systems with structural variations can fill this measurable space, providing a rich set of outputs to train on. 

Finally, we show how data input based on external magnetic driving fields can be replaced via spin orbit 

torques, through careful design of a Pt interface. The stochastic nature of domain walls at junctions allows for 

a large state space as a function of inputs in both the polar field and current amplitude applied (see figure), with 

the observed dynamics analogous to those measured with an external driving field. Together, these results 

illustrate the possibilities of creating powerful and efficient reservoir computers based on magnetic 

metamaterials. 
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Figure: Simulated microwave spectra of single and bi-rings in onion states using Mumax3 (left). Measured microwave spectra of 

two arrays of different ring widths, used as an output for reservoir computing (middle). Average x-component of magnetisation in a 

simulated bi-ring / Pt layered system as a function of polar field and current density, for a fixed current direction (right).



 

 

SYMPOSIUM 05. ORAL PRESENTATIONS 

Task-Adaptive Physical Reservoir Computing Using Magnetic Skyrmions 
Oscar Lee1*, Tianyi Wei1, Kilian D. Stenning2, Jack C. Gartside2, Shinichiro Seki3, Aisha Aqeel4,5, Christian 

Back4, Yoshinori Tokura3,6,7, Will R. Branford2,8, Hidekazu Kurebayashi1,9,**  
1London Centre for Nanotechnology, University College London, London, United Kingdom 

2Blackett Laboratory, Imperial College London, London, United Kingdom 
3Department of Applied Physics, University of Tokyo, Tokyo Japan 

4Physik-Department, Technische Universitat Munchen, Garching, Germany 
5Munich Center for Quantum Science and Technology (MCQST), Munich, Germany 

6RIKEN Center for Emergent Matter Science (CEMS), Wako, Japan 
7Tokyo College, University of Tokyo, Tokyo, Japan 

8London Centre for Nanotechnology, Imperial College London, London, United Kingdom 
9Department of Electronic and Electrical Engineering, University College London, United Kingdom 

*zceesjl@ucl.ac.uk      **h.kurebayashi@ucl.ac.uk 

 

Physical reservoir computing (PRC) is a neuromorphic architecture potentially offering energy-efficient 

solutions for various machine learning (ML) tasks [1]. However, due to the rigidity of configuring the crucial 

hyperparameters required to maximise computational performance, physical reservoirs are typically 

constrained to execute a set of particular ML tasks. In this talk, we experimentally demonstrate a flexible task-

adaptive PRC using the spectrum space of a single magnetic system with distinctive phase properties [2]. The 

reservoir is constructed with data-mapped collective spinwave excitations (Fig 1. a-b) of skyrmion and conical 

modes. We scrutinise the task-adaptive nature via trivial magnetic phase control in a chiral magnetic insulator 

Cu2OSeO3 as a model system and bridge the key reservoir properties with various magnetic phases. Our results 

highlight that skyrmions excel in forecasting chaotic signals, unlike the conical modes that are optimal for 

nonlinear transformative tasks with MSEs in orders of 10-3 and 10-7, respectively. Room-temperature 

demonstrations on FeGe and Co8.5Zn8.5Mn8.5 confirms that our task-adaptive approach to PRC via magnetic 

phase control is transferable to other phase-rich systems, taking a step closer to energy-efficient computing. 
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Figure 1. Visualisation of 

magnetic-phase reservoirs 

built with spectral spaces of 

(a) skyrmion and (b) conical 

modes incorporating a 

sinewave input. Skyrmion 

modes excel in future 

forecasting requiring high 

memory, whereas conical 

modes show excellent signal 

transformation performance 

requiring high nonlinearity. 
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A spinwave Ising machine (SWIM) [1] is a newly proposed type of time-multiplexed hardware solver for 

combinatorial optimization that employs feedback coupling and phase sensitive amplification to map an Ising 

Hamiltonian into phase-binarized propagating spin-wave RF pulses in an Yttrium-Iron-Garnet (YIG) film. In 

this work, we increase the mathematical complexity of the SWIM by adding a global Zeeman term to a 4-spin 

MAX-CUT Hamiltonian using a continuous external electrical signal with the same frequency as the spin 

pulses and phase locked with one of the two possible states.  

For large field amplitudes, we are able to induce ferromagnetic ordering in both directions of the artificial spin 

phase space despite antiferromagnetic pairwise coupling and observe degeneracy in the solutions for 

intermediate amplitudes in the form of 3+1 spin states. These states arise due to non-linearity on the power 

transfer curve of the phase sensitive amplifier in the circuit that induces a shortening of the effective spin 

amplitude for heterogeneous electrical phases. We show that these suboptimal solutions can be supressed using 

digital feedback with a field programmable gate array (FPGA) or designing a custom amplifier with a smoother 

saturation curve. By introducing a magnetic field to a planar antiferromagnetic spin system, we can leverage 

its increased complexity [2] to unlock new degrees of computational power and explore the boundaries of 

spinwave-based hardware solvers.   
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Figure: (a) Zeeman-biased spinwave Ising machine. PSA and LA stand for phase-sensitive and linear amplifiers, respectively. The 

propagating RF pulses have frequency of 3.125 GHz. The sign of the coupling is controlled by the total phase accumulation in the 

coupling delay 1 (C1) and the Zeeman field amplitude and sign is controlled by the amplitude and phase of the injected signal 

𝜔𝑍𝑒𝑒𝑚𝑎𝑛. (b) Time traces of the RF pulses colored with their respective instantaneous phase for different signs of ℎ.
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Magnetic textures are promising candidates for unconventional computing due to their non-linear dynamics. 

We propose to investigate the rich variety of seemingly trivial lamellar magnetic phases, e.g., helical, spiral, 

stripy phase, or other one-dimensional soliton lattices. These are the natural stray field-free ground states of 

almost every magnet. These states which can be viewed as a labyrinth of one-dimensional topological solitons, 

are coming back into the focus of spintronic research due to their unique symmetry. They have been shown to 

work as emergent inductors [1], lead to non-reciprocal charge and spin transport [2], or may actively pump 

spin and charge as Archimedean screws [3]. Moreover, they can serve as a non-trivial background for other 

topological excitations such as skyrmions or dislocations [4]. Only recently, it has been shown that the 

orientation vector q of this lamellar phase can be combed and steered by external magnetic fields and even 

electric currents [5]. 

We argue that the order parameters of these phases may be of potential interest for both classical and 

unconventional computing, which we refer to as helitronics. For the particular case of a chiral magnet and its 

helical phase, we use micromagnetic simulations to demonstrate the working principles of all-electrical (i) 

classical binary memory cells and (ii) memristor and neuron cells, based on the orientation of the helical stripes. 
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Figure: Example of two distinct helitronic states 0 and 1 in a finite size system. Additionally, the transient state during switching is 

shown. Result of a simulation with spin transfer-torque. Color indicates the direction of the magnetization. Small gray arrows indicate 

the inplane component of the magnetization. The surrounding gray background is vacuum.
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Convolutional neural networks (CNNs) are state of the art algorithms for image processing. Despite a small 

number of synaptic weights, CNNs remain computationally costly to train in software due to the sequential 

application of the convolutional filter over the input. The field of neuromorphic spintronics offers the 

possibility of new promising parallel architectures that would perform a convolution in a single time step. 

Previously it has been demonstrated that the spin diode effect can be used to selectively apply a synaptic weight 

on a radiofrequency signal using frequency selectivity to address each device independently [1][2]. Here we 

go a step beyond, to show an experimental implementation of a convolutional layer able to calculate the result 

of a complete convolution in a single time step by exploiting the frequency domain as an additional dimension. 

We design a compact architecture of 3 radio-frequency waveguides integrating each 3 spin-diodes connected 

in series. This architecture performs a padded convolution between a 3-pixels filter and a 5-pixels input. Inputs 

are represented by RF signals and are selectively processed by spin diodes at the matching frequency as 

represented by colors in Figure 1, the values of the filter are encoded by a small frequency detuning between 

the inputs and the spin-diodes resonance. Frequency selectivity enables us to produce each output with a single 

line geometry. Three strip lines in a crossbar configuration are implemented to write simultaneously the three 

weight values shared by the RF waveguides. This architecture exploits the intrinsic weight redundancy of 

convolutions to compute three outputs in parallel, instead of sequentially. 

 

 

 

 

 

 

   

 
 

Figure 1 RF convolutional architecture   Figure 2 Convolution performed to enhance vertical edges 

The proposed architecture enables us to both reduce the size and scaling of this hardware implementation 

while, at the same time, performing the convolution in one timestep contrary to previous time-multiplexed 

implementations. A potential decrease by one order of magnitude in energy consumption compared to current 

GPUs and two orders of magnitude in operating latency is envisioned upon scaling down of the technology 

[3]. This proof of concept of a spintronic CNN presented here, opens the path to the development of deep 

spintronic neural networks that can exploit the power of convolutional layers in a fully parallel, compact, and 

energy efficient way.  
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Over the past decades, artificial intelligence (AI) has made significant technological advances with the 

prospect of increased computer capabilities (e.g., automation in decision making and data processing) and 

acquired an increasingly important role in our everyday technological environment (Dall-E, Midjourney, 

ChatGPT, etc.). The main issue is that the digital silicon-based computing technologies are very energy-

intensive while solving cognitive tasks such as speech or image recognition. Indeed, digital computers are 

designed to solve very complex numerical problems with high precision whereas the human brain performs 

many low-precision calculations in parallel while solving cognitive tasks like recognizing a familiar face. 

In the framework of neuromorphic spintronics [1], we combine condensed matter physics and artificial 

intelligence to design nanoscale neuromorphic computing hardware. The physical building block considered 

in our research program to implement such bio-inspired hardware is the magnetic tunnel junction (MTJ). MTJs 

are made of two ferromagnetic (FM) layers separated by a non-magnetic insulating barrier (often MgO, see 

Fig. 1a). One of the FM layers is the spin polarizer and the other the free layer. At the nanoscale, the aspect 

ratio of the MTJs is such that the magnetic ground state of the free layer is the magnetic vortex. The vortex is 

a curling in-plane magnetization distribution with at its core a singularity where the magnetization is pointing 

out-of-plane. Here, we show how that kind of oscillators, the spin-torque vortex oscillators, can act as nano-

neurons and nano-synapses for solving machine learning tasks using the physical reservoir computing (PRC) 

neural network concept [2, 3]. 

Using our new theoretical framework that speeds up the micromagnetic simulation by a factor 2.4 billion 

[4], we obtained a recognition rate of 98.8% for MNIST handwritten digits [5] (see Fig. 1b), i.e, state of the art 

for hardware-compatible implementations. 
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Figure 1: a) Schematic illustration of an MTJ-

based spin-torque vortex oscillator. b) Subset of 

the MNIST handwritten digits dataset, which 

contains 60,000 images for training and 10,000 

images for testing.
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Nano-constriction spin Hall nano oscillators (NC-SHNOs) are nano-meter-sized microwave signal-

generating devices composed of a ferromagnetic layer adjacent to a heavy metal layer [1-2]. Their non-

linearity, and synchronization in chains and arrays [3-5], make SHNOs great candidates for neuromorphic 

computing applications [4]. However, tuning the properties of individual SHNOs in large chains or arrays is a 

remaining challenge. Recently, Zahedinejad et al. demonstrated memristive control of mutual synchronization 
in SHNO chains and the results showed overall tunability of 60 MHz [6]. However, they used a broad bar-

shaped gate over the NC, which required relatively thick oxide (>20 nm) [7], restricting its usefulness for larger 

arrays while reducing the frequency tunability. 

In this work, we fabricate NC-SHNOs using W(5 nm)/CoFeB(1.4 nm)/HfOx(6 nm) and compare circular 

memristive nano-gates positioned on top of, and just next to the nano-constriction SHNOs. For the case which 

the nano-gate is at the nano-constriction, we compared the SHNO auto-oscillation power spectral density 

(PSD), before and after activating the memristor, and discovered a 30 MHz irreversible downward shift. A 

plausible mechanism is a permanent change of the interfacial perpendicular magnetic anisotropy under the 

gate, which changes the operating frequency. By sweeping the gate voltage on the same device, we obtained 

very low tunability, indicating that placing the gate on top of the NC causes degradation and does not produce 

the desired frequency tunability. Furthermore, we studied the effects of a circular gate, placed 200 nm away 

from the NC. Memristive gating of this geometry showed frequency tunability of more than 200 MHz, which 

is almost three times higher than the previous reports, without changing the magneto-dynamic properties of the 

SHNOs. With nano-meter-sized gates, these results pave the path for efficient control of individual SHNO in 

larger chains or arrays which is crucial for their implementation for neuromorphic computing. 
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Figure: (a) The PSD plot versus ISHNO at 0.8 T magnetic field with 70° OOP and 20° IP angle for a 180 nm NC with a 200 nm circular 

gate separated by 200 nm. The dashed line indicates the current at which the gating is done. Inset: SEM image of a gated SHNO. The 

frequency and leakage current versus gate voltage from (b) zero to 8 V (forward sweep) and (c) 8 V to -3 V (reverse sweep). 
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Synaptic devices with synchronized memory and processor are considered the core elements of 

neuromorphic computing (NC). So far, most synaptic devices are based on resistive memories, where the 

device resistance is tuned. However, the use of the electric current in such resistive devices causes significant 

power dissipation by Joule heating. Higher energy efficiency could be achieved in materials exhibiting voltage 

control of magnetism (VCM).[1] In particular, voltage-driven ion motion to modulate magnetism (magneto-

ionics) is an emerging VCM mechanism that could offer new prospects for low-power implementation of NC. 

[2,3] In the present work, we exploit voltage-controlled nitrogen ion motion in transition metal nitrides 

(FeCoN) (i.e., nitrogen magneto-ionics) to emulate biological synapses. In the proposed device, we have 

realized multilevel non-volatile magnetic states for analog computing and high-density storage. Moreover, 

essential synaptic functionalities such as spike amplitude-dependent and duration-dependent plasticity, long 

term potentiation/depression of the human brain have been successfully mimicked. Furthermore, the device 

exhibits excellent retention and high endurance for real-life hardware implementation of NC. This research 

provides insight into the great potential of magneto-ionics-based synaptic devices for spin-based neuromorphic 

computing. 
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Figure: (a) Schematics of a biological synapse demonstrating signal transmission from presynaptic to postsynaptic neurons. (b) The 

M-H hysteresis loop of the CoFeN sample shows a paramagnetic to ferromagnetic switching with a voltage treatment of –12 V for 

20 minutes. (a) Spike amplitude-dependent plasticity is emulated by firing spikes of different amplitudes (–4, –6, –8, –10, and –12 

V) and of the same duration (tP = 90 s). 
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Reservoir Computing (RC) is a novel computational paradigm in which a nonlinear dynamical system (the 

‘reservoir’) is exploited for computation. [1, 2] An input signal perturbs the reservoir, producing a complex 

dynamic response which facilitates classification. [1, 3, 4] By training a single linear readout on the output, the 

system can be used for machine learning purposes. [1, 3, 5] Since the reservoir is in general a ‘nonlinear 

dynamical system’, it is not limited to being a purely mathematical object. Many physical systems are highly 

nonlinear and exhibit fading memory, making them suitable to use as the reservoir. [3] 

It has already been shown numerically that in-plane artificial spin ice 

(ASI) of various lattice geometries (e.g. Kagome, pinwheel, square) is 

suitable for RC. [1, 6, 7] We intend to explore the viability of using out-of-

plane ASI as the reservoir, in particular the square-lattice geometry. This kind 

of system appears desirable as it allows input via spin-orbit-torque and 

readout through the anomalous Hall effect. A software tool ‘Hotspice’ was 

developed, to simulate the behavior of out-of-plane systems for a given 

combination of input and readout schemes. A simple Ising model 

approximation is used with a dipolar interaction present between all magnets 

along with an external field to apply input. Time evolution is performed either 

through Néel relaxation theory or Glauber dynamics. [8] Relevant metrics 

can then be calculated for a given system, e.g. the computing capacity Q as 

shown in the accompanying figure, to optimize system parameters. [1] 

The out-of-plane systems provide the challenge that they have fewer 

degrees of freedom as in-plane spin ices, as only one axis can be used to 

interact with the system. The two degenerate ground states of the system can 

not be distinguished by a uniform field, so a more intricate input scheme is 

required to get meaningful behavior in the system. Furthermore, it should be 

advantageous if domain walls can be moved by only a few lattice points per 

input value, to get a form of memory in the system. For these reasons, a two-

step checkerboard-pattern input scheme was devised to promote one of the 

ground states over the other and move it by only a few lattice cells for each 

input value. As can be seen in the figure, this scheme gives decent values for 

Q. 
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The rapidly growing use of artificial intelligence on a global scale since the last few years cannot be 

distinguished from ecological concerns regarding its energy consumption. In this regard, the development of 

beyond-CMOS computing systems has drawn a lot of attention in the scientific community. Among the 

proposed solutions, neuromorphic hardware offers to mimic the architecture of the human brain to build low-

energy devices with the aim to solve machine learning tasks much more efficiently than conventional software 

neural networks (Fig. 1) [1]. The development of such devices can be performed using spin-torque vortex nano-

oscillators (STVOs): magnetic tunnel junctions whose dynamics is known to be similar to that of biological 

neurons. They are also CMOS-compatible, low power, robust to noise and radiation, and can be densely 

integrated on a chip. Highly accurate automatic data classification such as speech recognition has already been 

demonstrated using STVOs [2, 3]. The development of such unconventional computing systems must also fully 

include the design of ad hoc algorithms suited to perform machine learning using neuromorphic spintronic 

hardware. Indeed, hardware neural networks cannot be trained using common methods such as error 

backpropagation and gradient descent due to the difficulty of tuning nanostructured systems repeatedly. Among 

the existing solutions, reservoir computing is a computing scheme that has already been successfully 

implemented on dedicated unconventional hardware [2, 3, 4].Recently, an ultra-fast STVO dynamics 

simulation framework called the data-driven Thiele equation approach (DD-TEA) was developed by Abreu 

Araujo et al. [5]. DD-TEA allowed to reach a speed-up of the STVO dynamics simulations of more than 2 

billion compared to micromagnetic simulations. We used DD-TEA to carry extensive simulations of a STVO-

based neural reservoir (Fig. 2) to assess its performance in various machine learning tasks [6]. Parametric 

studies allowed to assess the influence of the operating conditions such as the intensity of the input signal and 

the level of noise on the quality of the data classification. The high throughput of the simulations based on DD-

TEA also allowed to perform image recognition and obtain state-of-the-art results on the MNIST dataset, a 

task which was initially not suited to reservoir computing. This suggests that STVO-based reservoir computing 

can be generalized to a bigger set of machine learning tasks, and that DD-TEA can be used to develop ad hoc 

computing schemes targeted on the hardware implementation of machine learning. 
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Fig. 1: A deep neural network (DNN) is  

usually implemented on conventional  

CMOS hardware. 

Fig. 2: A neural reservoir can be implemented 

using dedicated hardware, such as a STVO 

array. 
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The development of in-memory computing hardware based on phase change resistive materials is an active 

research area. The resistive states are classified as either non-volatile or volatile and occur when changes to the 

material properties are triggered by an external stimulus such as temperature, current, voltage, or electric field. 

The volatile change of the resistance state arises due to the transition of the switching layer from an insulator 

to a metal. We have reported that an electric current-induced Joule heating triggers volatile resistive phase 

transition in a strained thin film of La0.67Sr0.33MnO3 grown on a textured substrate of LAlO3 [1]. The volatility 

of the two distinct resistance states has been utilized to establish a nanometer-thick relaxation oscillator. The 

two phases can be reversibly altered back and forth using a resistor and a capacitor in a simple electronic 

circuitry. The coupling of oscillators offer a new approach in realizing compact oscillatory neural networks. 

The anisotropic distribution of the LAO substrate's twin planes result in a local difference in the strain 

environment, resulting in a distribution of coexisting ferromagnetic metallic phases across the heterostructure. 

These local difference in the phases has been exploited to stabilize oscillators with a different oscillation 

frequencies in the same film. We also investigated the influence of the coupling capacitor and resistor on the 

coupled oscillation frequency along the different directions of the film. 

Figure: At 325 K, three distinct regimes of volatile resistive switching in voltage-controlled (black squares) and current-controlled 

mode (red open circles) is shown for LSMO thin films on LAO. In voltage-controlled mode, the change of slope at 2 V suggests a 

metal-to-insulator transition, and at higher voltage  (16 V), it indicates an insulator to a metal transition by an abrupt current increase. 
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Superparamagnetic tunnel junctions (s-MTJs) are gathering attention as a key element for spintronics-based 

probabilistic computers [1-4]. The temperature dependence of the s-MTJ properties is of importance because 

the stability of their bit states changes with the operation temperature, affecting the computation performance. 

In this work, we investigate the relaxation time and time-averaged response of the s-MTJs at different 

temperatures and discuss the factors that determine the temperature dependence of the properties. 

A stack structure, buffer/ SyF/ Ta (0.2)/ CoFeB (1.0)/ MgO (1.1)/ CoFeB (1.5)/ cap (thickness in nm) is 

deposited by dc/rf magnetron sputtering, processed into circular MTJs with diameters of 10-30 nm by electron 

beam lithography and Ar ion milling, and annealed at 300oC for 1 hour. Both the CoFeB layers have a 

perpendicular easy axis. The magnetic moment of the bottom CoFeB is fixed by the synthetic ferrimagnet 

(SyF), while the moment of the top CoFeB layer is designed to fluctuate at room temperature. The typical 

tunnel magnetoresistance (TMR) ratio and the resistance area product are 77% and 11 Ωμm2, respectively.  

We measure rf transmitted voltage and the time-averaged (dc) 

resistance R of the s-MTJs at different temperatures T of 20-

130oC and perpendicular magnetic fields Hz. From the rf 

transmitted voltage, we determine the average relaxation time ave 

[3]. Obtained T dependence of ave for four devices with different 

diameters D is shown in Figure, indicating that ave exponentially 

decreases with 1/T from ~100 ms to ~10 s in the studied T range 

and the data is deviated from the exponential fit (solid lines) at high 

T region. The exponential relation agree with the Arrhenius model 

ave = 0 exp(E/kBT), where 0, E, and kB denote attempt time, 

energy barrier, and the Boltzmann constant, respectively [5]. 

Combining the insights obtained from separate experiments [6], we 

find that the results shown in Figure can be explained with the 

temperature dependent effective anisotropy field, magnetic 

moment of the free layer, and 𝜏0. 
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Figure: Inverse temperature 1/T dependence of 

relaxation time ave with the fit based on the 

standard Arrhenius model ave = 0exp(E/kBT). 
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Over decades, the spin dynamics of a large set of lanthanide complexes have been explored [1,2]. Lanthanide-

based molecular nanomagnets are bistable spin systems, generally conceptualized as classical bits, but many 

lanthanide complexes have also been presented as candidates for quantum bits (qubits). Here we offer a third 

alternative and model them as probabilistic bits (p-bits) [3], where their stochastic behavior constitutes a 

computational resource instead of a limitation. We employ STOSS [4], a modelling tool for molecular spin p-

bits, to simulate bulk magnetic relaxation data and acexperiments and to simulate a minimal p-bit network 

under realistic conditions. Finally, we employ a recent systematic data gathering [5] and screen the best 

lanthanide complexes for p-bit behavior, lay out the performance of the different lanthanide ions and chemical 

families and offer some chemical design considerations. P-bits based on molecular nanomagnets constitute the 

low-size, high-frequency limit of Low Barrier Nanomagnets for Artificial Stochastic Neural Network.  
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Figure: Proposed experimental setupfor a toy network scheme of correlated p-bits based on single molecules of [(CpiPr5)Dy(Cp∗)]+ at 

T = 40 K and where the state of p-bit i controls a magnetic field B = 0.2 T acting on p-bit j.
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Spintronics, which is privileged due to using the spin of the electron instead of its charge, has evolved into 

a prospective candidate to contribute to future high-density, high-speed, and energy-efficient brain-inspired 

neural networks. This branch of computing, also known as neuromorphic computing systems (NCSs), is 

shedding light on resolving the strict limitations of the widespread Von-Neumann architecture in terms of 

energy cost and computational speed [1]. In a novel approach, SpinAge, the Horizon 2020-funded EU project, 

portrays the idea of implementation of nonlinear oscillators as neurons, along with memory components as 

synapses [2,3], to mimic the behavior of the brain, especially for cognitive computing. 

Nano-constriction Spin Hall nano-oscillators (NC-SHNOs) are nascent nonlinear oscillators that have 

aroused interest due to their easy fabrication, frequency tunability, direct optical access, and the potential for 

memristive control. [4,5]. Unlike STNOs, there has been no study on integrating SHNOs and separate memory 

elements as NCS. Hence here, a NC-SHNO combined with five memristors is being investigated as the building 

block of a complete neural network where the firing/non-firing state of the neurons can be controlled by 

weighted memristors (Fig.1(a)). The NCS benefits from these nonlinear high-frequency oscillators which can 

be simply utilized for any desired configurations of connected oscillators (neurons), interacting through 

programmable memory units (synapses), resulting in a hybrid energy-efficient brain-inspired architecture 

where memory and processing occur on a nano-scale device. Moreover, spintronic oscillators’ capability of 

directly processing the Radio-Frequency (RF) data, in a wide frequency band, presents a potential solution to 

the high power consumption associated with digitizing RF inputs in conventional on-chip oscillators [6].  

To build a single element of this network, a bow-tie-shaped NC-SHNO (inset in Fig.1(b)) fabricated on 

W(5nm) /NiFe(5nm)/ Al2O3(5nm) is sharing a contact pad with five separated memristors. The power spectral 

density (PSD) of an SHNO microwave signal, at 0.64 T external magnetic field, is shown in Fig.1(b). SHNO 

state (firing/non-firing) will be regulated by the current flowing to the system through the weighted memristors. 

SpinAge envisions integrating all advanced technologies, including spintronic oscillators, memristors, on-

chip laser technology, and CMOS, to implement an innovative NCS leading to at least 3-4 orders of magnitude 

better performance than the state-of-the-art CMOS-based NCSs. 

 

Figure 1: (a) The neural network diagram comprising of 

SHNOs (neurons) along with five memristors (synapses).   

(b) The PSD of the microwave signal generated by a 

single NC-SHNO. Inset shows a top-view SEM image of 

a bow-tie-shaped NC-SHNO. 
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Antiferromagnetic materials show their potential for next-generation technology due to their exceptional 

features: Fast terahertz magnetization dynamics, low power consumption and possible high integration density 

due to no cross-talk among adjacent devices are desirable for information storage and processing and for 

applications in unconventional computing.  

Among antiferromagnets, tetragonal CuMnAs proved its uniqueness for possible ultimate scaling of its 

magnetic textures down to the atomic level [1], analogue multilevel storage capability and the possibility of 

writing using a single stimulus at a broad range of timescales – from a millisecond electrical pulse to a 

femtosecond laser pulse [2]. These characteristics, combined with the availability of conventional electrical 

readout of the magnetic state, make CuMnAs an ideal testbed material for exploring novel neuromorphic 

functionalities. 

Here, we report on the optical switching of CuMnAs utilizing temporal correlations of two 100-fs laser 

pulses. We experimentally prove the readiness of the CuMnAs device to operate at ultrashort timescales as 

well as the ability to determine the relative timing of pulses, known as neuronal spike-time-dependent 

plasticity. Finally, we take advantage of these principles and demonstrate the practical usability of the device 

for processing digital information from an image. By bridging the gap between ultrafast optical switching and 

non-volatile memristors, our results open a pathway towards the design of novel computing architectures. 

 
Figure: Image encoded 

using relative timing of 

two optical pulses: (a) 

Dependence of the 

resistive signal on the 

delay between optical 

pulses. (b) Original 

image. (c) Resulting 

resistive signal. 
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Physical systems showing emergent behaviour are promising candidates for unconventional types of 

computing like in-materia processing of information [1]. In particular, ‘reservoir computing’ (RC), a highly 

efficient framework for dynamic signal processing, has been proposed as promising for edge computing and 

smart sensing. In this paradigm, the energy overheads of analog-to-digital conversion and powering discrete 

sensors can be significantly reduced if the reservoir is able to respond directly to the stimuli that will be sensed. 

We have recently demonstrated that the complex, probabilistic, emergent behaviour in interconnected Ni80Fe20 

ring array metamaterials (Fig 1(a)) [2-4] is particularly useful for RC [5], with our devices exhibiting state-of-

the-art performance in machine learning tasks with varying computational requirements [6]. In these 

demonstrations, data was encoded using a rotating magnetic field and the array response probed using 

anisotropic magnetoresistance (AMR). The device performed competitively in signal transformation (Fig. 

1(b)), speech classification and the NARMA5/10 time series prediction tasks (Fig. 1(c)), the latter being the 

first such demonstrations using a spintronic reservoir without external feedback lines. Nanoring arrays are thus 

effective reservoir computers. 

To explore the utility of the ring arrays as smart sensor, their response to temperature stimuli was assessed 

using a Peltier cell (Fig. 1 (d)). Field driven AMR amplitudes at different temperatures are shown in Fig. 1(e). 

The AMR response at a given temperature was strongly non-linear and showed a sharp transition at ~27 Oe 

(for 20 deg C), the onset of domain wall propagation [6]. Furthermore, the response exhibited a consistent, 

linear field shift with increasing temperature (Fig. 1 (f)). We then performed computation with input signals 

encoded in the device temperature, thus producing an RC-based smart temperature sensor. These results 

demonstrate the feasibility of creating reservoir computers that interact directly with environmental stimuli, 

laying the ground for smart sensors that both detect environmental changes and infer meaning from them. 

 

Figure 1:(a) An SEM micrograph of the ring array. (b) 

The reconstruction (blue) of a square wave agrees well 

with the target (green) while that without reservoir 

transformation does not agree. (c) The reconstruction 

(orange) of the NARMA-10 task agrees well with the 

target output (blue). (d) Experimental setup used for 

applying a temperature stimulus. The sample is 

mounted on a Peltier and a pyrometer measures the 

system temperature (e) The peak-to-peak amplitude of 

the AMR signal as a function of rotating field for 

different temperatures. The inset shows the shift in 

field response for various temperatures. (f) The 

variation of the transition field of the response with 

temperature shows a strongly linear relationship. 
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It is well established that emergent dynamics can occur in complex nanomagnetic systems, opening a 

promising avenue for materials computation where the nanomagnetic structure forms a neural network, the so-

called reservoir. Reservoir computing is then achieved by training the readout layer to map the output of the 

magnetic system to the targeted problem [1].  

 

Recent research has shown that the desired complex behaviour can be found in the domain wall dynamics 

of arrays of permalloy rings which can be excited by external rotating magnetic fields. Different strategies have 

been explored to tune and optimize the computational capabilities of such arrays for classification tasks [2,3]. 

These encouraging results were obtained from microscopic details of the magnetic structure, however, these 

are not immediately accessible in real life. In practical reservoir computers, the read-out layer extracts a coarse-

grained picture of the underlying microscopic reality. 

In this talk, we report on an investigation on read-out layers that are based on electric resistance 

measurements. Due to the anisotropic magnetoresistance (AMR), domain walls have a direct impact on the 

electric resistance, enabling to capture their dynamics from resistance measurements. A model was developed 

where detailed information on electric currents in individual rings and junctions of rings, obtained from 

micromagnetic simulations [4], complemented with a finite-differences Poisson solver, can be extrapolated to 

study the current paths through a large-scale array of hundreds to thousands of rings. The magnetisation 

configurations of the array are created by an agent-based phenomenological solver, as systems of this size are 

inaccessible with micromagnetics [2,3]. Simulation results are compared to experiments. 

 
Figure: Electric current paths are simulated through individual rings and junctions, as well as through entire reservoirs. 
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In recent years, the use of machine learning has grown significantly. However, on conventional CMOS 

based systems, this has resulted in massive increases in energy due to the von Neumann bottleneck, where data 

must be shuffled between memory and processing units. Additionally, in commonly used recurrent neural 

networks, this problem is amplified by costs to train weights of connections between nodes which have 

temporal interactions. One solution is Reservoir Computing (RC) where networks are replaced with a non-

linear dynamical system, and only the output weights are trained. While this removes some of the energy 

overhead, on traditional CMOS systems the von Neumann bottleneck remains. This can be overcome by 

replacing simulated dynamic systems with an appropriate material platform. Two general requirements are 

non-linear responses to input stimuli, and ’fading memory’, where current states are dependent upon past states, 

both of which are satisfied by most magnetic systems. 

This has led to an arms race in magnetic platforms, with proposed RC devices based on spin oscillators [1], 

magnonic systems [2], artificial spin ices [3], and stochastic domain wall interactions [4] in nanoscale 

metamaterials [5,6], among others. Thus far, performance has typically been expressed in terms of benchmark 

tasks, such as speech or image recognition. However, it is not clear whether these tasks are indicative of a good 

RC platform, or indeed whether proposed materials are capable of performing well at other other tasks, which 

may require properties not present in the material’s physics. 

Here, we illustrate this problem with very competitive performance in several ‘benchmarks’, using a rusty 

nail. This reservoir is simple and has low energy requirements - needing less than 25 Oe as a driving field for 

input, and a simple pickup coil for output. As the nail is magnetic, different field scalings below the coercive 

field allow for different input transformations (see figure).  With this framework we are able to achieve over 

98% accuracy in a simple reservoir architecture in a speech recognition task and 0.35 NRMSE in NARMA 5.  

We show that in this task, a non-linear transform and good signal to noise is key (see figure), and that tasks 

may not be the most useful assessment of RC capability. Instead, task independent metrics of kernel rank, 

generalisation rank and memory capacity are more suitable.  
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Figure: System response 

at three different input 

scaling parameters, for a 
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function of training 

iterations, for three input 

scalings. Final accuracy 

of the nail after 9 training 

iterations with additional 

noise from a gaussian 

distribution added (right).
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Leveraging on nonlinear magnetization dynamics is promising for neuromorphic computing [1]. Recently, 

pattern recognition has been demonstrated using a magnon-scattering reservoir [2]. To proceed further from 

this stage, one should be able to train the neural network. In magnetic microstructures, spin-wave eigenmodes 

-- neurons -- are defined in the k-space. Mutual nonlinear couplings between these modes -- synaptic weights 

-- are predominantly determined by their amplitudes. We have previously demonstrated that parametric 

pumping allows the selective excitation of a large number of eigenmodes in YIG microdisks [3]. Here, we 

simultaneously excite pairs of modes by this mean to study their mutual nonlinear interactions. Two-tone 

MRFM spectroscopy demonstrates that each mode is coupled to all other modes, with enhanced or suppressed 

peaks, and the appearance of additional peaks in the spectrum (Fig.1). Full micromagnetic simulations and a 

description of the nonlinear magnetization dynamics in terms of normal modes [4] provide some insights into 

these nonlinear processes.  
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The development of neuromorphic devices is a pivotal step in the development of low power artificial 

intelligence. We have studied the synaptic behaviour of molecular La0.7Sr0.3MnO3/Gaq3/AlOx/Co spintronic 

devices[1], where the conductance plays the role of the synaptic weight[2]. We arranged the devices a in 

crossbar configuration, the most effective architecture for the purpose. We controlled the conductance of each 

cross point separately, with a maximum on/off ratio of 102 and an average cross talk of 8%. The conductance 

was controlled by the application of voltage pulses. Positive voltage pulses were used for synaptic potentiation, 

i.e. conductance increase, while negative ones were used for synaptic depression, i.e. conductance decrease. 

When set in the high conductance state, the devices showed spin-valve magnetoresistance (see Figure 1), while 

in the low conductance state, no magnetoresistance was observed. 

The time dependence of the resistive switching behavior is an important parameter for the synaptic 

behavior[3]. In order to study the time dynamics of the resistive switching after the voltages pulses, we 

conducted two different types of measurements. In the first type, we applied an initial reset voltage, followed 

by repeated, identical set voltage pulses of opposite polarity. The threshold voltage, whose magnitude must be 

exceeded in order to affect the conductance, was -1 V for depression and +1.75 V potentiation, regardless of 

pulse duration. Noise in the conductance after a voltage pulse above the threshold does not differ from the 

conductance noise after a voltage pulse below threshold. This means that the mechanism causing the noise was 

different from the one causing the resistive switching. The second type of pulsed measurements was carried 

out by applying set and reset voltages alternatively and by reading the resistive state as a function of time in 

the intervening time. In both types of measurements, we found a logarithmic relaxation of the conductance 

over time.  

We put forward a theoretical model for this glassy logarithim dynamics. The transport was attributed to 

doping species, that in turn are affected by the set and reset voltages, if they exceed a threshold level. The 

activation energies to move these dopants had an exponential distribution, that can explain the galssy behavior. 
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Modern AI and machine-learning provide striking performance. However, this comes with rapidly spiralling 

energy costs1 arising from growing network size and inefficiencies of the von Neumann architecture. 

‘Reservoir computing’2 offers an energy-efficient alternative to large networks, fixing randomised weights 

for energetically cheap training. The massively parallel processing underpinning machine-learning is poorly 

catered for by CMOS, with in materia neuromorphic computing an attractive solution.  

Nanomagnetic artificial spin-systems are ideal candidates for neuromorphic hardware. Their passive 

memory, state-dependent dynamics and nonlinear GHz spin-wave response provide powerful computation3. 

However, any single physical reservoir must trade-off between performance metrics including nonlinearity 

and memory-capacity4, with the compromise typically hard-coded during nanofabrication.  

Here, we present three artificial spin-systems: square artificial spin ice, square artificial spin-vortex ice and a 

disordered pinwheel artificial spin-vortex ice. We show how tuning system geometry and dynamics defines 

computing performance. We engineer networks where each node is a high-dimensional physical reservoir5 

implementing parallel, deep and multilayer physical neural network architectures6. This solves the issue of 

physical reservoir performance compromise, allowing a small suite of synergistic physical systems to address 

diverse tasks and provide a broad range of reprogrammable computationally distinct configurations. These 

networks outperform any single reservoir across a broad taskset. Crucially, we move beyond reservoir 

computing to present a method for reconfigurable programming of inter-layer network connections, enabling 

on-demand task optimised performance. 
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Twisted van der Waals materials have risen as a powerful platform to engineer artificial quantum matter. 

Artificial moire heterostructures, in general, display two length scales, the original lattice constant and the 

emergent moire length. Here we reveal a microscopic mechanism to engineer van der Waals multiferroics 

from the interplay of non-collinear magnetism and spin–orbit coupling, both in van der Waals monolayers [1] 

and twisted multilayers [2]. First, focusing on the recently isolated NiI2 multiferroic monolayer, we reveal 

the origin of the helimagnetic order, and the critical role of halide spin-orbit coupling in driving a 

ferroelectric distortion. We demonstrate that the electronic reconstruction accounting for the ferroelectric 

order emerges from the interplay of such a non-collinear magnetism and spin-orbit coupling. Second, we 

show the emergence of multiferroic order in twisted chromium trihalide bilayers, an order fully driven by the 

moiré pattern and absent in aligned multilayers. We show that a spin texture is generated in the moiré 

supercell of the twisted system as a consequence of the competition between stacking-dependent interlayer 

magnetic exchange and magnetic anisotropy. An electric polarization arises associated with such a non-

collinear magnetic state due to the spin-orbit coupling, leading to the emergence of a local ferroelectric order 

following the moiré. Among the stochiometric trihalides, our results show that twisted CrBr3 bilayers give 

rise to the strongest multiferroic order. We further show the emergence of a strong magnetoelectric coupling, 

which allows the electric generation and control of magnetic skyrmions. Our results put forward van der 

Waals materials as a powerful platform to engineer artificial multiferroic order and electrically control exotic 

magnetic textures. 
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Steady progress in two-dimensional materials (2DMs) offers new perspectives for downscaling and 

improving MRAM performance [1]. Their 2D nature and weak van-der-Waals interaction between layers 

enable to create atomically thin stacks with sharp interfaces, circumventing roughness and inter-diffusion 

between the films, which significantly degrade the spin properties of conventional materials [2]. Furthermore, 

known 2DMs cover a broad range of relevant properties for spintronics. Among them, graphene shows a very 

low SOC resulting in long spin diffusion length [3], being of great interest to avoid spin depolarization. The 

van der Waals materials family also includes topological insulators (TIs) that is an alternative of high SOC 

materials for charge-to-spin conversion (CSI) with unprecedented magnitudes that would be highly relevant 

for writing operation in MRAM technologies. Indeed, TIs exhibit conducting topological surface states (TSSs) 

where the spin of the carriers are locked to their momentum. This results in a highly-efficient generation of 

spin currents with a polarization that depends on the direction of the charge current.  

However, materials disruptions at the interface, from band bending to alloying or air exposure, complicate 

this picture and the expected SOTs are not obtained. 

This study aims in using the TI Bi2Te3 (BST) as a spin source in order to study its SOT properties. We first 

describe a step-by-step atmosphere-controlled graphene transfer on top of the TI BST. The coverage of the TI 

with graphene is checked by Raman spectroscopy and SEM. A complete XPS study is then showed comparing 

uncovered TI with graphene-protected TI after air exposure. Our data show that graphene preserves the BST 

chemical bondings that are known to be highly affected by air exposure. ARPES measurements are further 

confirming the preservation of the TSSs of the TI after graphene passivation that is required in order to 

maximize its SOT efficiency [4]. The stack is then covered with a NiFe layer forming a BST/graphene/NiFe 

heterostructure. XPS is carried out on this sample showing that the graphene avoids intermixing between the 

TI and the FM that is known to be detrimental for SOT. We finally share our measurements of electrical 

transport including second harmonics measurements of BST/Gr/NiFe stacks that show strong spin-orbit torques 

estimated to be one order magnitude higher than Co/Pt reference stacks.                                                        .  
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Magnetic topological materials (MTI) are a hotbed for exotic quantum phenomena such as the quantum 

anomalous Hall effect (QAHE), the topological magneto-electric effect, new topological states like axion 

insulators and magnetic Weyl semimetals. In reply to the high demand for optimized material systems, 

magnetic topological insulators made a decade-long journey from extrinsically doped Bi2Te3 and 

(Cr,V)Bi2(Se,Te)3 heterostructures, on which the QAHE was experimentally discovered in the mK range [1], 

to the intrinsically magnetic van der Waals material MnBi2Te4 [2]. The QAHE was observed in MnBi2Te4 thin 

films at notably higher temperature 6.5 K [3], pointing at a perspective pathway of materials optimization 

towards more robust quantum effects. Since MnBi2Te4 is an A-type antiferromagnet with TN = 25 K, the task 

of fabricating structurally similar ferri- or ferromagnets with an increasing TC is very pertinent. 

In reply to these guidelines, I perform materials optimization in the family of the layered MTIs 

(MnX2Te4)(X2Te3)n, X = Sb or Bi, n = 0–4 (MBT/MST). I will discuss the Mn/X site intermixing as a 

surprisingly powerful tool to tailor the magnetic ground state. Disorder is commonly perceived as detrimental 

to a material’s properties, whereas in the present case it positively affects the magnetic order. The first example 

is that Mn/Bi site intermixing transforms the magnetic ground state from an antiferro- to a ferromagnet in 

MnBi6Te10 (Fig. 1, [4]). The second example is that the site mixing is capable of pushing the TC from 27 K in 

Mn0.85Sb2.15Te4 to 58 K in Mn2Sb1.2Te2 thanks to the Mn re-distribution in the same crystalline lattice and the 

formation of new magnetic exchange pathways. Further Mn-enrichment steered by the growth conditions leads 

to the formation of Mn2.72Sb1.28Te4 with the highest so far TC of 73 K. This phase shows a notably higher 

coercive field than Mn0.85Sb2.15Te4 hinting at a crossover towards more robust ferromagnetism. This 

enhancement comes at the cost of strong crystal-lattice transformation from a layered van der Waals structure 

to a 3D cubic framework. The effects on this transformation onto electronic band topology will be discussed. 

 
Figure 1: Scheme of the MBT layered structure motif with Mn and Bi atomic planes alternating along the stacking direction (vertical 
axis). It highlights various magnetic-exchange couplings (J, j, j’) possible in the Mn(II) lattice:  (left) a non-mixed Mn(II) lattice with the 
A-type antiferromagnetism (AFM); (middle) an intermixed case with two Mn(II) sublattices and a ferrimagnetic order (FM). (Right) A 

scheme of the QAHE. 
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CrCl3 is a van der Waals material particularly interesting for its magnetic properties. In each layer, the Cr atoms are 

coordinated in an octahedral configuration to the neighboring Cl atoms (Cr-Cl bonds are off-plane and the Cr atoms form 

a honeycomb lattice). The Cr atoms are coupled ferromagnetically via super-exchange and their magnetic moments lie 

in-plane. Its magnetic properties have been extensively studied in the bulk form [1], it is a weak ferromagnet with a curie 

temperature of 17 K. Recently, X-ray Magnetic Circular Dichroism was employed to show that it remains ferromagnetic 

down to the monolayer, with a Curie temperature very close to the one of the bulk material [2]. Motivated by these 

findings we have investigated the CrCl3 monolayer on the Au (111) surface. In this communication I will show our 

Scanning Tunneling Microscopy (STM) investigation.  

CrCl3 was deposited by molecular beam epitaxy on the Au (111) surface, where it forms large monolayer islands of a 

width of several hundreds of nanometers. Our STM study shows that the lattice parameters of CrCl3 are close to the ones 

of the free layer, indicating a weak structural interaction with the Au substrate. Upon cooling the sample to 4 K, we 

observed the appearance of a superstructure with a period of about 6 nm. One can see in Figure 1 that the superstructure 

displays dislocations with a Burgers vector of 2. We found that the superstructure originates from a peculiar kind of 

moiré effect between the CrCl3 monolayer and the Au substrate: a second order moiré. This effect has previously been 

reported only for systems with a large rotation between the two layers [3] and leads to some interesting properties, 

amongst them the fact that an edge dislocation with B=1 in the CrCl3 crystalline lattice is transformed in a  B=2 dislocation 

of the moiré super-lattice. 
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Figure 1: STM constant current topography of CrCl3 monolayer island on Au.
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2D magnetic materials offer unprecedented opportunities for fundamental and applied research in 

spintronics and magnonics. Of particular interest is the layered metamagnet CrSBr, a relatively air-stable 

semiconductor formed by antiferromagnetically-coupled ferromagnetic layers (Tc∼150 K) that can be 

exfoliated down to the single-layer. It presents a complex magnetic behaviour with a dynamic magnetic 

crossover, exhibiting a low-temperature hidden order below T*∼40 K. In this work, the magneto-transport 

properties of CrSBr vertical heterostructures in the 2D limit are inspected. The results demonstrate the marked 

low-dimensional character of the ferromagnetic monolayer, with short-range correlations above Tc and an 

Ising-type in-plane anisotropy, being the spins spontaneously aligned along the easy axis b below Tc. By 

applying moderate magnetic fields along a and c axes, a spin-reorientation occurs, leading to a 

magnetoresistance enhancement below T*. In multilayers, a spin-valve behavior is observed, with negative 

magnetoresistance strongly enhanced along the three directions below T* [1]. Moreover, we fabricate an 

artificial magnet by twisting 90 degrees two CrSBr ferromagnetic monolayers, thus forming an ‘orthogonally-

twisted bilayer’ [2]. The magneto-transport properties reveal multistep spin switching with a magnetic 

hysteresis opening, which is absent in the pristine case. By tuning the magnetic field, we modulate the remanent 

state and coercivity and select between hysteretic and non-hysteretic magneto-resistance scenariosThese results 

show that CrSBr monolayer/bilayer provides an ideal platform for studying and controlling field-induced 

phenomena in two-dimensions, offering new insights regarding 2D magnets and opening a fruitful playground 

for creating artificial magnetic symmetries and manipulating non-collinear magnetic textures their integration 

into vertical spintronic devices. 
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Figure. Left: Sketch of a van der Waals 

heterostructure with a pristine CrSBr bilayer and 

the field dependence of its magnetoresistance at 10 

K. Right: Sketch of a van der Waals 

heterostructure with a twisted CrSBr bilayer and 

the field dependence of its magnetoresistance at 10 

K. 
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The synergy between magnetism and superconductivity can boost development for diverse device platforms 

covering digital logic and quantum computing technologies. Introducing superconducting elements into spin-

based devices, known as superconducting spintronics [1], would take great advantages of a zero resistance, a 

dissipationless current, and/or a spin-polarized supercurrent to maximize the figure of merit on magnetic 

switching devices. One of the representative features is superconducting magnetoresistance in a quasi spin-

valve structure [2,3], which exploits the resistance difference between in a superconducting state and a normal 

state from a magnet/superconductor/magnet structure. Here, we reports superconducting magnetoresistance in 

a two-dimensional (2D) bilayer composed of a superconductor NbSe2 layer and a transition magnet CrSBr 

layer. By utilizing unique magnetic switching of a CrSBr flake, between antiferromagnetic and ferromagnetic 

upon magnetic fields, we can manipulate an effective magnetic field to an adjacent NbSe2 layer which generates 

superconducting switching in NbSe2 with enormous magnetoresistance. Comprehensive experiment and 

simulation reveal that a localized stray field for the out-of-plane component at the edge of CrSBr plays a 

dominant role to induce superconducting switching with support of a proximity effect from the NbSe2/CrSBr 

interface. The engineered effective field is further proved by means of nonreciprocal charge transport. The 

demonstration of superconducting magnetoresistance in a 2D bilayer system presents the potential for a 

superconductor/magnetic structure as a high-end device unit, and it further proposes a novel approach to utilize 

the unique properties of 2D materials. 
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      The discovery of van der Waals (vdW) magnets opened a new paradigm for condensed matter physics and 

spintronic technologies. However, the operations of active spintronic devices with vdW ferromagnets are 

limited to cryogenic temperatures, inhibiting its broader practical applications.  Here, we demonstrate the 

robust room-temperature operation of lateral spin-valve devices using the vdW itinerant ferromagnet Fe5GeTe2 

in heterostructures with graphene. The room temperature spintronic properties of Fe5GeTe2 are measured at 

the interface with graphene with a negative spin polarization. Lateral spin-valve and spin precession 

measurements provide unique insights by probing the Fe5GeTe2/graphene interface spintronic properties via 

spin dynamics measurements, revealing multi-directional spin polarization. Density functional theory 

calculations in conjunction with Monte Carlo simulations reveal significantly canted Fe magnetic moments in 

Fe5GeTe2 along with the presence of negative spin polarization at the Fe5GeTe2/graphene interface. These 

findings open opportunities for vdW interface design and applications of vdW magnet-based spintronic devices 

at ambient temperatures [1].   
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Figure: Schematic of a spin-valve device with 

Fe5GeTe2 (FGT) on a graphene (Gr) channel 

with reference Co/TiO2 electrode. The top-

left inset is a schematic illustration for spin 

injection from FGT into the graphene channel 

through the vdW gap, inducing a non-

equilibrium spin accumulation Δμ in 

graphene.
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Relation between Electron correlation and magnetism  is explored in room temperature Van der Waals 

ferromagnet Fe5GeTe2 [1]. We observe a enhanced quasiparticle scattering occurring at the spin reorientation 

transition temperature of 100K. Using angle resolved Photoelectron spectroscopy we show a clear evidence of 

crossover of electronic states from coherent to incoherenet nature. Further our result unambiguously show that 

the crossover is directly related to the ordering of Fe1 atoms. It also explains the sign change of the Hall 

coefficient and the sharp decrease of the Seebeck coefficient due to drastic change in Fermi surface. Our result 

shows in layered metallic systems effective dimensions governs the electronic properties of the system at 

different temperature scales. 
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Magnon and phonon are collective excitations that can both exist in magnetic materials. Magnon polarons 

are hybridized magnon-phonon quasiparticles due to magnon-phonon coupling [1-4]. Fe3GeTe2 is a 

ferromagnetic two-dimentional (2D) van der Waals material with a Curie temperature up to 230 K [5,6], which 

renders promises for spintronic devices [7]. Unraveling the exceptional properties in Fe3GeTe2 will promote 

its future applications. Here we report magnon polarons in Fe3GeTe2 by spin-polarized inelastic electron 

tunnelling spectroscopy (IETS). Three low energy excitations below 10 meV are observed in non-spin 

polarized IETS. They are further confirmed by spin-polarized IETS while presenting strong spin contrast across 

a domain wall. This demonstrates a spin-dependent character of these exciations. However, they could not stem 

from either phonon or magnon, because neither density of states (DOS) of phonon nor magnon has a peak 

below 10 meV by density functional theory (DFT) based calculations. Interstingly, there are low energy band 

crossings between magnon and phonon. Moreover, the energies of band crossings are consistent with our 

experimental results. The band crossings will result in van Hove singularities when strong magnon-phonon 

coupling exists. Therefore, the observed low energy exciations can be identified as magnon polarons. Our 

results shed light on the potential application for acoustic magnonics in Fe3GeTe2. 
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The Mermin-Wagner theorem states that long-range magnetic order does not exist in one- (1D) or two-

dimensional (2D) isotropic magnets with short-ranged interactions [1]. Here we show that in finite-size 2D van 

der Waals magnets typically found in lab setups (within millimetres), short-range interactions can be large 

enough to allow the stabilisation of magnetic order at finite temperatures without any magnetic anisotropy [2]. 

We demonstrate that magnetic ordering can be created in 2D flakes independent of the lattice symmetry due to 

the intrinsic nature of the spin exchange interactions and finite-size effects (see Figure: (Left)). Surprisingly 

we find that the crossover temperature, where the intrinsic magnetisation changes from superparamagnetic to 

a completely disordered paramagnetic regime, is weakly dependent on the system length, requiring giant sizes 

(e.g., of the order of the observable universe ~ 1026 m) to observe the vanishing of the magnetic order as 

expected from the Mermin-Wagner theorem (see Figure: (Right)). Our findings indicate exchange interactions 

as the main ingredient for 2D magnetism. 

Figure: (Left) Temperature-dependent intrinsic 

magnetisation with and without 

a 1 m2 flake size. (Right) Crossover anisotropy in 

temperature as a function of system size for different 

lattice symmetries on a log-scale. 
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Ferromagnetism is the collective alignment of atomic spins that retain a net magnetic moment below the 

Curie temperature, even in absence of external magnetic fields. The Mermin-Wagner theorem precludes this 

collective state mediated by short-range exchange interactions at finite temperatures when downscaling bulk 

materials into their two-dimensional (2D) magnetic isotropic form [1]. Single layer metal-organic frameworks 

grown on metallic supports were one of the earliest candidates for achieving such two-dimensional 

ferromagnetism [1], but remained unachieved till present.  

We will show that extended, cooperative ferromagnetism in an atom thick two-dimensional metal-organic 

framework is feasible [3]. This is remarkable since ≈ 5% of a monolayer of Fe atoms produces an out-of-plane 

easy-axis square-like hysteresis loop with large coercive fields over 2 Tesla and an extraordinary magnetic 

anisotropy (see Figure). Such phenomena are driven by exchange interactions mainly through the molecular 

linkers, presenting a phase transition at TC ≈ 35 K. Our findings settle a two decade search for ferromagnetism 

in two-dimensional metal-organic frameworks and should trigger the research in this and related fields. 
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Figure : Ferromagnetic fingerprint of a two-dimensional metal-organic framework
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A many-body resonance emerges at the Fermi energy when an electron bath screens the magnetic moment 

of a half-filled impurity level. This Kondo effect, originally introduced to explain the abnormal resistivity 

behaviour in bulk magnetic alloys, has been realized in many quantum systems over the past decades.  Here 

we describe a unique Kondo system which allows us to experimentally resolve the spectral function consisting 

of impurity levels and Kondo resonance in a large Kondo temperature range, as well as the spatial modulation 

of their wave functions using scanning tunnelling microscopy and spectroscopy [1]. Our experimental Kondo 

system, based on a discrete half-filled quantum confined state within a MoS2 grain boundary, in conjunction 

with numerical renormalization group calculations, enables us to test the predictive power of the Anderson 

model which is the basis of the microscopic understanding of Kondo physics. 
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Figure: Kondo resonance within a magnetic MTB. (left) dI/dV spectrum of the half-filled quantum confined states (blue circles) 

measured on a mirror twin boundary, together with the corresponding NRG simulation (orange line). (right) dI/dV spectra showing 

the Kondo resonance at different magnetic fields (circles), together with the corresponding NRG simulations (lines).
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Topological Crystalline Insulators (TCIs) are a class of materials in which the topological nature of the 

underlying electronic structure is protected by crystalline symmetries [1]. With the realization of a TCI phase 

in Pb1-xSnxSe, it was perceived that step edges in TCIs can be viewed as predecessors of higher-order topology, 

as they embody one-dimensional (1D) edge channels embedded in an effective three-dimensional electronic 

vacuum emanating from the TCI. Here we use scanning tunneling microscopy and spectroscopy to investigate 

the behavior of these 1D step-edge channels under the influence of doping. By doping distinct 3d adatoms in 

Pb1-xSnxSe we observed that once the energy position of the step edge is brought close to the Fermi level, a 

new correlation gap starts to open. Our experimental findings are rationalized in terms of enhanced interaction 

effects since the electron density of states is collapsed to a 1D channel. This enables us to realize a unique 

system to study how topology and many-body electronic effects intertwine [2]. 
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Figure: (a) Schematic of a Scanning Tunneling Microscope, (b) Scanning tunneling spectroscopy of the 1D flat band emerging at 

half-unit cell step edge as a function of the doping level. A splitting of the single peak in the local density of states into a double-

peak structure is visible once the 1D flat band is energetically close to the Fermi level. Inset shows a 3D view of an STM topography 

of Pb1-xSnxSe with strongly interacting electrons at the half-unit cell step edge. 
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Herein [1], we consider quantum condensed matter systems without particle-number conservation. Since 

the particle number is not a good quantum number, states belonging to different particle-number sectors can 

hybridize, which causes topological anticrossings in the spectrum. The resulting spectral gaps support chiral 

edge excitations whose wavefunction is a superposition of states in the two hybridized sectors. This situation 

is realized in fully saturated spin-anisotropic quantum magnets without spin conservation, in which single 

magnons hybridize with magnon bound pairs, i.e., two-magnon bound states. The resulting chiral edge 

excitations are exotic composites that carry mixed spin-multipolar character, inheriting spin-dipolar and spin-

quadrupolar character from their single-particleness and two-particleness, respectively. In contrast to 

established topological magnons, the topological effects discussed here are of genuine quantum mechanical 

origin and vanish in the classical limit. We discuss implications for intrinsic anomalous Hall-type transport and 

estimate that the thermal Hall conductivity brought about by the hybridization of magnons and magnon bound 

pairs can be as large as that of magnons with other magnons. We conclude that fully polarized quantum magnets 

are a promising platform for topology caused by hybridizations between particle-number sectors, 

complementing the field of ultracold atoms working with a conserved number of particles. 
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Figure: (Left) Sketch of a quantum condensed matter system with topological hybridizations of states belonging to different particle-

number sectors [1]. (Right) Topological chiral edge spin excitations built from single magnons and two-magnon bound states in 

spin-1/2 square-lattice quantum magnets with strong Ising anisotropy [1].
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    The manipulation and transport of spins is a long-standing topic for spintronics. The generation or detection 

of spins usually require materials with strong spin-orbit coupling (SOC) or magnetic exchange coupling 

(MEC), while long-distance spin transport requires materials without these couplings in order to reduce spin 

relaxation. Optimizing the interfaces between different materials in a spintronic device is thus crucial and easily 

becomes the bottleneck. One interesting solution is to utilize the proximity effect [1], which can introduce new 

physical properties into a material system. Here, we design, fabricate, and test a novel van der Waals 

heterostructure spintronic device based on the proximity of graphene. Proximitized by the ferromagnetic 

semiconductor Cr2Ge2Te6 (CGT), the graphene gains both MEC and SOC, giving rise to spin generation by 

spin injection and spin Hall effect, respectively. We can distinguish the two contributions by performing non-

local spin precession measurements in graphene/CGT-based lateral spin valves. Based on this, we successfully 

demonstrated an all-proximity graphene spin valve with two separated proximitized regions (shown in Figure 

(a)) for spin generation and detection. Spin signal by switching the proximitized graphene individually can be 

seen in Figure (b). The measured signal is confirmed by spin precession shown in Figure (c). Additionally, the 

anomalous Hall effect of the graphene/CGT heterostructure is observed, as expected from the simultaneous 

presence of MEC and SOC. Our results show the full-proximity spintronic device is a potential candidate for 

magnetic memory technologies and spin logic applications. 
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Figure: (a) Schematics of a full proximity lateral spin valve with two graphene/CGT heterostructures. (b) Non-local resistance 

measured at 15 K and Vg = 50 V by sweeping Bz. The blue/red curves represent the trace/retrace direction, showing the binary 

resistance state for parallel/antiparallel states. (c) Hanle spin precession signal measured at 5 K and Vg = 50 V as a Bx. The inset is 

the raw data with parallel (𝑅P light green line) and antiparallel (𝑅APdark green line) configuration. The net spin signal calculated 

with Δ𝑅𝑁𝐿 = (𝑅P − 𝑅AP)/2 is shown in green circles.
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In magnetic materials exhibiting topological Dirac fermions, the combined effect of the spin–orbit coupling 

and magnetic order enables the realization of novel topological phases with exotic transport properties, 

including the anomalous Hall effect and magneto-chiral phenomena. For this reason they are particularly 

attractive candidate materials for the developing field of spintronics. Here, via combination of angle-resolved 

photoelectron spectroscopy and first-principles density functional theory calculations, we report experimental 

signature of topological Dirac antiferromagnetism in TaCoTe2 [1]. We find the existence of spin–orbit 

coupling-induced gaps at the Fermi level, consistent with the manifestation of a large intrinsic nonlinear Hall 

conductivity. Remarkably, we find that the latter is extremely sensitive to the orientation of the Néel vector, 

suggesting TaCoTe2 as a suitable candidate for the realization of non-volatile spintronic devices with an 

unprecedented level of intrinsic tunability. 
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A large Dzyaloshinskii–Moriya interaction (DMI) has been predicted to occur at the interface of Co with 

hexagonal boron nitride (h-BN) [1], despite h-BN being a van der Waals insulator composed of light elements. 

In this work, clean Co/h-BN interface were obtained by combining ultra-high vacuum growth and 

mechanical exfoliation. DMI and PMA were measured using Brillouin light scattering spectroscopy on series 

of samples of varying Co thickness grown on Pt or Au and covered either with h-BN or Cu. By comparing the 

h-BN-covered samples with their corresponding control Cu-covered samples, the effect of the Co/h-BN 

interface was extracted (Fig.1). We thus deduced a 𝐷𝑆
𝐶𝑜/ℎ𝐵𝑁

 = -0.89 pJ/m (𝐾𝑆
𝐶𝑜/ℎ𝐵𝑁

= 0.84 mJ/m2)  and a 

𝐷𝑆
𝐶𝑜/ℎ𝐵𝑁

 = -0.21 pJ/m (𝐾𝑆
𝐶𝑜/ℎ𝐵𝑁

=0.85 mJ/m2) from samples grown on Pt and Au respectively. This reveals that 

the Co/h-BN interface induces a large PMA and DMI comparable in strength to the largest known effects, such 

as those of the Pt/Co interface. The strong observed effect despite the weak spin-orbit interaction in h-BN 

supports a Rashba-like origin of DMI. Furthermore, the sign of DMI in Co/hBN is compatible with that of 

Pt/Co, resulting in an even larger DMI in Pt/Co/hBN. This enables the stabilisation of skyrmions in the Pt/Co/h-

BN system, as was observed at room temperature with low magnetic fields [2], and demonstrates the interest 

of h-BN as functional material in the field of spintronics. 

 

Figure 1: (a) Interfacial DMI 

strength Ds and (b) interfacial 

anisotropy strength Ks versus Co 

thickness (tCo) for Pt/Co/h-BN, 

Pt/Co/Cu, Au/Co/h-BN and 

Au/Co/Cu. The dashed lines 

indicate the average values.  
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Real world spintronics applications require the engineering of materials in which spin textures exist at room 

temperature, are protected from the atmosphere, and amenable to reading and writing and, if possible, 

integrated with a material than can sustain very long spin diffusion length over long timescale, such as graphene 

(Gr) [1].  

In the last years, epitaxial Gr-based magnetic heterostructures have demonstrated to provide enhanced 

perpendicular magnetic anisotropy (PMA) and sizeable Dzyaloshinskii-Moriya interaction (DMI), both related 

to the interfacial Spin Orbit Coupling (SOC), which in turn allow for enhanced thermal stability and 

stabilization of chiral spin textures [2], enabling the realization of 2D materials spin-orbitronics.  

A strong PMA in Gr/Co was first discovered in structures grown onto Ir-single crystals [3] and on both Pt 

and Ir buffers grown onto insulating oxides [4] and related to the strong anisotropy of the angular magnetic 

moment [2,5]. Instead, the existence of a unexpected SOC-induced DMI at Gr/FM interface is still under debate 

since the intrinsic negligible SOC of Gr. However, a DMI was theoretically predicted by M. Chsiev and 

coworkers [6] and experimentally observed by us [2]. Both works pointed to a Rashba origin of such DMI, but, 

in our knowledge, no experimental evidence has been provided yet.  

Here, we analyze the element dependent and averaged surface/interface SOC induced magnetic properties 

of epitaxial Gr/FM stacks grown onto HM(Pt, Ir)/Al2O3(0001). In particular, by means of x-ray absorption, 

magnetic dichroism (XAS-XMCD) and spin-resolved photoemission spectroscopy (ARPES) experiments 

accompanied by DFT modelling, we have elucidated the nature of the induced SOC at Gr/Co interface on Ir. 

We have experimentally found that the interaction of the HM with the C atomic layer via hybridization with 2 

ML thick FM is indeed the source of the SOC in the Gr layer. Furthermore, our studies reveal an energy splitting 

of in-plane spin polarized Gr π bands, consistent with an Rashba-SOC at the Gr/Co interface, which is thus 

either the fingerprint or the origin of the Dzyaloshinskii Moriya interaction [7]. This is then translated in a 

measurable induced magnetic moment in Gr. Interestingly, at larger Co thicknesses (~10 ML), neither in-plane 

or out-of-plane spin splitting is observed, indicating a Gr/Co interface decoupled from the Co/HM. 
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The linear Hall conductivity occurs in the systems, which have broken time-reversal symmetry either by the 

intrinsic or external magnetic field.  However, recently predicted nonlinear Hall effect (NLHE) preserves time-

reversal symmetry but it breaks inversion symmetry [1]. NLHE appears from the anomalous velocity of the 

Bloch electrons due to Berry curvature. Therefore, topological crystalline insulators and the Weyl semimetals 

are the potential candidates for NLHE due to a Berry curvature dipole [1-3]. The surface of topological 

crystalline insulators hosts massless Dirac fermions protected by mirror symmetries [2]. At low temperatures, 

ferroelectric transition caused one of the mirror symmetries to be broken. In the case of thin film, the small 

mismatch of the lattice parameter can also break the mirror symmetry. The present study reports a NLHE in 

the Pb1-xSnxTe topological crystalline insulator thin films with varying Sn composition. The thin film samples 

of Pb1-xSnxTe with compositions x=0.35 and x=0.42 were grown by molecular beam epitaxy (MBE) on (100) 

oriented CdTe (4micro m) // GaAs substrates. The nonlinear Hall signal appeared only when the AC excitation 

was applied along the mirror axis i.e. [110] in our case. The measurement of a nonlinear Hall voltage follows 

the same geometry as used in ordinary Hall effect, but the transverse voltage is measured at double-frequency, 

V2ω  and zero-frequency (DC)  V0 by using lock-in amplifiers. Both voltages quadratically depend on the 

perpendicular driving current and decrease when reaching transition from topological to trivial band ordering 

with rising temperature. The observed phenomenon opens the possibility of exploring topological phase 

transition as a function of temperature, composition and hydrostatic pressure in topological crystalline 

insulators.  
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Due to the fundamental and technological implications in driving the appearance of non-trivial, exotic 

topological spin textures and emerging symmetry-broken phases, flat electronic bands in 2D materials, 

including graphene, are a hot topic in the field of spintronics.  By means of spin-resolved angle-resolved 

photoemission spectroscopy (ARPES) experiments combined with density functional theory (DFT) 

calculations, we investigated the role of europium in modifying the spin-dependent electronic properties of 

monolayer Gr on Co(0001). Manifold effects can be revealed: i) an enhancement of the charge transfer into Gr 

via Eu doping (Fig. 1 central panel); ii) the existence of a spin-polarized Gr-Co hybrid state formed by 

positioning Eu on top or beneath the Gr monolayer, in both cases with a single spin (majority) character. While 

in the former case, the low-dispersive parabolic Gr-Co hybrid band is observed close to Fermi energy (Fig. 1 

central panel), extending all over the surface Brillouin zone (SBZ), when Eu is intercalated, the π* band 

becomes flat (Fig. 1 right panel); iii) the large exchange coupling due to the presence of Eu induces the splitting 

of the π band that crosses the 4f states into minority and majority branches bending towards higher and lower 

binding energies respectively, accompanied by a bandgap opening at the Dirac point of about 0.36 eV. These 

findings demonstrate the relevance of using Eu for efficiently tuning the Gr electronic properties and driving 

the interlayer magnetic coupling.  

 

 
Figure 1: ARPES energy vs. momentum map acquired at the K point of the first Brillouin zone of the graphene/cobalt system (left 

panel). Energy vs. momentum map acquired at the K point and relative spin-resolved Fermi surface upon deposition of Eu on top of 

Gr/Co (central panel). Energy vs. momentum map acquired at the K point and relative spin-resolved Fermi surface upon intercalation 

of Eu at the Gr/Co interface (right panel). 
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Magnetism and the existence of magnetic order in a material is determined by its dimensionality. In this 

regard, the recent emergence of magnetic layered van der Waals (vdW) materials provides a unique playground 

to explore the exotic magnetism arising in the two-dimensional (2D) limit. The magnetism of 2D flakes has 

been commonly studied by indirect methods like Raman spectroscopy. Here, taking advantage of liquid-phase 

exfoliation (LPE) method, we show a first direct magnetic evidence of the antiferromagnetic transition in FePS3 

few-layer flakes, performed with a SQUID magnetometer (Figure 1a) [1]. It is concomitant with a clear 

reduction of the Néel temperatures with the flake thickness, in contrast with previous Raman reports [2].  

The quality of the LPE FePS3 flakes allows the study of electron transport down to cryogenic temperatures 

in field-effect transistors where flakes are deterministically positioned between nanoscale electrodes by 

dielectrophoresis (DEP) (Figure 1b). The significant through-flake conductance is sensitive to the 

antiferromagnetic order transition (Figure 1c). Besides, an additional rich spectra of electron transport 

excitations, including secondary magnetic transitions and magnon states [3], appears at low temperatures 

(Figure 1d). Finally, we show that the LPE is additionally a good starting point for the mass covalent 

functionalization of 2D magnetic materials with functional molecules [4]. This technique is extensible to any 

vdW magnetic family. 
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Figure 1: (a) Magnetic susceptibility (χ) measured as a function of temperature in a FePS3 bulk reference sample and exfoliated 

samples ω1, ω2, ω3 and ω4. (b) Scanning Electron Microscopy (SEM) image of a representative electrode pair containing LPE FePS3 

flakes (ω1) trapped by dielectrophoresis (DEP). (c) Current I – Temperature T characteristics measured on a FePS3 device at a fixed 

V = 0.1 V and its first derivative (dI/dT) (inset). (d) First derivative dI/dV color plot as a function of V and T. Low bias excitations 

are clearly observed at V = 0 V and symmetric ±18 mV, right below the Neel ́ temperature (marked by the black arrows).
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Graphene is a promising material for long distance spin transport, being an atomically light material, and 

thus having low spin-orbit coupling. This low spin-orbit coupling is simultaneously its main drawback where 

a large spin Hall effect is desired. Decoration by light atoms has been predicted to enhance the spin Hall angle 

in graphene while retaining a long spin diffusion length. Here, we combine a light-metal oxide (oxidized Cu) 

with graphene to induce the spin Hall effect and  report the first unambiguous experimental observation of 

charge-to-spin conversion in graphene induced by a light-metal oxide. The CuOx-covered graphene keeps its 

structural and electrical properties, while acquiring spin-orbit coupling from the oxidized Cu adlayer that leads 

to SHE up to room temperature, shown in Figure (a). After a careful estimation, considering the gate-dependent 

spin transport properties of the pristine graphene and the FM contacts, we find that the spin Hall angle of 

CuOx/graphene is gate tunable, with a maximum value around the charge neutrality point, shown in Figure (b). 

Its efficiency, given by the product of the spin Hall angle and the spin diffusion length[1], exhibits a maximum 

(1.8  0.6 nm at 100 K) around the charge neutrality point. This all-light-element heterostructure shows a larger 

efficiency than conventional spin Hall materials. Our experimental demonstration provides an efficient spin-

to-charge conversion system, free from heavy metals, and compatible with large scale fabrication. 
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Figure: (a) Anti-symmetric spin precession of graphene/CuOx heterostructure measured with gate voltage of 40 V at room 

temperature; (b) Gate dependence of spin Hall angle measured at 100 K, indicating a peak around the charge neutrality point of 

graphene.
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One of the key challenges in spintronics is the efficient generation and detection of spin currents, paving 

the way for ultra-fast and low power consumption devices for data storage and data processing. While many 

of the first proposed approaches are suffering from conductance mismatch and power dissipation issues [1], 

spin pumping provides a powerful route to inject and control dissipationless spin currents without charge 

current. This phenomena relies on the magnetization dynamic of a ferromagnetic material (FM), brought to its 

ferromagnetic resonance (FMR) with an external magnetic field, leading to the transfer of spin angular 

momentum at the interface between the FM and a non magnetic material (NM) [2]. The understanding of the 

importance of interface effects in these systems, accelerated by the huge progress in nanofabrication 

techniques, has oriented spintronics towards bidimensional (2D) materials. Indeed, 2D materials can be 

combined with potentially defect-less interfaces, they cover nowadays all condensed matter phases (from 

metallic, to semiconducting, insulating, superconducting and even recently magnetic) and present a large 

sensitivity to external parameters such as proximity effect, electrostatic gating, strain, light, stacking and 

superlattice effects [3]. 

In this work, we have investigated spin pumping through different FM/NM material interfaces: 

Co/graphene/hBN and Co/WSe2/hBN compared to reference samples of Co and Co/Pd, deposited on a 6x10 

µm² area on a on-chip microstrip, generating microwaves with frequency ranging from 4 to 14 GHz. We have 

performed spin pumping ferromagnetic resonance (SP-FMR) measurements at room temperature, and we 

present the effect of the different interfaces on the magnetic damping of Co. 
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Figure: SEM image of a heterostructure of Co (orange)/WSe2 (red)/hBN (green) deposited on a on-chip Au microstrip (from top to 

bottom) for SP-FMR measurements.
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The ability of experimentally characterising the three-dimensional magnetisation field with high lateral 

resolution is of paramount importance to advance in our comprehension and exploitation of magnetic 

phenomena. In recent years, several applications of X-ray magnetic vector tomography/laminography have 

revealed the power of this methodology, allowing to visualise the three-dimensional magnetic textures present 

in systems from continuous films [1,2] to micro and nanostructures [3-5]. Although the method is devoted to 

volume resolve the magnetization field, it can be particularised to quasi-2D magnetic systems [6]. This makes 

it an excellent tool for Spintronics and 2D magnetic Van der Waals communities, where ultra-thin systems in 

heterostructure configuration are commonly used. However, a potential problem arising in the study of ultra-

thin systems is associated to their intrinsic weak magnetic signal. In this poster we analyse the performance of 

soft X-ray magnetic vector microscopy in heterostructures of NdCo5/Ni80Fe20 with different thicknesses and 

stacking positions of the permalloy (Py, Ni80Fe20) films. Different samples with Py layers of 10, 5 and 2 nm in 

thickness have been fabricated on top or within the middle of a total 80 nm thick NdCo5 film. The NdCo5 alloy 

provides weak perpendicular magnetic anisotropy, supporting the formation of magnetic stripe domain patterns 

for 3D magnetic configurations. By measuring at the Fe L3 edge, the effective material thickness probed 

corresponds to 2, 1 and 0.4 nm for each fabricated heterostructure. The measurements have been performed in 

the MISTRAL beamline of the ALBA synchrotron. Two differently oriented tilt series have been recorded 

allowing to reconstruct the three components of the magnetisation at top and central sample depths. The 

differences observed in the magnetic textures transferred from the NdCo5 layer to the Py one will be shown. 

Finally, the influence of thickness and depth position, will be also discussed, including the weak signal effects 

associated to the low thicknesses of our probe Py system. 
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The design and synthesis of new coordination polymers (CPs) with paramagnetic metal ions that function 

as molecule-based magnetic materials have attracted considerable attention and play important roles over 

recent years. The approach to construct such magnetic material is to utilize appropriate bridging ligands as 

effective magnetic couplers to link the spin carriers with magnetic anisotropy into the extended networks. 

Pyrimidyl ligands are receiving considerable attention in the construction of new magnetic CPs. The presence 

of two potential N-donor atoms in the pyrimidyl moiety enables the formation of polymeric assemblies, and 

combination with additional functional groups could be expected to increase this propensity. In previously, we 

demonstrated several 3D magnetic CPs with various structures and magnetic properties adapted by a flexible 

pyrimidyl ligand [1]. Herein, we present the syntheses, crystal structures and magnetic properties of two two-

dimensional magnetic CPs by a rigid pyrimidyl ligands with sql- and hcp-network. The structural diversities, 

various magnetic and magneto-structural correlations of these CPs have been studied and these results will be 

reported. 
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Figure: Temperature-dependence of CMT for 2D sql- and hcp-layed cp
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Systems where two-dimensional (2D) layers bound by weak van der Waals (vdW) interaction possess 

magnetic order are highly interesting for high-tech magnetic, magneto-electric and magneto-optic applications 

in nanostructures. While thermal fluctuations suppress magnetic order in reduced dimensions, in CrI3 

ferromagnetism has been to shown to exist even in an atomically thin layer. This finding has stimulated a lot 

work aimed at  understanding the underlying physics, and initiated studies of similar transition metal trihalides. 

Here we focus on vanadium trihalides. VI3 is a ferromagnet whose monolayer critical temperature is even 

slightly higher than that of bulk,  TC = 60 K.  DFT calculations converge to two strikingly different solutions: 

either a ground state with quenched orbital momentum, typical for 3d transition metals, or a ground state with 

exceptionally high orbital momentum [2,3]. Predicted electronic configurations are compared to recent 

measurements based on the x-ray magnetic circular dichroism [4]. 

Furthermore we perform a complex investigation of lattice and magnetic excitations of VI3 by employing 

the synergy of DFT calculations of phonon modes, infrared, terahertz, and Raman spectroscopies on bulk single 

crystals at low temperatures [5]. The transition to the long-range ferromagnetic order is accompanied by the 

observed variations of phonons frequencies induced by the strong magnetoelastic coupling. Two additional 

modes emerging below TC may be ascribed to magnons, and dramatically soften at temperatures where a 

second lattice distortion has been reported in the literature.  

VBr3  was originally believed to be a layered antiferromagnet, similarly to the intensively studied CrI3. Our 

calculations predict a different ground state, zig-zag AFM, consistenly with  high-field measurements. We also 

find how the  relaxation of halogen atom positions affects the  orbital occupation in the ground state, and in 

turn magnetic interactions and anisotropy. These findings suggest the possibility of controlling magnetic 

anisotropy in this system by selective occupation of specific lattice modes.  

 

Acknowledgements  

This work represents a part of Research Project GAČR 21-06083S which is financed by the Czech Science 

Foundation 

References 

[1] B. Huang, et al., Nature 546 (2017), 270  

[2]  L. M. Sandratskii and K. Carva, Phys. Rev. B 103 (2021), 214451 

[3]  K. Yang, F. Fan, H. Wang, D.I. Khomskii, H. Wu , Phys. Rev. B 101, 100402 (2020). 

[4]  D. Hovančík et al., Nano Lett. 23 (2023) 1175 

[5]  D. Hovančík et al., J. Phys. Chem. Lett. 13 (2022) 11095  

 



 
SYMPOSIUM 06. POSTERS 

Atomistic Spin Simulation of Magnon Dispersion Relations  

and Spin Transport in CrI3 
Verena Brehm1*, Pawel Sobieszczyk 2 , Richard F.L. Evans3, Elton J. G. Santos4 and Alireza Qaiumzadeh1 

1 QuSpin, NTNU Trondheim, Norway 
2Institute of Nuclear Physics, Polish Academy of Sciences, Krakow, Poland 

3Department of Physics, University of York,, UK 
4Institute for Condensed Matter Physics and Complex Systems, The University of Edinburgh, UK 

 

*verena.j.brehm@ ntnu.no 

 

As a prominent example of a two-dimensional (2D) van der Waals (vdW) magnet, CrI3 has been studied 

intensively since its isolation in 2017 [1]. While there is a general consent that this 2D material is a non-

Heisenberg compound holding different types of spin interactions (e.g., biquadratic exchange or Kitaev 

interactions), the exact nature of its magnetic character is still unclear. The opening of a band gap at the Dirac 

point of the magnon dispersion indicates topological features explained via a variety of models [2,3]. Some 

groups contribute this topological gap to Kitaev interactions [4], while others assume Dzyaloshinskii–Moriya 

interactions  (DMIs) are the main cause [5].  

 

We simulate the magnon dispersion relation, topological edge modes and spin tranport of CrI3 via atomistic 

spin dynamics methods [6] recently implemented in the Vampire code [7]. We consider a general spin 

Hamiltonian consisting of an isotropic Heisenberg exchange interaction, a DMI, a single ion magnetic 

anisotropy, and a biquadratic exchange. We study the system under different temperatures, magnetic fields, 

and sample orientations. We conclude that by changing the direction of the external magnetic field, we unveil 

the role of DMI and Kitaev interactions in the model. 
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We use first-principles calculations to analyze the electronic, magnetic and transport properties of rare-earth 

dichalcogenides, with a monolayer of the H-phase EuX2 and GdX2  (X=S, Se, Te) taken as a representative [1]. 

We find that all H-phase of the EuX2 and GdX2 monolayer possess very high magnetic moments and wide 

bandgaps. Additionally, these systems display very large anomalous Hall conductivity (AHC), spin Hall 

conductivity (SHC), and orbital Hall conductivity (OHC). Moreover, we observe that the application of biaxial 

strain can significantly modify the electronic structure of these systems, leading to a significant enhancement 

of the associated Hall conductivities at the Fermi surface.  Our results suggest that rare-earth dichalcogenides 

are a promising platform for topological spin-orbitronics.  
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The  recent  emergence  of  magnetic  van  der  Waals  (vdW)  materials  allows  for  the investigation  of  

current-induced  magnetization  manipulation  in  two-dimensional  (2D) spintronic  devices  with high-quality  

interfaces that  do  not  rely  on lattice matching [1],[2]. Magnetic vdW materials with strong spin-orbit torques 

are potentially very apt for current-induced magnetization manipulation, thus presenting themselves as 

effective building blocks for next-generation fast and low power spintronic devices [3]. In this family, the 

ferromagnetic metallic Fe3GeTe2 is a particularly interesting 2D  magnetic  material  with  a  high  Curie 

temperature (TC∼220 K) [4],[5]. It has a centrosymmetric crystalline structure that allows for monolayer spin-

orbit torques (SOTs) [6]. A site preference of Fe vacancies has been reported [6] and this leads to a non-

centrosymmetric lattice, which enables bulk SOTs [7]. 

In this work the SOTs were mapped out as a function of the in-plane magnetic moment angle, ϕ, using 

harmonic analysis [8]. We compare the experimental results to the theoretical expression from Johansen et al. 

[6] obtained by symmetry analysis and find a good agreement. We additionally extend our analysis with first 

principles calculations to gain a more fundamental insight into the underlying electronic structure. From the 

comparison between the experimental data and the theory we are able to determine the crystallographic 

orientation of the flake. We then subsequently address the deviations from theory by analyzing the dependence 

on current density and temperature. Our findings present a comprehensive scan of the transport properties of 

this material, bringing us closer to its use in next-generation spintronic devices.  
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The quantum anomalous Hall (QAH) effect was experimentally realized in (Bi,Sb)2Te3 epitaxial films doped 

by Cr [1]. As an alternative to magnetic doping, stoichiometric magnetic topological insulators have been 

considered. Mn doping leads to the formation of a natural heterostructure comprising quintuple Bi2Te3 and 

septuple MnBi2Te4 layers in which the magnetic gap can be directly observed spectroscopically [2-5]. 

Recently, a nearly quantized anomalous Hall effect has been observed up to 7 K for a MnBi2Te4/Bi2Te3 

heterostructure [6]. While pure MnBi2Te4 is antiferromagnetic, the coupling between the septuple layers of 

MnSb2Te4 becomes ferromagnetic in polycrystalline samples [7] and in epitaxial films [8]. A slight Mn 

enrichment has been identified as the reason for this coupling as well as for the comparatively high Curie 

temperature TC of 50 K reached in this system [8]. 

In order to enhance TC and possibly the operating temperature of the QAH effect, magnetic topological 

insulators have been proximity magnetized by ferromagnetic insulators. Cr-doped Sb2Te3 can introduce long-

range magnetic order in Dy-doped Bi2Te3 up to 17 K [9]. In multilayers of this system, also the TC of the Cr-

doped Sb2Te3 was found to be increased by 60 K due to the magnetic proximity [10]. The ferrimagnetic 

insulator Y3Fe5O12 provides a high TC of ~550 K and out-of-plane anisotropy. It has been used for proximity 

magnetization of Cr-doped Bi2Se3 which reached a TC of ~50 K, enhanced from a maximum TC of the 

topological insulator film of about 20 K [11]. 

Films of the ferrimagenetic insulator barium hexaferrite (BaFe12O19) have a large magnetocrystalline 

anisotropy and an effective perpendicular anisotropy field of about 22 kOe. A charge current in Bi2Se3 can 

switch the magnetization in an adjacent BaFe12O19 film [12]. In the present work, we investigate the proximity 

magnetization of MnSb2Te4 by BaFe12O19. We demonstrate by x-ray magnetic circular dichroism for 2 septuple 

layers (SL) a strong proximity magnetization at low temperature which persists at room temperature. The 

magnetic coupling is antiparallel. Data for 4 SL allow to determine the spacial extent of the proximity coupling. 

The results will be compared to density functional theory calculations. 
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MnBi2Te4 is a unique material with non-trivial topological insulator properties and potential applications in 

spintronics, quantum computing, and other related fields. A combination of theoretical and experimental 

investigations has revealed that it exhibits several interesting electronic, magnetic, and transport properties. 

Using the density functional theory (DFT), we investigated the electronic band structure and magnetic 

properties of bulk and surface states of MnBi2Te4. The results reveal that the material is a topological insulator 

with a significant bandgap of 0.57 eV in the bulk, and 0.1 eV in the Dirac points at the surface -- with and 

without spin-orbit coupling. The electronic structure exhibits a Dirac cone-like dispersion, with the Fermi level 

crossing the Dirac points. Moreover, the metallic surface states appear at the Dirac 𝛤  point, which is in good 

agreement with the pervious results [1-3].  

The magnetic properties of MnBi2Te4 arise from the coupling between the magnetic moments of Mn atoms 

and the non-magnetic Bi2Te4 layers. This material exhibits a high magnetic anisotropy, with the easy-axis along 

the c-axis. The Curie temperature of MnBi2Te4 has been reported to be around 20 K, which is relatively low 

compared to other magnetic materials [4]. 

Transport properties of MnBi2Te4 have also been investigated experimentally, and theoretical calculations 

have provided insights into the mechanism of transport in this material. It has been shown that the electrical 

conductivity of MnBi2Te4 is highly anisotropic, with the conductivity along the c-axis much higher than that 

in the ab-plane. This anisotropy is attributed to the layered structure of the material and strong coupling between 

the Mn atoms and the Bi2Te4 layers. In addition, the application of an electric field to MnBi2Te4 has been found 

to induce a bandgap splitting in the electronic structure. This effect can be utilized in the design of spin-FETs 

and other spin-based devices [5]. 

However, the growth of high-quality MnBi2Te4 thin films and the optimization of their properties remain 

challenging tasks. Various methods, such as molecular beam epitaxy and pulsed laser deposition, have been 

employed to fabricate MnBi2Te4 thin films, but further research is needed to improve the quality and to 

optimize the growth conditions. 
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The discovery of unexpected phase transitions in magic angle bilayer graphene led to further investigation of 

angle-dependent properties of two-dimensional materials. The development of van-der-Waals structure 

engineering and advanced modelling of various proximity effects in multilayer  hybrid  structures (that may 

include TMDCs and graphene) allowed us to explore the dependence of proximity-induced spin-orbit coupling 

on angle in the case of graphene deposited on  transition metal dichalcogenides.  

We  will  present    a    theoretical    study    of  topological transport   properties of  twisted graphene on MoS2, 

WS2, MoSe2, and WSe2  based  on  an  effective  modelled  Hamiltonian  derived  from  symmetry 

considerations and DFT study [1]. We analyse among others behaviour of Berry curvature as a function of 

angle and characteristic parameters defining the Hamiltonian and discuss possible phase transitions of proposed 

heterostructures. Moreover, we present detailed characteristics of intrinsic anomalous, spin and valley Hall 

effects [2] that may appear in specific phases. 
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Two-dimensional electron systems, like surface states in a topological insulator, may play an important role 

in future low-dimensional spintronics, nano-electronics, and information technology. The importance of these 

materials results mainly from their unique electronic properties that open new possibilities for various quntum 

phanomena [1]. 

In this presentation we will show our results on transport properties (eg., anomalous Hall effect) in a thin 

film of a topological insulator sandwiched between two ferromagnetic layers. This configuration enables the 

control of proximity-induced magnetisation of the surface states and, therefore, control of changes in transport 

characteristics when the magnetisations of the two layers vary between ferro- and antiferromagnetic alignment.  

Additionally, we analyse the dependence of transport properties on the hybridisation of the surface states 

localised at the two surfaces, which appears when the layer of a topological insulator is sufficiently thin. The 

transport characteristics are determined in the framework of the  Kubo formula. Moreover, we have also found 

Berry curvature and topological invariants. 
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Chemically ordered fct (L10) alloys belong to a class of materials whose peculiarity relies in the strict 

correlation between the atomic arrangement in the lattice and the resulting chemical and physical properties. 

As an examples, many applications of magnetic materials are based on the use of L10 equiatomic alloys (FePt, 

CoPt, FeNi, MnAl, MnPt) consisting of planes of pure atoms alternating along the c-axis of the face centered 

tetragonal (fct) unit cell. The higher the chemical order, the better the material performance. 

Standard synthesis approaches are usually based on finding suitable conditions to favor a structural 

transition from the disordered phase (A1) to the ordered one (L10). However, in the last years innovative 

strategies have been proposed, aimed at promoting the order under increasingly mild conditions.  

Among the successful approaches, an effective, single-step, easily scaled-up synthesis route, called Pre-

ordered Precursor Reduction (PPR), exploits the intrinsic natural order of crystalline precursor salts resembling 

the alternate structure of the ordered alloy, to synthesize highly-ordered L10 nanoparticles by low-temperature 

treatment in reductive atmosphere [1].  

A recent study allowed at highlighting, for the first time, the elemental and structural evolution during the 

PPR process thanks to a comprehensive in-situ X-ray Abosrption Spectroscopy analysis applied during the 

treatment on three different precursor compounds. Although not fully retained for all the investigated systems, 

the high atomic order naturally occurring in the initial precursor salt, is considered as a fundamental driving 

force to kinetically favor the formation of the ordered phase. For this reason, the PPR method is a potential 

synthesis approach that can be further extended, by properly selecting the precursor salt, to the synthesis under 

milder conditions than traditional thermal treatments of many other binary and ternary alloys, where the 

chemical order represents an indispensable property of the materials, as in the case of the L10-FeNi, L10-MnAl 

and L10-MnPt magnetic systems, which are of great interest for many applications including permanent 

magnets and spintronic devices. 

 

 
Figure: Sketch of the Pre-ordered Precursor 

Reduction Strategy for the synthesis of L10 MePt 

nanoparticles 
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Future technologies ranging from catalysis to spintronics and energy applications will depend on the 

functionalization of nanoparticle systems with tailored properties [1]. For this purpose, predicting and 

controlling the properties of nanoparticles is crucial. Immense progress in this area has been made possible by 

a better understanding of the role of particle size, shape, structure, and the interactions between the 

nanoparticles and the substrate. This knowledge has been achieved by significant developments in 

characterization techniques that enable one to probe the properties of individual nanoparticles down to the 

atomic scale.   

In this contribution, we will present our recent investigations on 3d transition metal and metal oxide 

nanoparticles that take advantage of the unique capabilities of soft x-ray spectromicroscopy combined with 

high resolution structural characterization to directly correlate magnetic, electronic and structural properties of 

individual nanoparticles. Using this approach, we have demonstrated that ferromagnetically ordered pure iron 

and cobalt nanoparticles can coexist in different states with distinct magnetic properties irrespective of their 

size, showing that simple scaling laws cannot predict the magnetic properties of these particles [2,3]. We have 

further studied the manipulation of these magnetic states in individual nanoparticles by means of single 

femtosecond laser pulse excitation [4]. In in situ experiments, we have further investigated the chemical 

reaction of individual cobalt nanoparticles with molecular oxygen and found that the early stage of oxidation 

occurs through the nucleation and growth of small oxide crystallites across the nanoparticle surface instead of 

the anticipated growth of a uniform oxide shell. This oxidation mechanism has implications for their chemical 

reactivity and the microstructural properties determining magnetic phenomena such as the exchange bias and 

for their application as nano-catalysts and in spintronics [5]. Finally, we will present new results on the 

magnetic structure in antiferromagnetically ordered 3d transition metal oxide nanoparticles by employing a 

recently developed soft x-ray ptychography microscope. Our results provide an important benchmark for an 

improved understanding of the chemical, electronic, and magnetic properties of nanoparticles.  
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Magnetic nanoparticles (MNPs), especially those composed of iron oxides, have multitude of biomedical 

uses, such as contrast agents for Magnetic Resonance Imaging (MRI), drug delivery systems, and heat 

mediators for cancer treatment through magnetic hyperthermia. However, there is a need for techniques that 

can monitor the changes MNPs undergo during synthesis of these magnetic materials and after their 

administration in biological systems. 

One powerful technique for characterizing MNPs is measuring the temperature dependence of the 

alternating current (AC) magnetic susceptibility. This method can track the transformations of MNPs and detect 

even small variations in parameters such as size, composition, or aggregation, which strongly affect the 

magnetic properties of the materials. AC magnetic susceptibility can thus be used to study different scenarios 

of MNP transformations, such as size variations during synthesis, aggregation effects, and degradation 

processes in biological environments. 

Several series of samples characterized by AC magnetic susceptibility in which a single parameter 

(composition, size or aggregation) has been modified will be presented including: i) The synthesis of iron 

oxides with different sizes achieved using proteins as templates [1], ii) The effect of the aggregation in agar, 

cell and tissue samples [2], iii) The effect of Mn doping in magnetite nanoparticles critical to tune the contrast 

produced by these materials in the frame of MRI analysis [3] and iv) The degradation of nanoparticles in tissue 

samples and the formation of ferritin, the iron storage protein, over a period of 15 months [4]. 

Results from the characterization of all these series have allowed us to gain understanding on how these 

relevant parameters affect the magnetic properties of the nanoparticles and its impact in different biomedical 

applications. 
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Figure: AC magnetic susceptibility measurements can be used to track changes in size, degree of dipolar interactions or composition 

in systems where magnetic nanoparticles evolve over time. 
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Directed self-assembly of magnetic nanoparticles (NPs) using external fields is an efficient strategy for 

producing magnetic nanostructures. Recently, the generation of magnetic structures through the self-assembly 

of charged gas-phase particles using spark ablation has opened the way for further developments in this field 

[1]. In this method, the generation of nanostructures starts with the production of magnetic NPs in the gas phase 

as opposed to conventional chemical methods. For this, repetitive sparks between two metallic electrodes 

evaporate materials under an inert carrier gas flow. The metallic vapor nucleates and condensates to form 

agglomerates which are then compacted and size selected before being guided onto any substrate of choice. 

The resulting NPs have a transition-metal ratio almost identical to the seed material, allowing the nanoscale 

composition to be tuned by the composition of the electrodes [2]. To self-assemble the aerosol nanoparticles, 

an electric field is used to attract the charged particles to the substrate surface, and a magnetic field is utilized 

to arrange the incoming NPs into nanochains (NCs) via dipole-dipole interaction.  

By this approach, a set of different nanostructures can be easily made as bundles, NCs, and nanowires (NWs) 

shown in Fig.1(a). The presented method provides a template-free, bottom-up technique for generating 1D 

magnetic nanostructures, which can be further developed into 2D and 3D structures. It is demonstrated that the 

composition of the produced structures can be tuned by forming alloys or segmented structures, as shown in 

Fig.1(b). Moreover, the 1D structures can be deposited onto most substrates, thus allowing for the direct 

integration of the NCs into devices, herein demonstrated by fabricating magnetoresistive devices.  

In this work, we demonstrate the magnetic properties of single-component Co NCs and NWs as well as 

alloyed FeCo NCs and NWs, together with multi-component bundles, through magnetization study using 

SQUID magnetometry, X-ray microscopy and magnetotransport. The results are also complemented by 

micromagnetic simulations to further evaluate the magnetization reversal in the structures. For both Co and 

FeCo, the results show the introduction of a substantial magnetic shape anisotropy resulting in a ≈100% 

increase in the remanent magnetization when depositing the particles under an external magnetic field. 

Moreover, the transformation of NCs into NWs by post-annealing leads to a ≈50% increase in coercivity. On 

the other hand, single-NC X-ray microscopy (STXM-XMCD method) results, together with the simulations, 

suggest that the magnetocrystalline anisotropy of the particles and also local variations in the geometry of the 

system affect the magnetic equilibrium states (Fig.1(c)). Furthermore, magnetotransport measurements of the 

fabricated devices present a clear correlation between the electrical resistance and the magnetic states of the 

chains observed from the microscopy results and simulations, Fig.1(d). 
Fig.1: a) assembly of Co nanoparticles under no external magnetic field, nanochains 

produced under an in-plane magnetic field, and nanowires generated by the post-annealing 

of nanochains. b) tuning the composition of the structures by alloying and multi-component 

segmented structures, c) X-ray microscopy and domain formation studies in single 

nanochains, d) magnetoresistive device fabricated by direct integration of particles, 

together with the magnetotransport results.  
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Metal alloys with high magnetic permeability offer a wide range of applications in technology, such as 

electromagnetic shielding or energy storage. Down to the nanoscale, the number of applications of this type of 

materials grows exponentially, enabling magnetic inks for 3D direct printing, more capable catalysts, magnetic 

hyperthermia agents, or tags for cell labelling. The higher the permeability, the greater the response of the 

material to an applied magnetic field, being more effective. This would allow to reduce the amount of material 

that is required for a particular application. Metal alloys have difficulties in biological environments as a result 

of strong oxidising conditions. Some ways to solve this problem are to coat metals with different materials 

such as silica, organic polymers or even graphene to create a protective layer against oxidation [1,2]. 

We present a method to obtain oxidation resistant NixFe1-xAy (A = other transition metals) permalloys 

nanoclusters that feature high permeability and saturation magnetisation [3]. This protection is given by the 

1,12-dodecanediol, which coats NixFe1-xAy nanoclusters and precludes corrosion due to its reducing character. 

The microwave reactor-assisted synthesis method consists of a 10-minute single step method in aqueous media, 

where the stoichiometry of the metal nanoparticles can be controlled by changing metal precursors. 

Figure1 a) Hysteresis loops at 300 K of samples 

with 0, 5, 15, 20 and 25% Fe content. b) Variation of 

the experimental atomic magnetic moment (MNiFe) 

values with the Fe content in the NixFe1-

x nanoclusters (red circles) and as described by the 

theoretical Slater-Pauling. 
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The most magnetic transition metal material currently available for applications is the alloy Fe67Co33 and 

this has been available since about 1912. A few years ago, it was demonstrated [1] and verified recently[2] that 

magnetic materials produced by co-depositing size-selected nanoparticles of Fe or Co with diameters around 

2nm and an atomic vapour of the opposite material on a substrate have a magnetisation that is higher than 

conventional FeCo alloys with the same composition (see Fig. 1).  This is the case until the nanoparticle volume 

fraction reaches the percolation threshold. For Co nanoparticles deposited with Fe matrices, that is at the Fe-

rich end, the magnetisation reaches values higher (up to 3µB/atom) than the top of the conventional alloy 

magnetisation vs. composition curve (2.45  µB/atom), the so-called Slater-Pauling limit. This limit, which has 

been in place for over a century, has represented a limit to performance in a number of applications, including 

electric machines and magnetic recording. 

Following comprehensive studies by X-Ray Magnetic Circular Dichroism (XMCD), Extended X-Ray 

Absorption Fine Structure (EXAFS) and Transmission Electron Microscopy (TEM) it is now possible to have 

a clear understanding of why this material has such a high saturation magnetisation. The talk will present the 

latest results, how to optimise the magnetisation further and ideas for scaling up the production of the films for 

industrial applications. 
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Flexible hybrid functional materials are attracting an increasing interest due to their technological potential 

[1]. In particular, these systems could display novel features, resulting from the combination, for instance, of 

electrical and magnetic properties, as often found in hard metallic materials, with stretchability and 

deformability typical of soft materials. Regarding the latters, silk is a remarkable soft material as, thanks to its 

excellent mechanical properties, it can be used in composites to provide compliance, stretchability and  

strength. 

In this contribution, an original hybrid material is presented, consisting of spider silk threads coated with a 

metallic and magnetostrictive FeCo alloy [2]. The 100nm-thick FeCo layer was deposited using a dc magnetron 

sputtering apparatus, in Ar atmosphere. The durability and the homogeneity of the obtained fibers are validated, 

as well as the good mechanical properties. Due to the metallic coating, hybrid threads are electrically 

conductive, showing a ohmic behaviour; the resistance, even under strain, is of the order of ~ 10 kΩ. 

The magnetic study, carried out by SQUID and MOKE magnetometry and Magnetic Force Microscopy, 

reveals that the magnetic behavior of the hybrid system is ruled by the silk thread–FeCo layer interaction, 

especially under mechanical stress. In fact, the application of a tensile strain to the thread changes the magnetic 

response, which therefore can be exploited to reveal the tensional state of the sample itself. In conclusion, the 

created hybrid system represents a solid proof of concept demonstrating the possibility of functionalizing spider 

silk and thus imparting electrical conductivity and stress-sensitive magnetic properties to this attractive base 

material. The obtained results pave the way to foreseen applications in flexible electronics and magnetic 

actuation.  
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Figure: schematic of the sample preparation. a) The silk samples were collected from dragline threads naturally spun by the spider 

(Cupiennius salei). b) Scanning electron microscopy image of the native silk thread. c) The samples, mounted on a paper frame, were 

inserted in a dc magnetron sputtering apparatus and coated homogeneously with a 100nm-thick FeCo layer, as depicted in d).
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Magnetocaloric refrigeration has the potential to replace compress gas-based refrigeration systems due to 

its higher energy efficiency and lower environmental impact. However, a prominent magnetocaloric effect is 

typically witnessed in materials containing rare and expensive elements. To reduce the amount of quantities 

required, the use of these materials in miniaturized applications such as magnetic microcoolers, thermal 

sensors, magnetic micropumps and actuators can be a feasible route.  

Among magnetocaloric materials, near-to-equiatomic FeRh alloy is known to exhibit the largest 

magnetocaloric effect at the first order antiferromagnetic-ferromagnetic (AFM-FM) phase transition. In this 

contribution, it is proposed a stepwise process route to generate magnetocaloric FeRh microstructures from an 

equiatomic FeRh target. First, paramagnetic, near-to-equimolar FeRh nanoparticles were generated by ps-

pulsed laser ablation of FeRh target in ethanol.[1] The nanoparticles were transformed into a 1. wt% ink, 

dispersed on PVP-coated glass substrates and patterned using a continuous wave laser (Fig. 1a). 

Continuous wave direct writing leads to the sintering of the deposited nanoparticles into micrometric 

structures and simultaneously promotes the γ- to B2 FeRh phase transition required to achieve the FeRh 

magnetocaloric response. The partial (52%) phase transformation from γ- to B2-FeRh is achieved at the laser 

fluence of 242 J/cm2, leading to an increase in magnetization of 35 Am2/kg due to the field induced AFM-FM 

transition (Fig. 1b). Laser sintering has shown a sixfold increase in magnetization during the AFM-FM phase 

transition compared to furnace annealed FeRh ink [2]. Finally, 2D magnetocaloric custom structures were 

created, showing this route as a promising approach for fabricating micrometric cooling structures for 

miniaturized applications (Fig. 1c). 

 

 
 

Figure 1: (a) Sintering by 532 nm continuous wave laser and a microscope objective (10X) providing the 

micrometric resolution required. (b) Magnetization of FeRh nanoparticles at a laser fluence of 246 J/cm2 

measured at 0 to 9 T at 150 up to 400 K across the AFM-to-FM phase transition. (c) Depiction of the custom 

structures produced through laser processing at a laser fluence of 246 J/cm². 
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Synthetic antiferromagnetic nanoplatelets (SAF NPs) with perpendicular magnetic anisotropy (PMA) are 

promising candidates for nano-torque-related applications [1].  To manipulate the NPs, a good understanding 

of the homogeneity in magnetic and structural properties is required. Most techniques measure these properties 

based on ensemble techniques [2], however, an efficient and easy magnetic characterization technique on single 

particle level, down to the nanometer range, is currently lacking. 

Here, we present a novel characterization method based on photothermal magnetic circular dichroism (PT 

MCD), which measures the differential absorption of left and right circularly polarized light of an individual 

magnetic nanoparticle via to the polar Kerr effect [3]. This method allows us to address the spatial and temporal 

heterogeneity of the NPs at the single-particle level. We show that via PT MCD, we can measure the hysteresis 

loop on a single 120 nm diameter SAF NP (see Fig 1b). The loop exhibits the antiferromagnetic state at a zero 

applied field and a sharp magnetization switch at a large field which is comparable to the literature [4]. The 

statistics of the switching fields of 32 NPs are shown in Fig 1c where a difference in the distribution is observed 

for the BH and BL switch (see fig 1b for definition), which we attribute to a change in the dominant magnetic 

reversal mechanism of the NPs [5]. 

In this talk, we will discuss the PT MCD method, compare the results with conventional, ensemble-based 

SQUID magnetometry and present the statistics of individual SAF NP switching. Our results will pave the way 

to a deeper understanding of torque based applications using PMA-SAF NPs and introduce the PT MCD 

method to the magnetic-nanoparticle community.   

Fig 1. (a) SEM image of NPs used in the work. The insert shows the thin film stack. (b). Hysteresis loop on a single NP measured 

by PT MCD with the field applied along the out-of-plan direction. (Inset) Schematic representation of orientations of the 

magnetization of the two CoFeB layers. BH and BL are indicated by the arrows. (c) Histograms of the switching fields of 32 NPs 

measured by PT MCD. Blue: negative BH; cyan: negative BL; red: positive BH; magenta: positive BL. 
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The crystal site occupancy of different divalent ions and the induction of lattice defects (vacancies, dislocations, 

stacking faults and antiphase boundaries) represent an additional tool for modifying the intrinsic magnetic 

properties (e.g. high coercive field and/or exchange bias) of spinel ferrites nanoparticles.1 An efficient strategy 

to introduce defects into the ferrite spinel lattice is the controlled oxidation of core@shell AFM@F(i)M Fe1-

xO@Fe3O4 NPs. Interestingly, with this approach also defected cobalt ferrite with very large exchange bias are 

obtained. However, the final NPs displaied a magnetic behaviour strongly affected by the contribution of the 

antiferromagnetic component, due to the formation of a large magnetic disorder spinel ferrite sub-domains.2 A 

possible strategy to overcome the drawback is to add, to the defected cobalt ferrite, a second divalent cation 

able to restore the magnetic order while retaining the lattice defects. Here we present an investigation aimed to 

rationalize the effect of Co(II) and Ni(II) on the lattice defects induced in spinel ferrite NPs by solvent mediated 

mild oxidation of AFM@FiM precursors, and on how they affect the magnetic properties. 20 nm core@shell 

Fe0.95O@Fe3O4, Co0.3Fe0.7O@Co0.8Fe2.2O4 and Ni0.17Co0.21Fe0.62O@Ni0.4Co0.3Fe2.3O4 NPs synthetized by 

thermal decomposition method,3 were oxidized to the single phase nanocrystals. As a result, the core@shell 

morphology is removed and transformed in a spinel-like nanoparticle, through a topotactic transformation. In 

addition, the appearance of crystal defects and antiphase boundaries improves the magnetic properties of the 

starting compounds and leads to the appearance of exchange bias at room temperature.  
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FeO/Fe3O4 core/shell nanoparticles are a subject of considerable current interest both due to their appealing 

magnetic properties (e.g., tunable exchange bias or the presence of both a Néel and a Verwey transitions) and 

their potential applications (e.g., magnetic hyperthermia, magnetic bioassays, microwave absorbers, anode 

materials for Li-ion batteries, or solar hydrogen production via water splitting). In FeO/Fe3O4 core/shell 

nanoparticles both core and shell exhibit magnetic properties, hence, not only is the structural/morphological 

interface important but also the magnetic arrangement at the interface can play a crucial role in the properties 

and performance of the nanoparticles. In this work we have revealed two important features to understand the 

magnetic properties of bimagnetic FeO/Fe3O4 core/shell nanoparticles: i) the temporal evolution over four 

years of the oxidation front which leads to a final onion-like structure with a graded composition[1] and ii) the 

concomitant appearance of a graded magnetic structure[2]. We have demonstrated that the oxidation process 

reaches to a ‘stand-by’ state owing to the passivation character of the Fe3O4 shell and that the magnetic moment 

being largest at the surface decreases towards the inner part of the nanoparticle. The elucidation of these results 

has been addressed by a careful multicharacterization approach based on X-ray diffraction (Whole Powder 

Pattern Modeling-WPPM, Rietveld refinement, Pair Distribution Function-PDF), Electron Energy Loss 

Spectroscopy (EELS) and electron Magnetic Circular Dichroism (e-MCD) techniques. Finally, we have also 

unveiled that for the FexOy/Fe3O4 nanoparticulated system, for small nanoparticles (9 nm) the FexOy core is 

highly non-stoichiometric and strained leading to the loss of its internal magnetic structure, namely, to the 

antiferromagnetic behaviour.  
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Magnetic nanoparticles and magnetic microbeads are widely used in biomedical applications. Current 

research mainly focuses on the properties of magnetic micro- and nanoparticle ensembles as macroscopic 

samples, and the view of their magnetic properties on a microscopic scale is largely hidden in the ensemble 

averages. However, local information of single or few numbered magnetic entities, e.g. in cellular 

environments, will benefit the further optimization of their performance. 

The traditional approach for high spatial resolution magnetic imaging involves a scanning probe that is 

moved across the sample surface step-by-step. Magnetic fields are then locally quantified by magnetic force 

measurements (MFM), nanoSQUIDs, or a Nitrogen-Vacancy (NV) defect in a diamond lattice on the scanning 

tip. These scanning processes are however delicate, time-

consuming, or destructive, and they are not optimal for time-

critical or technological applications. 

 Widefield magnetic imaging using NV centers in diamond 

allows the simultaneous monitoring of events over wider areas. 

The approach offers a unique compromise between resolution, 

sensitivity, and measurement time allowing for a relatively fast 

(sub-seconds to minutes) magnetic image acquisition with a 

large field of view and diffraction-limited resolution [1]. These 

combined properties make it an ideal measurement setup for the 

time-resolved monitoring of magnetic nano- and microparticles 

in fluids. Our approach to widefield NV-based sensing uses a 

diamond plate containing a near-surface high NV-

concentration layer with a thickness of approximately 300 nm.  

We present magnetic imaging of magnetic microbeads and 

nanoparticles distributed on the surface of the diamond as well 

as suspended in water. Optically detected magnetic resonance 

and longitudinal relaxation contrast imaging is performed, 

revealing information about the local magnetic field and GHz 

magnetic noise amplitudes respectively. Fig.1 shows particle 

clustering visualized by both modalities. Combined with 

conventional optical microscopy, complementary information 

on the position and movement of the particles driven by 

external magnetic field forces as well as the fluid flow is 

obtained. The experiments show the potential of widefield NV 

center microscopy as a real-time magnetic imaging system of 

magnetic micro- and nanoparticles for biomedical and 

microfluidic applications. 
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We will present the potentiality of a simple and desktop AC susceptometer that we have designed and 

developed to monitor easily and in real time the coprecipitation synthesis of magnetic nanoparticles (NPs) 

obtained by aqueous coprecipitation route with both organic and inorganic bases. We will also show the 

paramount impact of rapid mixing by means of pitch-blade impellers into the physical and chemical properties 

of the final NPs. Besides, we will demonstrate that our set-up provide an in situ method to monitor the vital 

stages (nucleation, growth and diffusion) of the growing NPs by recording properly the in-phase and out-of-

phase curves of the reaction mixture.  

Our work put on view the potentiality of our AC susceptometer to explore and predict in situ and in less 

than 30 min the quality of the NPs (polydispersity, magnetic response, superparamagnetic character, etc) as 

time dependent in-phase and out-of-phase signals are fingerprints of the synthesized NPs. Therefore, this set-

up might avoid long-term physicochemical characterizations usually done after NPs’ synthesis.  
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Nowadays, magnetic nanoparticles (MNPs) are active agents in a broad range of research lines and biomedical 

applications, such as hyperthermia, drug delivery, imaging, or diagnosis. The latest application benefits from 

the variation of colloidal and magnetic features, after biomolecular recognition in liquids between target 

proteins and recognition ligands, which are present in bioconjugated MNPs (b-MNPs). AC magnetometry has 

shown to be a quick, reliable, and accurate technique to display variations of MNP magnetic relaxation 

processes, when proteins are attached onto MNP surface. Conformational changes of proteins alter their 

diffusion in liquids, altering MNP Brownian motion in liquids, which strongly influence AC magnetization 

cycles.  

In this work, we report on the transduction potential of cobalt ferrite MNPs to detect protein conformational 

changes, based on variations of dynamic magnetization cycles in a field frequency range from 10 up to 100 

kHz, for field intensities up to 24 kA/m. We studied two protein families covalently bonded onto commercial 

cobalt ferrite MNPs, with different chemical affinity and molecular mass. Proteins undergo conformational 

changes when exposed to temperature or denaturing agents (guanidine hydrochloride or urea) as corroborated 

by standard techniques (i.e. circular dichroism). Consequently, protein unfolding leads to conformational 

changes resulting in variation of MNP diffusion coefficient, quantified by nanoparticle tracking analysis and 

variations of the AC hysteresis area. The comparison of AC hysteresis area values, obtained from distinct 

controls subjected to similar denaturing conditions, allows probing reversible and irreversible changes 

depending on the employed denaturation method 

(temperature or chemical agents), in agreement with 

circular dichroism. This novel magnetic methodology 

is sensitive to protein conformational changes 

depending on their molecular mass, and affinity, 

requiring 20-fold less protein mass and providing quick 

and more accurate results (errors < 1%) than circular 

dichroism. Indeed, AC magnetometry has a novel 

technological biosensing potential beyond its use as a 

magnetic characterization technique. 

Figure: Normalized AC hysteresis area values 

obtained from different samples at 30 kHz & 24 kA/m 

at different temperatures. 
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Magnetic components for power-electronics such as inductors and transformers are difficult to further 

miniaturize due to losses/heating in magnetic materials [1]. The reason is that miniaturized magnetic 

components operate at higher frequencies and magnetic losses generally increase strongly with increasing 

frequency [1]. Commercial high-frequency magnetic materials, e.g. Mn-Zn-ferrites, only offer acceptable 

losses below 1-2 MHz [2]. Nanocomposites, compromised of magnetic nanoparticles in a solid non-conducting 

matrix, have the potential to overcome this limitation by maintaining losses at an acceptable level above the 10 

MHz range [3].  

We have established a framework to guide the design and fabrication 

of magnetic devices containing magnetic single domain particles 

embedded in polymer materials. Theoretic and simulated results on DC 

and AC-susceptibility of dispersed superparamagnetic particles suggest 

that such systems may be usable as inductor core material in the MHz 

operation regime. This follows from the combination constant 

susceptibility in the MHz regime and moderate hysteresis losses, as 

illustrated by the in-phase and out-of-phase AC-susceptibility plot 

shown in Fig. 1. Based on the predictions and preliminary validating 

experiments, we present here a parameter-space overview of particle 

characteristics promising for micro-inductor cores used in power-

converters. We focus on a minimal set of parameters; particle material, 

size, shape, and arrangement of particles to evaluate magnetic 

susceptibility and losses. 

Our theoretical and experimental results show that composites of 

certain superparamagnetic particles, embedded in a polymer matrix, are 

promising candidates for micro-inductor cores operating in the MHz range. The proposed materials offer high 

fabrication flexibility and enables tuning of magnetic susceptibility to fit inductor design optimum, allowing 

improved power-electronic efficiency. 
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Figure 1: Calculation of dynamic 

susceptibility for randomly oriented 

15±1 nm iron oxide particles. 
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Modelling of magnetic nanoparticle (MNP) dynamics is an active area of research, which is crucial for understanding 

aggregation and hysteresis behaviour at the nanoscale. However there are a number of subtleties in the conservation laws 

for MNP systems, which complicates model development and analysis. For instance it was recently found using angular 

momentum conservation for a single MNP that coupling between mechanical- and moment rotation leads to an extra term 

in the conventional LLG equation [1]. 

We have developed and implemented a general Langevin Dynamics model of interacting MNPs in liquid suspension 

at finite temperature.  We further derived explicit formulas for the transfer of energy, linear- and angular momentum 

between the MNPs and to/from the environment.  We demonstrate by numerical tests that all conserved quantities are 

fully accounted for, thus validating the model and the transfer expressions. Our work may be regarded as a generalisation 

of Ref. [2] to multiple particles at finite temperature, or a generalisation of Ref. [3] to include mechanical motion. 

In addition to model development  and verification,  tracking the transfer of conserved  quantities  gives new 

insight on the physical system.   Typically,  energy dissipation is determined  by the area of a hysteresis curve, however 

this is only possible for periodically driven systems in steady-state.  Using our formulas, one can calculate the 

instantaneous power at each MNP and decompose into different loss channels.  In particular magnetic losses from Gilbert 

damping heats the MNP itself, while mechanical losses from viscous damping heats the surrounding fluid.  This gives 

a detailed, local perspective, applicable to non-equilibrium dynamics, which we demonstrate by analysing MNP 

collisions with and without an alternating, applied magnetic field. An example simulation is shown in Fig. 1. 

 

 
Figure 1: Simulation of 2, R =  10 nm, iron oxide MNPs at zero temperature, subject to a B  =  40 mT sine-field oscillating 

at 1 MHz.  Left : Snapshots of configuration.  Arrows for moments.  Anisotropy axes are perpen- dicular to stripes. 

Right : Gray lines indicate time-coordinates of snapshots. P In is power exchanged between particles and B-field, P Mag 

magnetic losses (Gilbert damping) and P Trans, P rot translational and rotational vis- 

cous losses. Before the collision (orange spike) P in is positive on average, indicating a net energy transfer from field to 

particles. Each green spike corresponds to a moment reversal, which dissipates energy. After colliding, 

the reversals cease and the net energy transfer is approximately 0. 
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Dense systems of magnetic nanoparticles may exhibit dipolar collective behavior. However, two 

fundamental questions remain unsolved: (i) whether the transition temperature may be affected by the particles 

anisotropy or it is essentially determined by the intensity of the interparticle dipolar interactions, and (ii) what 

is the minimum ratio of dipole-dipole interaction (Edd) to nanoparticle anisotropy (KefV) energies necessary to 

crossover from individual to collective behavior. We have studied a series of particle compacts (with packing 

fraction close to the random-close-packing limit) where dipolar interactions are similarly intense, but the 

nanoparticle anisotropy widely varies across the series [1]. This parameter has been tuned through different 

degrees of cobalt-doping in maghemite nanoparticles, resulting in a variation of nearly an order of magnitude. 

All the bare particle assemblies display collective behavior, except the one made with the highest anisotropy 

particles, which presents “marginal” features. Thus, a threshold of KefV/Edd  130 to suppress collective 

behavior is derived, in good agreement with Monte Carlo simulations. This translates into a crossover value of 

1.7 for the easily accessible parameter TMAX(interacting)/TMAX(non-interacting) (temperature ratio of the 

maximum in the temperature dependent zero-field-cooled magnetization of interacting and dilute particle 

systems), which has been successfully tested against the literature to predict the individual-like/collective 

behavior of any given interacting particle assembly comprising relatively uniform particles.  

Secondly, I will show the use of nanoscale-

uniform binary random dense mixtures with 

different proportions of oxide magnetic 

nanoparticles with low/high anisotropy as a 

valuable tool to explore or, rather, define the 

dipolar-collective character of a given magnetic 

property as that resulting in the collapse of the 

individual features into a single one due to strong enough 

interactions (see Figure). Crucially, such collective 

character must, in general, be ascribed to specific 

properties and not to the system [2]. 
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Self-organization of monodisperse nanoparticles into ordered mesostructures is a promising technique for 

exploration of novel functional materials [1,2]. The face-to-face orientation of nanocubes into 

mesocrystals [3-5] gives rise to a variety of arrangements with directionally anisotropic properties [6,7]. In 

response to rising demands for environmentally sustainable materials for Li-ion batteries, mesocrystals of iron 

oxide nanoparticles have been suggested as potential nanostructured electrode materials [8]. The self-assembly 

approach using nanoparticles as building blocks allows for tuning the magnetic and electrochemical behavior 

by variation of the nanoparticle size, morphology, composition, as well as the superlattice structure. In addition, 

iron oxide fulfills the criteria of cost-efficiency, abundance, and durability. Current challenges, however, arise 

from the low electric conductivity of the mesocrystals containing large amounts of organic material.  

In this contribution, we highlight the potential of pyrolysis techniques to tune the magnetic interactions and 

enhance the electrochemical surface activity simultaneously. Pyrolysis transforms the organic ligand shell 

covering the particles while maintaining the overall mesocrystal habit, thus enhancing surface activity as well 

as the conductivity. Grazing-incidence SAXS and macroscopic magnetization measurements provide insights 

into the evolution of structural and magnetic properties as an effect of the pyrolysis conditions. A thorough 

understanding of pyrolysis-induced effects on the magnetic structure and dipolar interactions in iron oxide 

mesocrystals, of the decomposition pathways, and the electrochemical performance of the formed materials is 

crucial to optimize their fabrication and realize novel electrode materials with tailored properties. 
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Interparticle interactions in systems of ferrimagnetic iron oxide nanoparticles are often studied by varying the 

particle concentration from a dilute to a dense regime. In the latter, complex (e.g., collective) behavior is 

commonly explained by interactions of a magnetic dipolar nature [1,2]. Here, we show how interparticle 

interactions can be significantly enhanced within the dense regime by a method involving the compaction of 

magnetic particles whose surfactant shell coating content is  partially removed  in a prior, wet-chemistry-based 

step. We obtain a series of dense assemblies in which the particles (maghemite of 5 nm diameter) go from 

being fully coated (29 % oleic acid, by mass) to increasingly barely coated (down to 8 % ). A modest increase 

in particle packing fraction (a relative increase of up to 70 %) is found along the series from density 

measurements and is also inferred from small-angle x-ray scattering data. Therefore, we expect a proportional, 

similarly moderate, rise in interparticle dipolar interaction strength [3]. In zero field cooled magnetization 

curves, however, we observe a huge enhancement in the peak temperature (by up to 800 % along the series), 

too large to be accounted for by the estimated rise in dipolar strength. Furthermore, at low temperature the 

magnetic field response hardens along the series, with the coercive field following the same trend as various 

interaction indicators. We suggest that superexchange between particles in direct contact, owing to the presence 

of uncoated surface regions, becomes the dominant interaction mechanism, accounting for the hardening and 

driving a collective (superspin glass) transition that emerges along the series. As the OA content decreases, we 

expect the number density of such contact points to increase within an assembly (as an increasingly greater 

fraction of each particle’s surface is left uncoated), leading to an enhancement in the contribution from 

interparticle superexchange to nanoparticle magnetic stability. 
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Magnetic nanoparticles are increasingly employed in biomedical applications such as disease detection and 

tumor treatment. To ensure a safe and efficient operation of these applications, a noninvasive and accurate 

characterization of the particles is required. In this work[1], a magnetic characterization technique is presented 

in which the particles are excited by specific pulsed time-varying magnetic fields. This way, we can selectively 

excite nanoparticles of a given size so that the resulting measurement gives direct information on the size 

distribution without the need for any a priori assumptions or complex postprocessing procedures to decompose 

the measurement signal. This contrasts state-of-the-art magnetic characterization techniques. The possibility to 

selectively excite certain particle types opens up perspectives in “multicolor” particle imaging, where different 

particle types need to be imaged independently within one sample. Moreover, the presented methodology 

allows one to simultaneously determine the size-dependent coercivity of the particles. This is not only a 

valuable structure–property relation from a fundamental point of view, it is also practically relevant to optimize 

applications like magnetic particle hyperthermia. We numerically demonstrate that the novel characterization 

technique can accurately reconstruct several particle size distributions and is able to retrieve the coercivity–

size relation of the particles. The developed technique advances current magnetic nanoparticle characterization 

possibilities and opens up exciting pathways for biomedical applications and particle imaging procedures. 
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Figure: Overview of how the amplitude of an externally applied alternating magnetic field determines how  particles with a) a small 

coercivity b) small and medium, and c) small, medium and large coercivity are aligned with the external field direction. In a second 

step, their size-dependent magnetic relaxation is measured, allowing to determine the relation between the particle size and coercivity.
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The atomic structure of magnetic nanoparticles has been anaysed thoroughly over three decades via X-ray 

diffraction and transmission electron microscopy (TEM). Their magnetic arrangement is much less known in 

detail at a microscopic level although studies using X-ray absorption techniques, Mössbauer spectroscopy and 

neutron diffraction have been largely employed, among others [1]. It is surpising though that the attention to 

magnetic collective excitations (spin waves  magnetic excitons) and crystalline field (CEF) studies is 

practically absent in the community, even if this basic knowledge is connected to potential applications. The 

main reason for this is that the only technique allowing to attain the required information is inelastic neutron 

scattering (INS). The access to this technique is limited, usally focused on single crystal analyses, and requires 

the use of a large mass of nanoparticles (around 10g) to obtain a good signal-to-noise ratio. Such a requirement 

is challenging for the common synthesis routes. Shall the experimental hindrances be overcome, the INS data 

analysis is also depedent on a profound knowledge of complex CEF and collective excitations. These are not 

easy to analyse, despite their crucial interest for condensed matter physics in general [2]. 

Since some years ago we have tackled this problem and started a research line which might be of interest in 

future Magnetism. For this we have selected the RCu2  (approx. 10-20 nm) alloy nanoparticles (R = Rare Earth), 

where a conventional antiferromagnetic order in the core coexists with a surface spin disorder, as revealed by 

macroscopic (DC-magnetisation and AC-susceptibility, specific heat) and microscopic analyses (TEM, X-ray, 

and neutron and small-angle neutron diffraction) [3-6]. Beamtime was granted in both IN4 and IN6 instruments 

located at the Institut Laue-Langevin facility (Grenoble, France) to measure TbCu2 (Tb3+, J = 6) and NdCu2 

(Nd3+, J = 9/2) nanoparticle ensembles. Additional measurements on the non-magnetic Tb0.1Y0.9Cu2 compound 

were performed to distinguish the CEF excitations from the magnetic ones. The analyses of the data, measured 

at both above and below TN (42 and 6 K, respectively) have reavealed in both TbCu2 and NdCu2 the key role 

of the surface in the propagation of collective excitations (spin waves and excitons), as there lower 

dimensionality and the reduced coordination of the surface magnetic moments act in favour of the magnetic 

exchange interactions. An overall appraisal of the results will be given in this communication together to 

figuring out intringuing ideas to unveil the dispersion of magnetic excitations and the connection of these 

ensembles of nanoparticles to systems where the magnetic structures and dynamics are complex [6, 7, 8].  
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Control of magnetization switching is of critical importance for the development of novel technologies 

based on magnetic materials. Here we identify by means of optimal control theory energy-efficient protocols 

for magnetization switching in nanoparticles with uniaxial and biaxial anisotropy [1, 2], see Fig. A. Optimal 

control paths minimizing the energy cost of magnetization reversal are calculated as functions of the switching 

time and materials properties, and used to derive energy-efficient switching pulses of external magnetic field. 

Hard-axis anisotropy reduces the minimum energy cost of magnetization switching due to activation of the 

internal torque in the desired switching direction, see Fig. B. Analytical estimates quantifying this effect are 

obtained based on the perturbation theory. The optimal switching time providing a tradeoff between fast 

switching and energy efficiency is obtained. The energy cost of switching and the energy barrier between the 

stable states can be tuned independently in a biaxial nanomagnet. This provides a solution for the dilemma 

between energy-efficient writability and good thermal stability of magnetic memory elements.  
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Fig. (A): Optimal switching of a flat elongated nanomagnet representing a biaxial anisotropy system. The single-domain nanoparticle 

is shown schematically by the thin flat elongated shape. The direction of the normalized magnetic moment is shown with the blue 

arrow. Orientations of the magnetic moment that correspond to the minima and the saddle points on the energy surface are marked 

with the green and magenta crosses, respectively. The calculated optimal control paths (OCPs) between the energy minima are shown 

with the solid and the dashed green lines. Fig. (B): Distribution of the torque, blue arrows, superimposed on the contour plot showing 

the energy surface of the system. The green, pink, and orange lines show the calculated OCPs between the energy minima at +Z and 

-Z for various switching time T as depicted in the legend.  The notation (SP) on the energy surface corresponds to the saddle point. 
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Magnetic nanoparticles operating in a magnetic vortex configuration are of interest for magnetic field 

sensors [1] and as magnetic nanoprobes for immunoassay diagnostics [2]. In both applications, vortex states 

prove to be more advantageous compared to single- and multi-domain magnetization states.  

We use nanoimprint and thin film deposition to reliably fabricate and stabilize magnetic spin textures in 

large-scale nanoparticle arrays in a controlled manner. The periodically arranged nanoparticles are quasi-

monodisperse elliptically shaped cylinders (400nm x 200nm with a periodicity of 600nm x 400nm) with highly 

uniform geometric and magnetic properties (figure). The size distribution is very narrow with a standard 

deviation of 3%. If the thickness of the Ni80Fe20 and Co60Fe20B20 cylinders is increased from 5 to 60 nm, the 

magnetization transitions from a quasi-single domain state to a vortex state. The system is anisotropic. 

The large-area arrays allow to measure first order reversal curves (FORC) in a vibrating sample 

magnetometer. The FORC plots show partially mixed magnetization states (figure on the right). To 

automatically extract the fraction of vortex and single-domain states, machine learning (ML) models are trained 

with both experimental and simulated data. The latter are computed from a kind of hysteron model. Results are 

presented on how well the different magnetization states can be identified and distinguished by the ML model. 

The quality of the hysteron model is demonstrated. 
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Figure: Left: Scanning electron microscopy image of a nano-imprinted array of elliptical cylinders. The total number of ellipses is 

more than 108 on 1 cm2. Right: FORC diagram of a mixed magnetization state with 40 nm thick NiFe cylinders.
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Nanocrystals of antiferromagnetic Cr2O3 are shown via Raman spectroscopy to display size-dependent 

lattice dynamics in terms of phonon softening and the occurrence of an exceptionally strong spin-phonon 

coupling. This effect, which is observed to persist well above the onset of the antiferromagnetic ordering 

temperature, is ascribed to locally correlated spin fluctuations due to the modulation of the magnetic exchange 

interactions as the chromium atoms oscillate about their equilibrium position. We find that the size-dependent 

spin-phonon coupling strength is governed by the competing antiferromagnetic and ferromagnetic interactions, 

where changes in the surface spin configuration can also play a crucial role. Overall, this work proves the 

interplay between the crystalline and magnetic structures in 3D antiferromagnets varying the surface-to-volume 

ratio, and helps establish the fundamentals for a spin-phonon coupling engineering at the nanoscale via a simple 

route in a very stable and easy to synthesize material. More importantly, it demonstrates the possibility of 

coupling phononic excitations with the magnetization dynamics at room temperature, offering a highly 

prospective nanomaterial for the design of novel magnonic devices. [1]       
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The major importance of surface atoms in small nanoparticles (NPs) offers the opportunity to tailor magnetic 

properties by playing with the interface between nanomagnet and its surrounding. FeRh alloy has attracted a 

lot of attention because the bulk material presents an antiferromagnetic to ferromagnetic order (AFM-FM) 

transition close to room temperature, for the chemically ordered B2 phase. Inspired by epitaxial FeRh film 

studies on perovskite oxide [1], and motivated by the possibility to obtain hybrid multiferroic nanosystems, we 

have studied the structural and magnetic properties of size-selected FeRh clusters (diameter < 10 nm) deposited 

on perovskite oxide surfaces. For this system, a strong interplay between surface configuration, morphology 

and magnetic state is taking place [2,3]. FeRh nanomagnets have been deposited on BaTiO3 thin films and 

SrTiO3 single crystals, using the mass-selected low energy cluster beam deposition technique (MS-LECBD) 

under ultra-high vacuum. Using synchrotron radiation, we have observed the chemical ordering of FeRh 

nanoparticles into the B2 crystalline phase upon annealing, which is also accompanied by a Fe magnetic 

moment evolution visible from X-ray magnetic circular dichroism (XMCD) measurements. The orientation 

dependence of x-ray diffraction FeRh peaks indicates that particles, despite their random deposition, are finally 

adopting preferential orientations. In addition to the usual epitaxy relationship met for thin films, a novel 

orientation is observed (corresponding to a 45° in-plane rotation), as well as other favorable coincidences for 

particles on SrTiO3. At the same time, X-ray spectroscopy at iron edges reveals that NPs assemblies, 

systematically appear to be (partially) oxidized after transfer in air while FeRh nanoparticles can be reduced 

thanks to in situ vacuum annealing. Concerning magnetic behavior, as for previous FeRh NPs embedded in 

carbon matrix [2], no metamagnetic (AFM-FM) phase transition has been observed from XMCD 

measurements. This shows that despite the existence of well-defined atomic contact between FeRh NPs and 

SrTiO3 substrate, epitaxial strain at the interface does not seem to be sufficient to counterbalance strong FM 

exchange interactions between Rh and Fe in nanoalloys. 

 

 
Figure: cross section image (STEM-

HAADF) of a FeRh nano-particle on the 

SrTiO3 surface (left) ; hysteresis loop at low 

temperature (2 K) from the XMCD signal 

at the Fe L3 and Rh M3 edges, showing that 

the particles are still displaying a FM order, 

with a ferromagnetic coupling between Fe 

and Rh.  
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Nowadays, additive manufacturing technologies based on composite materials are attracting much interest 

in many sectors (electronics, aerospace, medicine…) due to the possibility of fabricating functional objects 

with tailored properties, high-performance and complex designs. 3D-printing allows for efficient, fast and 

precise fabrication combined with a reduced waste generation compared to traditional methods [1]. Depending 

on the final application (i.e., required properties), the use of composites with different filler content -

homogeneously dispersed along the matrix- will be required. Recent works using metallic/polymer composites 

have succesfully proven the potential of combining 3D-printing with the development of composites, while 

preserving the properties of the filler along the process [2,3]. On the other hand, hydrogel-based composites 

have been used in 3D-printing technology due to their interesting and tunable structural properties, combined 

with a broad range of available materials for applications like flexible and soft electronics or biomedicine [4,5]. 
In this work, Direct Ink Writing (DIW) 3D-printing has been used to fabricate objects with self-synthesized 

composite inks (Fig. 1a). Gas-atomized MnAlC particles (in particular, the so-called τ-MnAlC phase) have been 
used as filler and a hydrogel as matrix. By tuning and optimizing the necessary additives [4], it was possible to 
prepare highly loaded inks exceeding 50 wt.% of MnAlC particles (Fig. 1a). Magnetic characterization made by 
Vibrating Sample Magnetometry (VSM) showed that coercivity (Hc) remains constant after the composite ink 
synthesis in comparison to the starting particles and the magnetization scales according to the particles content (Fig. 
1b). Objects with a variety of sizes and shapes have been succesfully printed by DIW (Fig. 1c). VSM measurements 
show that after 3D-printing and post-processing, the magnetic properties of the MnAlC particles are not deteriorated. 
The resulting 3D-printed objects show structural flexibility and mechanical strength. These results open the path to 
future developments of this additive manufacturing technology to be applied in high-tech sectors where parts with 
complex shapes and tuned properties made of magnetic/metallic composites  are required. 

Figure 1: (a) Composite inks with different MnAlC particles load; (b) Room temperature hysteresis loops measured for 

MnAlC/hydrogel composites with 35 wt% and 50 wt% of MnAlC, compared to the hysteresis loop measured for the starting MnAlC 

powder; and (c) image of the DIW 3D-printing process with insets showing images of 3D-printed magnetic MnAlC (50 

wt.%)/hydrogel pieces with different shapes. 
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Mechanically soft sensors and actuators enable a compliant and safe interaction between humans and their 

environment [1]. Among many existing efforts to develop such devices, magnetic actuation mechanisms are 

well-known for their fast response, wireless operation and the possibility to operate in confined spaces [2]. 

With additive manufacturing, the production of magneto-active composites in complex and bioinspired shapes 

is possible. To mimic the properties of biological systems, the fabrication of composites with locally different 

mechanical properties is needed. Here, we present a method to locally tailor the stiffness of a magneto-active 

compound, consisting of 50 weight % hard magnetic Nd2Fe14B particles in a thermoplastic polyurethane matrix 

with laser powder bed fusion. By utilizing different laser parameters at different locations during the process, 

the mechanical properties of the composite can be adjusted locally. The tailorable stiffness range is 2 to 22 

MPa. The stiffness gradient within one sample is verified by line scans of Vickers indentations with a 

nanoindentation system. Then the actuation performance in a homogenous magnetic field is evaluated for 

samples with and without stiffness gradients. One example where the here proposed method can be utilized is 

a foldable cube where the hinges can be produced with lower laser power, as indicated in Fig.1 a). The actuation 

as a function of the applied field is shown in Fig.1 of the locally adjusted shape (a) in comparison to the cube 

where the composite has a homogenous stiffness (b). As can be seen, the locally adjusted cube reaches a larger 

degree of deformation at the same actuation field, which helps to reduce the energy consumption in an 

application.  
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Figure 1: Comparison of magnetically actuated folding cubes at different magnetic actuation fields H. a) Cube with soft segments 

between the sides, which allows higher degree of folding at the same magnetic actuation fields in comparison to b) where the hinges 

are produced with the same process parameters.  
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Abstract 

Solid-state refrigeration based on magnetocaloric effect is seen as a potential alternative to current less-

efficient gas expansion-compression based conventional refrigeration. The heat exchanger, the functional 

element of this kind of refrigerator, is composed by the magnetocaloric alloy. Additive Manufacturing (AM) is 

a useful technique to build efficient heat exchangers, and since current AM techniques are expensive and energy 

consuming a cost-effective way has to be explored.  

In this work, we developed original inks and implemented extrusion-based printing technique[1] to print 3D 

magnetocaloric structures that would act as the heat exchanger of a magnetic refrigerator, printing at room 

temperature in a green and a cost-effective way using various metallic powders (including magnetic and 

magnetocaloric powders), and cellulose as matrix with water as dissolvent (Fig. 1). The magnetocaloric ink 

containing 90-95 wt.% of powder was elaborated by achieving an optimal viscosity whereby high maximum 

number of layers (250 layers reached) with highest printing resolution (0.5mm wall thickness) was obtained. 

The elaborated technological route of the treatment of printed structures included: (i) special heat treatments 

to dry printed structures so the polymer was removed by calcination followed by a sintering to get entirely 

metallic structure, and (ii) electrodeposition of nickel to protect printed structure from any corrosion. We also 

demonstrated that any incorrectly printed workpiece can be recycled re-dissolving it in the water so material 

loss is reduced significantly making the printing more cost-efficient and environmentally friendly. 
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Figure 1: 3D printing magnetocaloric honeycomb-like structures  
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Due to increased saturation magnetization values compared to the conventional Fe2O3/Fe3O4-based 

materials, Fe-Nx and Fe-Cy nanoparticles are promising candidates for magnetic fluid hyperthermia and other 

biomedical applications [1]. Crucial for applications, yet a so far less explored aspect for these materials, is 

their thermal and chemical stability. In this work, we study phase transformation and phase stability of Fe3N 

nanoparticles at elevated temperatures in oxidative and in inert conditions. 

We have synthesized fine, monodisperse Fe3N nanoparticles with average size of 13.5 nm (Fig. 1a) via the 

thermal decomposition route. To investigate temperature stability and stability towards oxidation of the Fe3N 

nanoparticles, XRD measurements were carried out at elevated temperatures. 

Fe3N particles which were exposed to air for 5 minutes show partial oxidation (Fig. 1e). At the same time, 

they demonstrate phase stability at 427°C (700 K) as shown in Fig 1d. Fe3N nanoparticles sealed in air-tight 

quartz capillary perform differently. Phase transformation from Fe3N to Fe5C2 takes place at ~400°C (Fig. 1f). 

Further increase of temperature leads to formation of Fe3C and finally formation of Fe at 600°C. Formation of 

FeCx nanomaterials happens due to presence of carbon containing surfactant on the surface of the nanoparticles. 

To conclude, Fe3N nanoparticles can be protected from complete oxidation by a thin passivating Fe3O4 

layer. FeCx phases are forming when heating Fe3N nanoparticles in absence of O2. 
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Figure 1: Fe3N nanoparticles - a) Transmission electron microscopy image of initial particles, b) Particle size distribution, c) Selected 

area electron diffraction, d) XRD of oxidized Fe3N holding up to 6 hours at 427°C, e) Rietveld refinement characterizing the oxidized 

particles, f) XRD of phase transformation at elevated temperatures. 
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Recently discovered barium hexaferrite (BaFe12O19) nano-platelets form a ferromagnetic-ferrofluid which 

exhibits interesting magnetic properties [1]. Manufacturing the barium hexaferrite nano-platelets via 

hydrothermal synthesis remains of fundamental interest and allows for optimisation of structural, magnetic, 

and morphological properties, which all impact on ferrofluid properties. We have developed a 

hexadecyltrimethylammonium bromide surfactant assisted manufacturing method for ethylene glycol based 

ferrofluids with barium hexaferrite. The ethylene glycol based ferromagnetic-ferrofluid can be polymerised in-

situ via a condensation polymerisation reaction between the ethylene glycol based ferrofluid and succinic acid. 

The proposed in-situ method creates a homogeneous nano-platelets polyester polymer composite matrix 

exhibiting anisotropic magnetic properties. The polymer composite matrix was chemically characterised by 

Gas Chromatography (GPC) and magnetically characterised by Vibrating Sample Magnetometry (VSM). The 

proposed anisotropic magnetic polymer is highly stable with potential applications in thermal, electrical, 

medical, and analytical devices. 
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For the implementation of future Lab-on-a-chip (LOC) devices or micro total analysis systems (µTAS), 

the controlled actuation of magnetic nano- and microparticles is considered to be highly advantageous since 

the manipulation can be achieved via magnetic fields without disturbing occurring microfluidic or biological 

processes [1]. Detection of an analyte species in these systems typically requires appropriately surface-

functionalized particles that enable specific binding of the analyte to catcher molecules [2]. It is hereby 

important to separate and identify particles based on their analyte interaction. As a prototypical methodology, 

we present in this work the usage of engineered magnetic domain patterns within topographically flat magnetic 

thin film systems and the dynamic transformation of the emerging magnetic stray field landscape (MFL) via 

external magnetic field pulses [3,4].         First, we 

demonstrate a controllable funneling of superparamagnetic beads (SPBs) within an aqueous medium using the 

MFL originating from parallel magnetic stripe domains of gradually decreasing length. After initiation of 

lateral bead transport by applying external magnetic field pulses, converging SPB motion trajectories were 

induced, forming distinct, closely packed particle clusters. As SPBs are brought into proximity to each other 

within these clusters, a potential route for analyte detection is opened up due to an inducible particle 

aggregation, with the analyte acting as molecular bridges between single particles [5]. Adjusting the frequency 

of the external pulse sequence, this magnetophoretic funnel can be jammed for incoming beads. When 

increasing the stripe domain length after funneling, the formed clusters were observed to reversibly decompose 

back to the initial state.        Secondly, another domain pattern consisting 

of parallel stripe domains with gradually increasing width will be introduced for the separation of SPBs based 

on their magnetophoretic mobility. We show that SPBs can be immobilized at different locations above the 

chip substrate while applying a constant external magnetic field pulse sequence. Herein separated fractions of 

SPBs are relocatable by adjusting the magnitude of the externally applied magnetic field pulses. The 

investigated system holds promising potential for pre-sorting batches of commercially available SPBs in 

dependence on their size and magnetic content. For both investigated systems, it will be discussed how the 

observed behavior is determined by the acting forces on the SPBs. 
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Many of the currently applied methods for waste, wastewater and leachates treatment are not sustainable 

enough and some of them are not even environmentally-friendly on their own. Magnetic methods are usually 

based on the application of magnetic forces over magnetic particles by separating them gently and effectively 

from the mainstream after they have performed the task they were required to do (e.g adsorption of 

contaminants, nutrients, catalysis of chemical reactions, etc.); therefore, several applications of these methods 

and particles have been studied and researched in the last decade, in order to allow the replacement of less 

sustainable and green technologies by them. Nonetheless, although several alternatives have been pointed out 

they have hardly reached real large-scale applications, this is mainly caused by the use of expensive and 

technologically complicated structured magnetic particles, and by the rarity of studies considering their 

efficient removal, regeneration and re-use (afterall some of their potentially associated main advantages). We 

have studied and successfully applied several methods to synthesize low-cost, easy-to-produce magnetic 

particles (maintaining a high enough efficiency) and also several regenerating methods, as well as cycles of 

their reuse, improving and determining their high-impact sustainability. 

Material and Methods – Magnetic nano and microparticles synthesis: The manufacture of magnetic particles 

was performed usually by co-precipitation methods, although some other methods have been applied. The 

magnetic particles obtained are all magnetite-core based with an organic shell coating in several cases. 

Applications: the main applications studied were the removal or degradation of solids, organic matter and 

heavy metals from leachates, wastewaters and drinking water by adsorption, flocculation, (photo-) Fenton 

heterogeneous catalysis. Regeneration methods: several magnetic particles regeneration methods were studied 

according to the application under question, e.g. watery based methods and chemical solvent methods (when 

required) when absorption was in order, milling-decantation and chemical destabilization in the case of 

flocculation, reduction of the magnetic catalyst in the case of Fenton reactions. Re-use: after the application of 

particles cycles of re-use were studied allied with the regeneration when needed. Economical analysis: In 

several of the cases the research study was accompanied by a full economical and technological viability 

analysis.   

Results and Discussion [1-4]– Some results are presented in this section as examples and the full set presented 

in the congress. In Image 1 is presented the SEM analysis of a synthesized nanomagnetic particle, while in 

Table I are presented some efficiency results of the particles and processes in some of the applications tested, 

and in Table II some of the results obtained concerning cases of reuse (including some regeneration steps when 

required.  

Tabla I. Magnetic Processes 

Efficiency  

 

 

Conclusions – We have developed and researched successfully the application of low-cost magnetic particles 

and methods in the treatment of water, wastewaters and leachates, using regeneration and re-use of the particles 

to efficiently improve their sustainability. 

Process Efficiency  

Floculation 
Wastewater 

96 % (TSS); 91 % (COD) 

Fenton 

Wastewater 

Tirasol- 53% (Fent); 82% (Phot) 

TOC – 91,7 % (PhotoFenton)  

Sorption 
Leachates 

45% (COD); 89% (NH4+); 
100% (NO3-); 55% (PO4

2-) 

 
 

Image 1. Magnetic particles synthesized  

 

Tabla II. Reusing cycles 
Process Nr cycles Min efficiency 

Floculation 

Wastewater 

10 92% (TSS); 90% 

(COD) 

Fenton Wastewater 8 88% (COD) 

Sorption 
Leachates 

8 40% (COD); 90% 
(NO3-) 
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Room temperature magnetoelectric materials, showing the coexistence of magnetism and ferroelectricity, 

could lead to a revolution in multifunctional devices. However, only few examples are known, and bismuth 

ferrite is currently the most used material for multiferroics devices R&D. In this talk, we demonstrate that γ-

BaFe2O4 shows ferroelectricity and antiferromagnetism at room temperature with high critical temperatures. 

[1]    

γ-BaFe2O4 crystallize in the polar space group Cmc21 with a stuffed tridymite-type structure constituted by 

FeO4 tetrahedra arranged in hexagonal rings with the tetrahedra apical oxygens placed in an up-up-up-up-up-

down (UUUUUD) pattern. The cavities running along the [100] direction contain the Ba2+ ions. Macroscopic 

measurements show an antiferromagnetic transition at TN = 890 K whereas electrical measurements, confirmed 

by piezo force microscopy, show a switchable electrical polarization at room temperature. Powder neutron 

diffraction confirm both the antiferromagnetism and the polar structure. [1] 

Symmetry analysis and density functional theory calculations, with respect to a latent parent structure with 

the P6/mmm symmetry, indicate that the observed polarization is improper in origin. It is indeed, induced by 

the presence of two non-polar distortions: the ordering of the FeO4 apical oxygens with the UUUUUD pattern, 

and the in-plane rotation of the same units. The free energy coupling responsible for the appearance of 

ferroelectricity is bilinear-quadratic Fcoup=ρξζ2, with the quadratic term ζ describing the UUUUUD ordering 

and the linear term describing the in-plane FeO4 rotations ξ and the polarization ρ. The form of the coupling 

term, which is significantly different from the well know trilinear term in hybrid-improper ferroelectrics, 

indicate that the polarization switching path requires only the change of sign of the in-plane FeO4 tetrahedra 

rotation, leaving the UUUUUD pattern unaltered. 

Neutron diffraction measurements reveal that the long-range antiferromagnetic ordering is a G-type 

magnetic structure which does not allow any weak ferromagnetic moment. Nevertheless, symmetry analysis 

show that it is possible to construct a Lifshitz invariant similar to the one present in BiFeO3 indicating an 

instability towards an incommensurate state. This state is not observed in γ-BaFe2O4 probably due to the 

competition with other interactions like single ion anisotropy or Dzyaloshinskii–Moriya interaction. [1]    

Our study suggests not only γ-BaFe2O4 but the wider class of the stuffed tridymite materials as a new 

playground for the search of room temperature magnetoelectric materials. 
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Bismuth ferrite possesses both ferroelectric and antiferromagnetic order at room temperature, which makes 

it the archetypal multiferroic material. A further peculiarity of bismuth ferrite is the arrangement of its 

antiferromagnetically aligned magnetic moments in the form of a cycloid with a period of approximately 62 

nm [1]. Microscopic imaging of the cycloidal antiferromagnetic structure requires high sensitity and has 

hitherto been limited to scanning nitrogen-vacancy magnetometry [2]. Soft X-ray ptychography is an imaging 

technique, which relies on collecting coherent diffraction patterns from overlapping illumination spots of the 

sample and can provide a spatial resolution below 10 nm [3]. Ptychographic measurements in the soft X-ray 

regime, which encompasses the L-edges of the transition metals, benefit from strong X-ray magnetic circular 

dichroism (XMCD) and X-ray magnetic linear dichroism (XMLD) contrasts. Here we report the magnetic and 

ferroelectric structure of bismuth ferrite nanoparticles synthesised by the hydrothermal method and studied 

with the soft X-ray ptychography endstation at the Swiss Light Source [4]. Using this approach we are able to 

resolve the antiferromagnetic spin cycloid in the reconstructed real space images and uncover topological 

defects in the spin texture. Furthermore, circular dichroism in the resonant elastic X-ray scattering measured 

during a ptychographic scan yields information about the local spin chirality of the bismuth ferrite crystals. 
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We present the spontaneous growth of self-assembled epitaxial nanostructures of BiFeO3 (BFO) obtained 

by Pulsed Laser Deposition. The BFO phase architectures of squares, stripes and pyramids were grown on 

(001), (110) and (111) SrTiO3 (STO) substrates, respectively. We determined the growth routes of BFO 

nanostructures and established a relationship between their morphology and structural properties. Such self-

ordered crystalline nanostructures could be used as a tailored platform for the deposition of the ferromagnetic 

phase, thus providing an alternative method for the fabrication of BFO-based multiferroic vertically aligned 

nanocomposites 1 (VAN). 

 
Figure 1: Morphology of self-assembled BFO phase architectures on A: (001), B: (110), C: (111) oriented STO substrates. D: X-ray 

Diffraction patterns for BFO nanostructures grown onto (001), (110) and (111)-oriented STO surfaces (subscripts denote: 

M−monoclinic, R-rhombohedral). STO-originated reflections are marked in black; Crystal matchings and suggested growth routes 

for: E) BFO/STO(001); F) BFO/STO(110) and G) BFO/STO(111) 

Many VAN systems have been studied so far, and their magnetic, dielectric, and structural properties 

have been thoroughly investigated. However, there is a lack of alternative methods for VAN fabrication, which 

would enable the integration of any new VAN system that cannot be obtained using conventional method. 

Based on the research conducted to date, we present an alternative, two-step pathway to fabricate multiferroic 

VANs with a vertically aligned BiFeO3 phase. As an example of our approach, we present the successful 

integration of BFO-nanostructured STO substrates with an epitaxial CoFe2O4 (CFO) phase. We have 

investigated the magnetic properties of the obtained nanocomposite. Thus, having a well-developed vertically 

aligned phase of BFO, it is possible to deposit another material as a matrix of the nanocomposite. The 

implementation of other new approaches in VANs engineering adds at least one degree of freedom to the design 

process of these types of nanomaterials. The technology of two-step VANs deposition still needs some 

optimization toward the growth control of nanopillars. Nevertheless, the success of this experiment gives hope 

for reengineering other existing multiferroic VAN systems using our alternative approach for 

ferroelectric:ferromagnetic VANs fabrication. 
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Multiferroic materials gained worldwide interest for their rich physics and potential use in multifunctional 

devices where data can be stored in ferroic domains and the response controlled by magnetic or electric fields 

[1]. However, accurately assessing their dielectric and ferroelectric properties requires significant attention due 

to the possible presence of spurious contributions and potential artifacts which can affect an appropriate 

evaluation [2, 3].  

In this study, we report on methodological approaches and artifacts in assessing the dielectric and ferroelectric 

properties of lanthanum-doped bismuth ferrite (BFO) multiferroics. First, the synthesis and structural 

characterizazion of the Bi(1-x)La(x)FeO3 (x = 0, 0.05, 0.10, 0.15, and 0.20) were carried out, showing the 

emergence of an impure Bi2.1La0.9O4.54 and a FeLaO3 phase along with a reduction of  the Bi-rich 

(Bi12.5Fe0.5O19.48) phase as lanthanum percentage increased. The presence of a FeLaO3 phase also promotes a 

transition from a rhombohedral structure to an orthorhombic one as shown in Fig. 1(a) [4].  

Then, to accurately evaluate the dielectric properties, we employed a statistical method and a fitting procedure 

to analyze as the capacitance scales linearly with the surface of the electrode in different samples [3]. This 

approach allows to separate the parasitic capacitive contributions from the intrinsic ones, as shown in Fig. 1(b-

c) for pure BFO  sample. By determining the dielectric properties of the pure and lanthanum-doped BFO 

pellets, our investigations reveal the highest permittivity values for the Bi0.95La0.05FeO3 sample, while 

conductivity remained stable with respect to undoped BFO. However, in Bi0.85La0.15FeO3 and Bi0.8La0.2FeO3, 

we observed a reduction in conductivity due to the presence of the LaFeO3 phase shown in Fig. 1(a).  

For assessing the realistic ferroelectric responses, the PUND technique was employed since it allows to separate 

ferroelectric contributions from spurious ones due to leaky currents. A comparison of the P-E hysteresis loops 

evidences higher polarization for the Bi0.95La0.05FeO3 samples, compared to un-doped and other doped BFO 

samples (Fig. 1(d-e)) because of the decrease leakage current resulting from La-doping. The findings of this 

study could have significant implications for the development of multifunctional materials for technological 

applications. By shedding light on the lanthanum doping effect on BFO, it could provide insight into the 

underlying mechanisms that govern the multifunctional properties of BFO and could pave the way for the 

development of new devices exploiting enhanced multifunctional properties, such as sensors, actuators, and 

energy harvesting devices. 

 
Figure 1:(a) XRD spectra of the analyzed BFO and BLFO 

samples, (b) capacitance as a function of the electrode area at 

certain frequencies, (c) the trend of the ε’ of the pure BFO as 

a function of the frequency extracted by the procedure of 

decoupling the stary element from that specific to the sample, 

(d-e) P-E hysteresis of BFO and BLFO-5% samples 
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Hexaferrites are a large family of ferrimagnetic oxides in the phase diagram AO–Fe2O3–MO, where A is a 

large cation (e.g., Ba or Sr) and M is a small cation (e.g., transition metal). The simplest structure is M-type, 

and the most studied M-type compound is barium hexaferrite (BaFe12O19). Barium hexaferrite is traditionally 

used for permanent magnet and microwave applications. A combination of the uniaxial magneto-crystalline 

anisotropy with the plate-like shape enables the coupling of the magnetic with other properties, such as optical, 

electric, and rheological [1]. Such coupling is enabled by the magnetic alignment of the barium hexaferrite 

nanoplatelets that are homogeneously dispersed in a medium. The intrinsic magneto-electric (ME) coupling of 

the magnetic and electric dipoles was observed in some hexaferrites of the Y- and Z-type with non-collinear 

magnetic spin structure (e.g., conical and helical) [2]. Some of these compounds also showed the multiferroic 

coupling between the ferrimagnetic and ferroelectric orders. 

In this contribution, we present both ferroic orders in the Sc3+-substituted M-type barium hexaferrite 

nanoplatelets at room temperature. The nanoplatelets were synthesized hydrothermally and dispersed in water. 

The dried nanoplatelets show typical hard-magnetic hysteresis with room-temperature saturation magnetization 

of around 35 Am2/kg (Figure 1, left-hand side). The nanoplatelets were deposited on the indium-doped tin-

oxide (ITO) substrate for the piezo-response force microscopy (PFM) measurements. The results suggest the 

ferroelectric order in the nanoplatelets (Figure 1, right-hand side). Similar observations but well below the 

room temperature were reported for the Sc3+-substituted BaFe12O19 bulk single crystals [3]. We will elucidate 

the effect of nano-size on the possible multiferroicity of M-type barium hexaferrites. 

 

Acknowledgements 

The authors acknowledge funding from the Slovenian Research Agency, the research core programs P2-0089, 

P1-0192 and P2-0105. 

References 

[1] D. Lisjak, A. Mertelj, Prog. Mater. Sci. 95 (2018) 286. 

[2] R. Pullar, Prog. Mater. Sci. 57 (2011) 1191. 

[3] Y. Tokunaga, et al., Phys. Rev. Lett. 105 (2010) 257201. 

 

         
 

 

 

 

 

 

 

 

 

 

Figure 1: Magnetic hysteresis (left) and PFM experiment (right) of the Sc3+-substituted barium hexaferrite nanoplatelets. The bright 

regions inside the nanoplatelets visible in the PFM amplitude images correspond to the enhanced piezoelectric response compared 

to the dark regions.
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Composites made up of chemically substituted hexagonal ferrites have been proven to be promising electromagnetic wave 

absorbents with frequencies operating at Ku, K and Ka bands (from 12 to 40 GHz). In order to serve as performant materials, these 

are required to possess a low mass and a strong absorption in a broad frequency band. Whilst the dynamic susceptibility spectra of 

this family of compounds may be correlated to chemical composition, particle size and morphology [1], the effect of geometrical 

structuration has not yet been addressed.  

Recently, curved magnetic 3D systems have been the focus of intense research due to the diversity of dynamic behaviours 

associated to surface and exchange magnetic contributions. Size-dependent resonance modes have been identified in Fe spherical 

nanoshells requiring a large applied magnetic field to reach saturation [2]. It has been demonstrated that, for low cubic-anisotropy 

ferromagnetic systems, there is a size range where exchange dominates over dipolar contributions. As a result, new resonance modes 

arise with amplitudes comparable to the main ferromagnetic resonance (FMR) mode. Nevertheless, no previous attention has been 

paid to the dynamic susceptibility response of such systems in the absence of an applied magnetic field.  

This work aims to investigate zero-field dynamic susceptibility spectra of chemically substituted BaFe12O19 hollow spheres 

supporting single domain configurations at equilibrium by means of micromagnetic simulations (mumax3 software). Exchange 

resonance eigenmodes, corroborated by a spatially structured dynamic magnetic configuration at each eigenfrequency, have been 

obtained. Their eigenfrequencies are a function of the external diameter of the hollow sphere [2], their number is proportional to the 

thickness of the spherical shells and it increases when the latter decreases. Modulating the shell thickness of BaFe12O19 hollow spheres 

could be therefore proposed as a useful technique to generate new absorption peaks within the dynamic susceptibility spectra of K-

band composites and consequently broaden the frequency absorption band.  

The existence of such exchange modes in BaFe12O19 nanoshells has not been proven experimentally yet. In order to account for 

the effect of geometrical imperfections that could arise during fabrication, the preservation of such modes in nanoshells that deviate 

from ideal spherical geometry will be discussed.  

                  
(left) Zero-field susceptibility spectra of a doped BaFe12O19 hollow sphere of external diameter De=500 nm and internal diameter of 

Di= 400 nm. (right) Pole-to-pole cross-section views of eigenmodes maps for the 4 identified eigenfrequencies. 
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The search of multiferroic materials with magnetoelectric coupling near room temperature (RT) attracts 

enourmous research attention due to the promising applications for ultra-low-power electronics. Hybrid 

improper ferroelectrics (HIFs) are currently of great interest for the realization of RT multiferroelectricity with 

enough magnetoelectric coupling. The prototypical HIF n=2 Ruddlesden-Popper Ca3Mn2O7 undergoes a 

structural phase transition at TS=310 K from a high-temperature tetragonal to a low-temperature orthorhombic 

polar phase. However, only antiferromagnetic (G-type) order develops in this system at TN=115 K [1]. In order 

to promote ferromagnetism, we have explored Ru-doped Ca3Mn2-xRuxO7 compounds (0<x<1).    

We have obtained a solid solution between Mn and Ru atoms in the these samples and they adopt the 

orthorhombic Bb21m polar structure of the parent compound at RT [2]. Thus, the HIF mechanism is fully 

operational along the Ca3Mn2-xRuxO7 series. Neutron powder diffraction only evidences distinct long-range 

antiferromagnetic (AFM) orders depending on the Ru content. In contrast with the macroscopic magnetic 

study, which also reveals the occurrence of spontaneous magnetization in the hysteresis loops. Moreover, at 5 

K the observed remanence increases upon Ru doping (0.3≤x≤0.7) [2].  

We have investigated the origin of the enhanced ferromagnetic contributions upon Ru doping on the basis 

of the Mn and Ru local electronic and magnetic structures using X-ray absorption spectroscopy (XAS) and X-

ray circular magnetic dichroism (XMCD) techniques. We confirm the presence of Ru4+ and Mn4+ valence states 

along the whole series, discarding the charge transfer from Ru to Mn as mechanism to enhance ferromagnetism 

in these samples. Furthermore, XMCD results indicate a small net Ru 4d magnetic moment 

antiferromagnetically coupled to the net Mn 3d magnetic moment. Therefore, the ferromagnetic enhancement 

observed in Ca3Mn2-xRuxO7 with x≥0.3 is related to an intrinsic canting of the antiferromagnetically ordered 

Mn4+ spins, which is favoured by Ru doping. 
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Anisotropically shaped nanocrystallites of goethite (α-FeOOH), hematite (α-Fe2O3) and six-line ferrihydrite 

(Fe0.86OOH) have been used in a simple dry-process to fabricate highly aligned M-type strontium hexaferrite 

(SrFe12O19). The simple dry mixing process of anisotropically shaped nanocrystallites with strontium carbonate 

(SrCO3) and subsequent cold compaction and calcination alleviate the need for external magnetic fields in 

order to align the crystallites. The compacted precursor is calcined at elevated temperatures (>1000 °C) to form 

SrFe12O19 as a dense and mechanical stable pellet. An illustration of the process is shown in Figure 1. 

Structural investigations of the prepared pellets reveal large crystallographic preferred orientation and high 

phase purity (>99 wt.%). In the case of α-FeOOH a Mr/Ms = 0.83 could be obtained, while α-Fe2O3 resulted in 

Mr/Ms = 0.70 and Fe0.86OOH revealed a Mr/Ms of 0.66.[1,2] The coercivities for the corresponding samples 

were Hc(α-FeOOH) = 157 kA/m, Hc(α-Fe2O3) = 207 kA/m and Hc(Fe0.86OOH) = 150 kA/m, while (BH)max 

reached 22, 21 and 12 kJ/m3, respectively. The texture was investigated using 2D synchrotron powder 

diffraction images, which allows extraction of the texture index, which can be compared to the Mr/Ms 

confirming the strong alignment of the crystallites. 

Similar samples have also been prepared using spark plasma sintering (SPS), here a low sintering 

temperature of only 750 °C was sufficient to transform Fe0.86OOH into highly aligned strontium hexaferrites 

(SrFe12O19) with the pressing direction and the magnetic easy axis coinciding. The best performing magnet had 

an Mr/Ms = 0.93, Hc = 247 kA/m and produced a (BH)max of 33 kJ/m3.[3] The results reveal that the cold 

compaction and subsequent calcination method can still be improved to produce better performing magnets, 

however the method has the potential to make a new easy route for industrial preparation of sintered SrFe12O19 

magnets. 

 

References  

[1] J. Thomas-Hunt, A. Povlsen, H. Vijayan, C. G. Knudsen, F. H. Gjørup, M. Christensen, Dalt. Trans. 2022, 

51, 3884–3893. 

[2] H. Vijayan, A. Povlsen, J. Thomas-Hunt, M. I. Mørch, M. Christensen, J. Alloys Compd. 2022, 915, 

165333. 

[3] H. Vijayan, C. G. Knudsen, M. Mørch, M. Christensen, Mater. Chem. Front. 2021, 5, 3699–3709. 

 
Figure 1: Conversion of goethite into aligned strontium hexaferrite through a simple compaction and subsequent calcination process.
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Rare-earth free permanent magnets based on ferrites represent an abundant, cheap and non-critical 

alternative in the magnetic materials market. They are usually prepared in the form of nanostructured 

bicomponent systems that combine hard and soft materials. The hard component maximizes the coercivity, 

while the soft one enhances the magnetization. To be competitive as compared to other rare-earth free 

alternatives, improvement of the nanostructured ferrite magnets relies on the increase of the magnetization of 

the soft component. One of the most common ferrite soft magnets is Ni ferrite (NiFe2O4, NFO). Experimental 

efforts to enlarge its magnetization include the substitution of Ni by Zn, that is expected to occupy tetrahedral 

coordination sites displacing Fe, thus reducing the minority spin band contribution to the net magnetization. 

However, controversial results have been obtained following this procedure.  

Our work explores in detail the properties of Zn substituted NFO based on ab initio calculations within 

density functional theory at the GGA+U level, providing a thorough characterization of the structural, 

electronic and magnetic properties for a wide range of Zn concentrations. We have paid special attention to the 

choice of U for the Zn d electrons, proving that it plays a crucial role in the energy balance that determines the 

ratio of Zn atoms at tetrahedral and octahedral coordination sites. This has relevant consequences on the 

magnetism of the system, particularly on the net magnetization. Further, we demonstrate that a similar situation 

emerges at the pure Zn cubic spinel ferrite, ZFO, where the value of U affects the relative stability of the inverse 

and direct forms.  

The outcome of this study reveals a strong tendency of Zn to occupy tetrahedral coordination sites, more 

relevant the higher the Zn concentration in the spinel lattice. This is an important result to understand the 

abundant experimental evidence of ZFO samples adopting the inverse spinel structure, and explains the origin 

of measurements of anomalous ferromagnetism. Further, it explains the shortcomings of Zn substitution as a 

route to increase the magnetization over that of pure NFO. We will end discussing some open possibilities 

worth to explore in order to maximize the energy product of NFO bicomponent systems based on Zn 

substitution [1]. 
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Providing a second life to residues resulting from the fabrication of products has become an urgent matter to 

diminish the environmental impact and optimize an efficient use of the resources [1,2]. Steel industry is one of the sectors 

with a faster market growth and Europe is playing a major role on it. Development of a circular economy will guarantee 

a sustainable development of this key sector while opening new market possibilities. Magnetic nanoparticles (NPs) find 

many technological applications (energy, transport, medicine…) attracting a large interest, also in view of developing 

advanced fabrication techniques for tuning their magnetic properties. 

This study shows results obtained from applying a novel process enabling the transformation of residues 

generated by the steel industry into iron oxide NPs. The precursor was provided by CELSA Group in the shape of powder 

with micrometer size particles in the framework of a collaboration project. In view of the potential industrial scalability 

of the process, a physical method has been used based on application of milling times as short as 5-25 min (IMDEA’s 

self-developed “flash-milling” method [2,3]) followed by an optimized heat treatment. This route has enabled to move 

from a residue with a saturation magnetization of 23 emu/g to iron oxide NPs (25 nm mean particle size) with a saturation 

magnetization close to 130 emu/g accompanied by a coercivity of 200 Oe after milling for 15 min and annealing (Fig. 

1). Further optimization of the process allows reducing the milling time to a total duration of 5 min, achieving an 

outstanding saturation magnetization close to 200 emu/g (and a coercivity below 100 Oe). These results open the path to 

exciting new uses for this industrial residue in the form of iron oxide NPs. 
 

 
Figure 1: (a) Room temperature VSM hysteresis loops measured for the precursor powder and that after milling for 15 min before 

and after annealing. TEM images of (b) the starting powder and (c) the powder milled for 25 min.  
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 Ferrites showing natural ferromagnetic resonances (NFMR) in millimeter wave frequencies, particularly in 

95-220 GHz are interesting because of their potential applications in self-biased non-reciprocal devices for the 

next generations wireless communication (6G and beyond) [1, 2]. ε-Fe2O3 is an orthorhombic iron oxide phase 

with a sizeable magnetization (MS ~ 100 emu/cm3) and a strong uniaxial magnetic anisotropy [3] reflected in 

an enormous coercivity (HC ~ 20 kOe) at room temperature [4] and NFMR at around 180 GHz [5]. The 

resonance frequency can be controlled by substitution of Fe3+ with other trivalent metals which is interesting 

for the above mentioned application [5]. To be successfully used in self-biased non-reciprocal devices such as 

circulators, ε-Fe2O3 nanoparticles have to retain their remanent magnetization state. We have studied the 

relaxation of ε-Fe2O3 nanoparticles as a function of their size, finding that relaxation effects are largely 

supressed for particles above 25 nm. The current state of art allows preparing larger particle sizes but using 

techniques that are not compatible with a large scale production maintaining a sustainable approach [6].  In 

this contribution, we will discuss our newly developed method to obtain in one batch large amounts of ε-Fe2O3 

particles which are not affected by relaxation processes, overcoming an important limitation for its application 

in 6G devices.  
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The presence of hexavalent chromium Cr(VI) in drinking water resources is one of the major problems of 

environmental pollution that came to light during the last quarter-century. Long-term consumption of even 

small concentrations of Cr(VI) at values of a few decades of μg/L may be considered a serious threat to health, 

since recent findings that correlate exposure to Cr(VI) in drinking water with chronic disease, cancer, and 

overall decreased life expectancy. World Health Organization has issued guidelines for drinking water quality 

and a growing number of international policymakers have begun implementing strategies to reduce the risk. 

Suggestively, the California State follows a procedure to apply a maximum contaminant level of 10 μg/L by 

2024, whereas European Union members agreed to set a limit of 25 μg/L by January 2036. 

Adopting materials with high reducing potential has been proven as an efficient strategy to capture Cr(VI) 

from water oriented for drinking purposes by turning it into insoluble Cr(III) hydroxides. The objective of this 

work was to develop a novel class of Cr(VI) adsorbents, engineered in the nanoscale but realized in kilogram-

scale production rates, based on nanocomposites consisting of a highly reducing phase, a tin oxy-hydroxide, 

and a magnetically-responding phase, iron oxide nanoparticles, which facilitates the post-treatment separation 

option. Such nanocomposite was prepared by the translation of nanoscale synthesis methods for nanoparticles 

into sequential continuous-flow reaction processes. Particularly, Fe3O4 nanoparticles were prepared by the 

oxidative precipitation of FeSO4 in one line whereas the Sn chloro-oxyhydroxide (abhurite) was synthesized 

in parallel by the precipitation of SnCl2 under acidic conditions. After obtaining the two products in the form 

of concentrated suspensions, they were homogenized in a high-energy homogenizer to obtain the 

nanocomposite. By this approach, Fe3O4 nanoparticles were successfully entrapped into the layered structure 

of the abhurite formations and that made a well homogenized nanocomposite with the ability of magnetic 

response to the whole volume. 

Uptake experiments for low residual concentrations showed that the capacity of the nanocomposite for 

Cr(VI) when residual concentration of 25 μg/L was achieved, was 7 mg/g. The efficiency of the nanomaterials 

in a continuous flow pilot unit was evaluated by operating a contact reactor with mechanical stirring to mix 

nanoparticles’ dispersions with the polluted water. To ensure complete recovery of the nanocomposite at the 

end of the process, a rotary magnetic separation setup based on the Halbach array of magnets was tested. 
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Figure: Scanning electron microscopy image of the Fe3O4/abhurite (a). Post-treatment rotary magnetic separator for the recovery of 

the nanocomposite. 
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For iron disilicide a metastable metallic (α-FeSi2) and a stable semiconducting phase (β-FeSi2) exist, which 

both are paramagnetic in the bulk state [1]. However, it was shown that ferromagnetism or superparamagnetism 

can occur in nanoparticles of these materials, which was attributed to chemical disorder and/or lattice 

distortions at the surface of the nanostructures [2-6]. In a recent theoretical work Zhandun et al. [7] have shown 

that beside lattice distortions, intercalation of light elements like Li can induce ferromagnetism in α-FeSi2. 

Furthermore, Wu et al. [6] demonstrated that the surface ferromagnetism of β-FeSi2 nanocubes embedded in a 

ferroelectric film can be modulated through the accumulation and depletion of charge carriers induced by the 

ferroelectric polarization reversal. Both of this makes iron disilicide nanostructures attractive for investigations 

with respect to electrochemically induced magnetism variations, for instance by electrochemical lithiation. 

To obtain magnetic iron disilicide nanoparticles in a matrix which is sensitive to electrochemical charging, 

we followed a route of He et al. [8] to prepare Fe-Si nanoparticle embedded Si/SiOx Li-ion battery anodes by 

ball milling and heat treatment using industry-grade ferrosilicon as raw material. XRD measurements have 

shown that mainly α-FeSi2 and only a small fraction of β-FeSi2 are present in the Si/SiOx matrix before and 

after ball milling. The observed increase of the saturation magnetization with ball milling is consistent with the 

assumption that lattice distortions or chemical disorder are the main source of magnetism. Consecutive 

temperature treatment increases the fraction of the β-FeSi2 phase, which becomes the dominant phase after 

temperature treatment at 1073 K. After high temperature annealing at 1273 K, the β phase was completely 

transformed into α-FeSi2. This transition between the β and α phase was accompanied by a substantial increase 

of the saturation magnetization. 

To study the influence of lithiation/delithiation of the FeSi2 – Si/SiOx nanocomposites on the magnetic 

properties, we monitored the magnetic moment during charging/discharging using a special electrochemical 

cell enabling operando measurements in a SQUID magnetometer [9]. Independent of whether the α-FeSi2 (after 

treatment at 1273 K) or β-FeSi2 phase (after treatment at 1073 K) was the dominant one, an increase of the 

magnetic moment of up to 50% was observed during the first lithiation and the subsequent delithiation of the 

composite anode. In the following cycles a decrease of the magnetic moment by several percent occurred in 

the first stage of lithiation, followed by a more pronounced increase in the subsequent delithiation process. The 

trend of a general increase of the magnetic moment and the decreasing reversible fraction of the magnetism 

variation over multiple (de-)lithiation cycles indicate that the introduction of lattice defects/disorder by 

lithiation/delithiation are the main cause for the magnetism variation.  
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Iron oxide nanoparticles are presently considered as promising objects for various medical applications 

including targeted drug delivery and magnetic hyperthermia. The nanoparticle solution in water has to posses 

large enough saturation magnetization to react on external magnetic field. However, there remains several 

unsolved questions regarding the effect of size onto nanoparticle overall magnetic behavior. One aspect is the 

reduction of magnetization as compared to bulk samples. A detailed understanding of the underlying 

mechanisms of this reduction will improve the particle performance in the applications. 

There are several proposed models for the spatial distribution of the magnetization, which include the 

presence of a magnetic core-shell structure, spin disorder around defects and a reduced magnetization in the 

core due to reversed moments and frustration. In this work we combine neutron and synchrotron X-ray 

scattering techniques with magnetometry, transmission electron microscopy (TEM), elemental analysis and 

Mössbauer spectroscopy to study nanoparticles of various sizes and to obtain as complete as possible picture 

of their properties [1]. We find that the nanoparticles possess a macroscopically reduced saturation 

magnetization, mostly due to the presence of antiphase boundaries (APBs) as observed with high-resolution 

TEM (HRTEM) and X-ray scattering [2] and to a lesser extent due to a small magnetically depleted surface 

layer and cation vacancies. 
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Figure: (a) HRTEM micrograph of an isolated nanoparticle viewed along [310]. A region with an APB is marked with the red square. 

(b) Marked region of (a) with a schematic of the crystal structure, the atom positions were verified by multislice TEM image 

simulations (inset). The lattice plane along which the translation occurs is indicated with the white rectangle. Red and blue dots 

represent iron atoms in octahedral and tetrahedral coordination, respectively. (c) The micrograph depicted in (a) after masking the 

220 Bragg reflection (red circle in the inset) in the fast Fourier transform (FFT) and calculating the inverse FFT (IFFT). Now the 

lattice translation becomes clearly visible.
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Additive manufacturing technology has attracted the attention of industrial and technological sectors due to 

the versatility of the design and the easy manufacture of structural and functional elements based on composite 

materials [1]. The embedding of magnetic NPs in the polymeric matrix enables the development of an easy 

manufacturing process of low-cost magnetically-active novel polymeric composites. In this work, we report a 

series of magnetic composites prepared by solution casting method combining 5 to 60 wt.% of 90-180 nm 

commercial Fe3O4 nanoparticles (NPs), with a semi-crystalline, biocompatible and biodegradable polymeric 

blend made of Polylactic Acid (PLA) and Polycaprolactone (PCL). The composites were extruded, obtaining 

1.5 mm diameter continuous and flexible 3D printable filaments for Fused Deposition Modelling. The 

chemical, magnetic and calorimetric properties of the obtained filaments were investigated by Differential 

Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA), magnetometry (SQUID), Scanning 

Electron Microscopy (SEM). Furthermore, taking advantage of the magnetic character of the filaments, their 

capability to generate heat under the application of low-frequency AC magnetic fields (magnetic induction 

heating) was analysed. The obtained results expose the versatility of these easy manufacturing and low-cost 

filaments, where selecting a desired composition, the heating capacity can be properly adjusted for those 

applications where magnetic induction plays a key role (i.e. magnetic hyperthermia, drug release, 

heterogeneous catalysis, water electrolysis, gas capture or materials synthesis). 
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Figure: 3D printed manufactured magnetic composites with their heating power density, 𝜌, as a function of the applied magnetic 

field, 𝐻𝑎𝑝𝑝, for different magnetic NPs mass concentration (%) and the AC magnetic hysteresis loop for the 5% sample .  
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Since the shape anisotropy of nanomaterials influences their properties [1], various modifications of the 

synthetic pathway to produce MnO nanocrystals with different final shapes were investigated.  

In this context, we prepared octahedral or branched MnO nanoparticles by varying both the amount of oleic 

acid and the temperature of an intermediate step during the synthetic process [2]. The morphology of the 

resulting materials was examined by TEM and SEM, and the crystalline structure by X-Ray diffraction and 

Raman spectroscopy. The thermal stability of the nanostructures, studied through the increment of an applied 

power of the incident laser in Raman, showed that the branched sample evolves faster to the tetragonal Mn3O4 

final phase than the octahedral-shaped sample. In addition, the magnetic characterization reflected interesting 

differences due to the presence of a thin Mn3O4 outer layer formed by the passivation of the as-synthesized 

particles in air and stabilized in a cubic symmetry, which could lead these nanocrystals to be very attractive for 

further technological applications such as catalysis [3]. 
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Iron oxide nanoparticles of about 15 nm were prepared by thermal decomposition of an iron oleate precursor 

in 1-Octadecene. Sodium oleate was used as surfactant to produce cubic shaped particles [1]. 

From transmission electron microscopy (TEM) and electron energy loss sp ectroscopy (EELS) 

measurements a core-shell composition of the particles was found. The particles show a wustite like structure 

in the core and a spinel like structure in the shell that is indicated from signatures in the EELS spectra [2]. 

Figure 1a shows a peak shift of the Fe L3 edge that indicates the oxidation state of the Fe, as well as a prepeak 

at the O-K edge that is an indicator for the spinel structure of magnetite or maghemite, respectively, and is 

absent in the case of wustite. Figure 1b shows a dark field scanning TEM image of the as-synthesized sample, 

while Fig. 1c shows a color coded chemical map revealing the homogeneity of the core-shell structure based 

on the peak shift of the Fe L3 edge. 

By successive oxidation of the particles under a controlled atmosphere, the core/shell ratio could be adjusted 

up to the complete disappearance of the core, as can be seen in Fig. 1d. The magnetic properties of this 

antiferromagnetic core - ferrimagnetic shell system were investigated for a sample series with core/shell ratios 

from about 0.3 to zero. The change of the magnetic properties like the blocking temperature, the coercivity, 

and the exchange bias field (Fig. 1e) was investigated. 

Magnetic memory measurements following different protocols (intermittent field cooled as well as zero 

field cooled) were also performed at that series. These experiments indicate the presence of a super spin glass 

state in the samples. 
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Figure: a) EELS specta of the core and shell region of the nanoparticles. b) Scanning TEM dark field image of the as-prepared 

samples. c) Chemical map based on the Fe L3 peak position. d) Core/shell ratio change during the artificial oxidation process. e) 

Exchange bias field of the particles vs. core/shell ratio.
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Transition metal oxides (TMO) form an important class of functional materials. In the form of nanoparticles 

(NPs), their size distribution and aggregation state exert an strong influence onto their magnetic poperties [1] 

and – thus – their applicative potential. Despite the existence of several common synthesis methods, colloidal 

chemistry routes are the most appropriate when for having control on the NPs morphology, due to the 

possibility to strictly control their nucleation and growth (solute diffusion, primary particles aggregation…). 

Surfactant and organic solvents can drive the growth processes towards different outcomes, basing on their 

chemical and physical properties (polarity, viscosity, steric hindrance etc.), sometimes leading to interesting 

phenomena, such as oriented aggregation of nanocrystals to form mesocrystals [2], [3]. Modifying the synthesis 

to obtain different morphologies is an interesting perspective from the point of view of magnetic properties, 

and interesting correlations can be made between the use of a certain solvent or surfactant, its effect on the 

material’s nanostructure, and the final magnetic properties. In this context, the growth of CoO NPs in polyol 

was studied focusing on the polyol chain length[4] and on the water amount effect on the morphology of the 

resulting NPs, thus allowing to easily tune NPs’ aggregate size (from ~ 20 to ~ 150 nm), shape (octahedra, 

octahedral aggregates, and spherical/spheroidal aggregates) and crystalline size (~ 8 to ~ 26 nm). The 

crystalline size of the aggregates was found to have a regular influence on CoO’s Néel temperature, thus 

providing an easy way to regulate it over ~ 80 K. Further, good synthetic conditions were found to avoid the 

formation of ferromagnetic layered hydroxide impurities[5], allowing us to unambiguously determine CoO’s 

magnetic properties. 
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Cancer is one of the leading causes of death in the world, being characterized by the development of 

abnormal cells that divide uncontrollably and have the ability to spread to other parts of the body. Despite the 

recent advances in cancer diagnosis and treatment, the actual therapies show some limitations involving 

selectivity and effectiveness [1]. Magnetic Hyperthermia Therapy (MHT) is an alternative approach for cancer 

treatment based on the use of magnetic nanoparticles to generate heat when exposed to an alternating magnetic 

field, which is clinically applied in the treatment of various human solid cancers. The cancer cells are more 

sensitive to temperature changes than normal cells, and when they reached temperatures around 42-45°C can 

result in cancer cell death. The heat production will depend on the magnetic behaviour of the material used [2]. 

Iron oxide nanoparticles have strong magnetic properties and are biocompatible and non-toxic, showing some 

interest in medical applications, especially in magnetic hyperthermia. The surface of nanoparticles can be 

functionalized with a variety of organic and organometallic ligands [3a,3b]. 

In this study, we synthesized Schiff bases-functionalized iron oxide nanoparticles starting with the 

functionalization of Fe3O4 with glycine, to which the aldehydes were subsequently attached. The objective was 

to evaluate how the different coatings in the iron oxide nanoparticles can influence their magnetic behaviour 

when exposed to a magnetic field. Structural characterization by means of powder XRD, microscopy and 

thermal analysis was also performed. All the samples exhibited superparamagnetic behaviour at room 

temperature. As example, figure 1 shows the results for Fe3O4@(3,5-dihydroxybenzylidene(ethyl)amine), 

showing a saturation magnetization of 18.0 emu/g and a blocking temperature of 38.4K which reveals that the 

magnetic core still exhibits magnetic behaviour.  

 

  

 

Figure 1: Magnetization curves for Fe3O4@(3,5-dihydroxybenzylidene(ethyl)amine). 
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Co-based nanostructured systems have been extensively investigated due to their scientific interest related 

to nanoscale magnetism and their promising technological applications in our modern society. Regarding the 

magnetic behaviour, bulk metallic Co is ferromagnetic with a Curie temperature above 1350 K. Below a critical 

diameter of around 60 nm Co nanostructures behave as magnetic single domains exhibiting blocked or 

superparamagnetic regimes. Apart from that, cobalt nano-entities are prone to oxidise into CoO and Co3O4 

which are instead antiferromagnets with Néel temperatures below those of their bulk counterparts (about 290 

K and 40 K, respectively). Then, a typical core (metallic-Co)/shell (Co-oxide) morphology is formed in most 

of the cases when the size is reduced down to the nanometer length-scale, and the interaction between the 

magnetic moments in these core/shell nanoparticles (NPs) gives rise to the exchange bias (EB) phenomenon 

[1-3]. EB is of great relevance for multiple technological applications such as spintronics, magnetic recording 

media or permanent magnets. Thus, understanding the effect of the microstructural changes on the magnetic 

behaviour of these core/shell NPs is a crucial step to optimise their performance.  

Joint complementary experiments revealed an intricate interplay between short- and long-range effects in 

NPs of different transition metals (Fe, Co, Ni, Cr, …) embedded in porous amorphous carbon matrices 

synthesized via a pyrolysis procedure at high temperature [4-8]. Herein, we report on the influence of the 

metallic Co NPs sizes’, the morphology and the type of the oxide-shell in the magnetic properties that allow 

us to obtain a self-consistent picture that describes the magnetism of Co and its oxides at the nanoscale.  
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In order to meet the growing need for rapid and affordable medical diagnostic tools [1, 2], lab-on-a-chip (LOC) 

devices are investigated as a potential solution by a large and growing scientific community [3–8]. From the 

perspective of a medical device, LOC systems may be seen as a scaled-down version of standard in-vitro 

diagnostics [9]. They can be mass-produced and thus allow, for example, the cheap and fast detection of 

diseases in developing countries [9]. A promising approach is hereby based on the microfluidic handling of 

micro- or nanometer-sized superparamagnetic particles (MPs) that are functionalized with capture molecules 

[3, 7, 10–12]. As an advantage, the magnetic particles are remotely controllable by external magnetic fields 

[7]. They can then induce specific binding events with analytes in the surrounding liquid, provoking a change 

in the particles’ mobility or equilibrium distance relative to the substrate surface [7,10, 11, 13]. Here, we 

demonstrate a novel method harnessing AI-enhanced fully automated optical recognition algorithms [14] to 

analyze particles’ 3D-motion behaviour changes to liquid-mediated surface-to-surface (particle-to-substrate) 

interactions, using video recordings captured by a high-speed camera via an optical microscope. Using the 

former, we demonstrate the different magnetophoretic mobilities of equally sized MPs (2 µm diameter) with 

two different chemical surface functionalization within a prototypical transport experiment due to their liquid 

mediated particle-surface to substrate surface interactions. Here, the MPs were directed within a dynamically 

transformed magnetic field landscape above a topographically flat but magnetically patterned substrate. Our 

analysis shows possible discrimination between the two MP species purely based on their different 

magnetophoretic mobilities. This proof-of-principle moves the concept further to life science applications 

where, e.g., bound viruses only induce a minuscule change in the MPs’ surface properties and still allow for a 

separation of particles based on their surface functionalization. 

References 

[1] A. Haleem, M. Javaid, R. P. Singh, R. Suman, and S. Rab, Sensors International 2 (2021), p. 100100. 

[2] A. O. Oyewole, L. Barrass, E. G. Robertson, J. Woltmann, H. O’Keefe, H. Sarpal, K. Dangova, C. Richmond, and D. Craig, 

Diagnostics 11.2 (2021), p. 182. 

[3] M. Reginka, H. Hoang, O. Efendi, M. Merkel, R. Huhnstock, D. Holzinger, K. Dingel, B. Sick, D. Bertinetti, F. W. Herberg, 

and A. Ehresmann, Langmuir 37.28 (2021), pp. 8498– 8507. 

[4] J. Knight, Nature 418.6897 ( 2002), pp. 474–475. 

[5] L. J. Kricka, Clinica Chimica Acta 307.1- 2 (2001), pp. 219–223. 

[6] C. A. Holland and F. L. Kiechle, Current Opinion in Microbiology 8.5 (2005), pp. 504–509. 

[7] A. Ehresmann, I. Koch, and D. Holzinger, Sensors 15.11 (2015), pp. 28854– 28888. 

[8] W. Wang, Y. Wang, L. Tu, Y. Feng, T. Klein, and J.-P. Wang, Scientific Reports 4.1 (2014). 

[9] M. Schönberger and M. Hoffstetter. Future Trends in Medical Plastic Engineering and Manufacturing. Elsevier Science & 

Technology Books, 2016, p. 302. 

[10] S. Rampini, P. Li, D. Gandhi, M. Mutas, Y. F. Ran, M. Carr, and G. U. Lee, Scientific Reports 11.1 (2021), p. 5302. 

[11] D. Gandhi, P. Li, S. Rampini, C. Parent, and G. U. Lee, Scientific Reports 10.1 (2020). 

[12] A. Jarosz, D. Holzinger, M. Urbaniak, A. Ehresmann, and F. Stobiecki, Journal of Applied Physics 120.8 (2016), p. 084506. 

[13] D. Issadore, Y. I. Park, H. Shao, C. Min, K. Lee, M. Liong, R. Weissleder, and H. Lee. “Magnetic sensing technology for 

molecular analyses”. In: Lab on a Chip 14.14 (2014), p. 2385. 

[14] K. Dingel, R. Huhnstock, A. Knie, A. Ehresmann, and B. Sick, Computer Physics Communications 262 (May 2021), p. 107859.



 
SYMPOSIUM 07.POSTERS 

Magnetic Morphology and Exchange-Coupling in Cobalt-Doped Iron Oxide Core-Shell 

Nanoparticles  
Nahal Rouzbeh,1,2*, Sabrina Disch1,2 

1 University of Cologne, Greinstraße 4-6, 50939 Cologne, Germany  
2 University Duisburg-Essen, Universitätsstraße 7, 45117 Essen, Germany 

*nahal.rouzbeh@uni-koeln.de 

 

The exchange coupling in bimagnetic core-shell nanoparticles is a promising pathway to permanent 

magnetic materials [1]. For iron oxide core-shell nanoparticles, consisting of a wuestite-like particle core and 

a spinel-type shell, transition metal doping was recently shown to significantly enhance the magnetic 

anisotropy and exchange coupling [2]. Native iron oxide core-shell nanoparticles synthesized by thermal 

decomposition of iron oleate typically form as an intermediate through topotaxial oxidation of an initial 

wuestite phase towards highly defective maghemite [3]. We have recently reported how the combination of 

such native core-shell nanoparticles (with their alignment of core and shell phases) and cobalt doping leads to 

a significant enhancement of the exchange pinning between both phases, which is promising for a rational 

synthesis of nanoparticles with strong coercivity and exchange field. Using magnetic small-angle neutron 

scattering (SANS) [4, 5], we have unambiguously revealed a significant net magnetization even in the wüstite-

type nanoparticle core that is commonly presumed antiferromagnetic or paramagnetic at room temperature [6].  

In this contribution, we will present the systematic influence of a subtle variation in particle size on the  

exchange coupling within such native core-shell, cobalt-doped iron oxide nanoparticles. For freshly 

synthesized samples with a particle diameter ranging from 8.2 to 9.1 nm, a clear transition from exchange 

spring to exchange bias behavior is evident. We employ magnetic SANS to elucidate the intraparticle 

magnetization individually for the wuestite-like particle core and the spinel-type shell and to follow their 

coupling mechanism. We will moreover follow the effect of progressive topotaxial oxidation in these samples, 

revealing if the nature of the coupling changes with oxidation state between core and shell.   
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Magnetic nanoparticles (MNPs) have shown excellent potential for cancer therapy and diagnosis. For therapy 

applications such as drug delivery and magnetic hyperthermia, it is necessary to localize and quantify the MNP 

distribution inside a specific body region (e.g., brain, breast, prostate etc.) before treatment. There are several techniques, 

such as magnetorelaxometry imaging (MRXI), magnetic particle imaging (MPI) and magnetic resonance imaging (MRI), 

that are capable to provide this information [1, 2]. All these imaging modalities have some pros and cons. Here, we aimed 

for a comparison of their quantitative imaging capability of MNPs in various 3D printed phantoms. 

 In our first experiment, we used MPI to detect and quantify a flow of MNPs in a brain vessel structure phantom. This 

phantom, which contains straight and curved sections of 8 cm total length, was derived from an MRI scan and constructed 

by silicone 3D printing. To provide flow, the phantom was connected to a syringe pump, see Figure 1a, and the syringe 

was filled with a mixture of glycerine (59.1%) and distilled deionised water (40.9%), to mimic the viscosity of blood. 

First, a bolus of about 300 µL of Synomag (Micromod Partikeltechnologie, Germany) with an iron concentration of 

2 mmol/L was inserted into the phantom where a flow rate of 3 mL/min was maintained. The flow was imaged using a 

preclinical 3D-MPI system (Bruker BioSpin GmbH, Ettlingen, Germany) and a PTB made MRXI device. The geometry 

of the silicone phantom before and after the bolus experiments was investigated using a preclinical MRI scanner (ICON, 

1 T magnet, Bruker, Germany). We could successfully visualise and reconstruct the MNP bolus movements in the 

different parts of the brain vessel structure phantom, see Figure 1b for an MPI image reconstruction. The evaluation of 

the quantitative localisation of MNPs in the phantom using the combination of MRXI, MPI, and MRI will be presented. 

 

  

Figure 1: (a) Image of the pump, syringe and vessel structure phantom in the MPI sample holder. (b) MPI image reconstruction of 

MNP flow inside the phantom. 
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Many of the current wastewater and leachate treatment techniques have very high maintenance and operating 

costs (e.g inverse osmosis, etc.) and are also not as environmental-friendly or sustainable as desired. The 

treatment via coagulation-flocculation (CF) requires simple operating conditions that, associated with low 

operating costs make it one of the most popular options for surface water treatment with colloidal particles, 

and phosphorus and organic compounds. Furthermore, the use of magnetic flocculants is an important step 

forward towards quickness and sustainability, as these magnetic flocculants may reduce the operating time, 

increase efficiency of treatment and be easily recovered and then regenerated and reused. In this work we 

research on the application of this magnetic method.   

Methodology: The main steps followed were: 1st  – Magnetic nano and microparticles synthesis; 2nd – 

Preparation of magnetic flocculants; 3rd – Sample Treatment: a) Coagulation; b) Flocculation; c) 

Sedimentation; d) Magnetic decantation 4th – Recovery of magnetic particles and regeneration; 5th – Reuse; 6th 

– Effluent analysis and treatment efficiency determination.  Magnetic nano and microparticles synthesis: The 

manufacture of magnetic particles was performed usually by co-precipitation methods, although some other 

methods have been applied. The magnetic particles obtained are all magnetite-core based. Flocculation and 

Coagulation: as a coagulant we have used aluminum sulfate (Al2(SO3)3), and as flocculant magnetite-

polyacrylamide. Regeneration methods: milling-decantation, US and chemical destabilization was used and 

then magnetic particles isolated and recovered by magnetic separation. Re-use: after the application of particles 

cycles of re-use were studied allied with the regeneration when needed. Economical analysis: A full 

economical and technological viability analysis was done.   

Main Results and Discussion – Some results are presented in this section as examples and the full set 

presented in the congress. In Image 1 are presented photographs initial wastewater samples and the final status 

of these samples after application of the applied magnetic process. In Table I are presented some efficiency 

results of the applied process and in Table II some of the results obtained concerning cases of reuse (including 

some regeneration steps when required). 

 Tabla I. Samples content  

and Processes Efficiency  

 

 

 

 

 

 

 

Conclusions – We have developed and researched successfully the application magnetic coagulation and 

flocculation in the treatment of wastewater, studying also with success the possibility of  regenerating and re-

using the magnetic particles to efficiently improve their sustainability. 
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Sample Content  Efficiency 

Wastewater SST – 132 mg/L;  
COD – 363 mgO2/l  

 

After regular 

Coagulation- 

Flocculation 

SST – 36 mg/L;  

COD – 146 mgO2/l 

73 % (TSS); 

60 % (COD) 

After 

Magnetic 

Coagulation- 
Flocculation 

SST – 7.5mg/L;  

COD – 34 mgO2/l 

95 % (TSS); 

91 % (COD) 

  
 

Image 1. Wastewater Samples before (left) 

and after MCF process (right)  

Tabla II. Reusing cycles 
Process Nr 

cycles 

Min efficiency 

Magnetic 
Coagulation - 

Flocculation 

10 92% (TSS); 
90% (COD) 
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Fenton and PhotoFenton processes have being intensively studied in the last years as new and potential 

advanced oxidation methods due to their high efficiency in the degradation of contaminants present in 

underground water, wastewater and leachates. Furthermore, the use of magnetic particle catalysts is an 

important step forward towards sustainability, as these magnetic substances may increase the efficiency of 

treatment and be easily recovered and then potentially regenerated and reused. Nonetheless the large majority 

of magnetic materials used in the process are hard to synthesize and costly magnetite-based substances, a fact 

that hinders their large-scale applications, and reduces the overall process to small lab-scale applications. 

Furthermore, the important and potential sustainability contemplated by the recovery, regeneration and reuse 

of these magnetic particles is usually neglected and not contemplated in most of the research studies performed 

so far. In this work we research the application of these magnetic methods to several watery media, and the 

possible regeneration and reuse of the magnetic substances.   

Methods [1-2] – Magnetic nano and microparticles synthesis: The manufacture of magnetic particles was 

performed usually by co-precipitation methods, obtaining magnetite or magnetite-chitosan particles and also 

nZVI particles, although some other methods have been applied. Fenton and Photofenton: for the use in 

Fenton processes, magnetic particles prepared as previously described, were used together with a solution of 

H2O2, and in Photofenton the aid of two UV lamps was also required. Regeneration methods: After the 

recovery and isolation of the used particles by magnetic separation, these were regenerated specially by using 

reducing agents and solvents. Re-use: after the application of particles cycles of re-use were studied allied with 

the regeneration when needed. Economical analysis: A full economical and technological viability analysis 

was done.   

Main Results and Discussion – Some results are presented in this section as examples and the full set 

presented in the congress. In Image 1 are presented photographs initial wastewater samples and the final status 

of these samples after application of the applied magnetic process. In Table I are presented some efficiency 

results of the applied process and in Table II some of the results obtained concerning cases of reuse (including 

some regeneration steps when required). 

Table I. Processes Efficiency  

 

 

 

 

 

 

 

 

Conclusions – We have developed and researched successfully the application magnetic fenton and 

photofenton to decontamination of WWTP wastewater, textile simulated wastewater, and fenol containing 

wastewater studying also with success the possibility of regenerating and re-using the magnetic particles to 

efficiently improve their sustainability. 
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Sample Efficiency 

Textile 

simulated 

wastewater 

100% (MB); 99% (CV) 

Wastewater 73 % (TSS); 60 % (COD) 

Tirasol 82% (Fent); 92% (Phot) 

TOC – 35 % (PhotoFenton) 

  

 
Image. Photofenton setup (left), textile 

contaminated water treatment: beginning 

sample (center) 24hours treated sample 

(right) 

Table II. Reusing cycles 
Process Nr 

cycles 

Min efficiency 

Fenton 
Wastewater 

8 88% (COD) 
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Nanomaterials (NMs) exhibit unique properties due to their size, structure, physical-chemical properties, 

and therefore its range of applications has grown exponentially. Even though many benefits from this area are 

expected, some concerns with their potential effect in humans and in the environment has arisen. Several recent 

studies, analysis and assessments on hazardous risks of NMs have demonstrated some adverse effects on 

environment, human beings and ecosystems. This work discusses the recognized and potential nanomaterials 

effects in humans and in the environment, their fate, and the (in)existence of specific regulations for the 

production, handling and disposal of these potential harmful materials, even though absolute conclusions 

cannot be drawn [1-2].  

As a first step of the analysis the different type of nanoparticles and production that exist are reviewed (two 

main groups: natural nanoparticles; engineered nanoparticles - which may be divided in many subclasses, but 

usually are divided into carbon-based ENPs and inorganic ENPs).  

Then the development of Nanoscience - the EU 2020 and Horizon Europe strategy - will be detailed as for 

most scientists the arrival of nanotechnologies is the main turnoff point of the 21st century, concerning 

industrial development.  Therefore, in the European Union (EU) 2020 and Horizon Europe Strategy, 

nanotechnology was and is considered a main emerging and enabling technology. Databases and some 

Regulation was established, and these will be reviewed: NanoProducts Data Bases – e.g. Nanotechnology 

Consumer Product Inventory, Nano Products and Technologies, Nanopartikel, etc.; Nanomaterials Regulation 

– e.g. EPA’s Toxic Substances Control Act; Federal Insecticide, Fungicide, and Rodenticide Act; European 

Food Safety Authority (EFSA); etc. Nonetheless, no real clear specific regulation was developed so far, as 

entities are waiting on results coming from previous and currently running funded projects, such as e.g. 

REACH- Guidance for nanomaterials Registration, Evaluation, Authorization and restriction of Chemicals, 

FutureNanoNeeds, MARINA – Managing Risks of Nanomaterials, etc.   

Risk Assessment (RA) has been proposed as a prime process to evaluate EHS risk and for decision making, 

where risk assessment experts expect to understand what can go wrong, and how to be expected to happen, and 

also the consequences of it happening. In this work focus will be given specially to Environmental Risk 

Assessment and Life Cycle Assessment. 

The ENM Pathways in the Environmental Compartments will be detailed as intrinsic properties of ENMs, 

as well as the specific environment conditions, will determine their fate, and therefore the behavior and 

distribution in the different environmental compartment. A major knowledge gap, hindering the valid 

qualitative and quantitative estimation, is the current lack of understanding on how the novel physicochemical 

proprieties of ENMs influence the transformations process and hence ENM behavior in the environment. Three 

main compartments will be reviewed: Fate in Air; Fate in Soil ; Fate in Water.  

An overview of Nanometrology methods will be given. In the last decade methods such as fractionation, 

light scattering, and spectroscopic for detection and characterization of nanomaterials have been developed 

mostly to determinate the dimension and description of nanomaterials. Current methods will be reviewed.   
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ENM Ecotoxicity scopes will be also briefly introduced as these are on different levels including 

microorganisms, plants, invertebrates and vertebrates, and standardized test systems, which can be found in 

protocols approved by OECD or ISO. 
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The design of multifunctional magnetic nanoparticles (NPs) that can generate and monitor heat in real-time 

during thermal therapy are a major challenge in nanomedicine. In this work, a trimodal system that combines 

magnetic hyperthermia (MH), photothermal therapy (PT) and luminescence nanothermometry (LT) properties 

has been set up in a single platform. Magnetite NPs were optimized focusing on MH and PT, then, the NPs 

have been coated with embedded Nd3+ or Er3+ cations in order to enhance the PT and also as LT probe.  

Erbium has excitation lines at 790 nm and 980 nm, and luminescence around 500 nm, in the visible part of 

the spectrum, which makes it adequate for bioimaging since it is biocompatible. Neodymium is another 

interesting luminescent probe, with excitation around 800 nm and emission at the second biological window. 

Such hybrid system could act as heat mediator and imaging probe for in-vitro and in vivo experiments, since 

these wavelengths belong to the first biological window, as well as an in-situ thermometer during the 

photothermia application. 

The samples was prepared by a modified hydrothermal method [1], the multifunctional system is composed 

of an iron oxide (IONPs) as core, then a coating shell which 

serve as insulator between the magnetic core and the 

luminescent probe, and an additional silica shell containing 

either Nd3+ or Er3+. The structure and morphology have 

been investigated by XRD and HRTEM, and the magnetic 

properties by SQUID magnetometry. The heating 

efficiency of this sytem has been measured under 

continuous laser irradiation of 808 nm [2]. Figure 1 shows 

the heating curves and the calculated specific heating rate 

(SAR) of the magnetic core, the core coated with a silica 

shell, and the final multifunctional system. It is observed 

the reduction of the SAR with the presence of silica, it is 

assumed that the silica, wich has a low thermal 

conductivity, is screening the thermal flow from the 

magnetic cores to the water suspension, decreasing the 

heating efficiency of the whole sample. 

The luminescence properties of the multifunctional 

platform will be discussed along the work. 
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Abstract 

Ni@C nanostructured materials are currently attracting a lot of interest due to their many catalytic or magnetic 

properties. In this article, we discuss a study that looked at the correlation between the magnetic characteristics 

of Ni nanoparticles implanted in a carbon matrix and their microstructure.. The samples were synthesis of a 

nickel-imidazole-based metal-organic framework (MOF) in aqueous medium at moderate and carbonized at 

different temperatures between 400 and 600 ºC to obtain a carbon-supported hybrid material, containing Ni 

nanoparticles with “artichoke-like” morphology, where a Ni-FCC core is surrounded by “bracts” of Ni-HCP 

and Ni3C. We demonstrate how the data from X-ray diffraction, electron microscopy, and the evolution of the 

magnetic behavior with carbonization temperature complement one another by presenting consistent structural 

and magnetic properties of the investigated Ni@C nanoparticles. 
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Superparamagnetic nanoparticles with high magnetization and low coercivity are expected for the 

applications in the biomedical field [1]. Magnetic particle imaging (MPI) is one of the new ideas for diagnostic 

method, which directly visualizes the magnetic response [2]. To obtain signals of magnetic particles, it is 

possible to control the harmonics of nanoparticles by applying a gradient magnetic field under the AC magnetic 

field. In this study, DC magnetic field was applied as the gradient magnetic field and field-free point (FFP) 

was provided as the measurement point. The behavior of the harmonic response of magnetic nanoparticles 

under an AC magnetic field was observed. 

Gd-doped Mn-ferrite nanoparticles embedded in amorphous SiO2 were prepared by our original wet-mixing 

method. The particle size(d) was controlled by modulating the annealing temperature. (d = 10.6, 14.0, 17.0, 

21.2 nm), and the amount of Gd doping was unified to 6.5%, which was found to have a particularly high 

response to AC magnetic fields in our previous study. Magnetization measurements (M-H) were performed 

using a superconducting quantum interference device (SQUID) magnetometer to observe the differences in the 

coercive force (Hc) and initial permeability (μ) of various size of the particles. The coercivity of the 10.6 nm 

and 14.0 nm particles was found to be small, while the initial permeability was large for the 14.0 nm and 17.0 

nm particles. Based on the magnetic properties of the fabricated samples, harmonic measurements were 

performed. A sample was placed in a tube and inserted into the AC coil, and the third harmonic response was 

detected by a lock-in amplifier when an AC magnetic field was applied (Fig. 1). As a result, the largest response 

was observed for a 14.0 nm particle (Fig. 2). From these results, it can be said that the particles of 6.5% and 

14.0 nm are the best particles for MPI applications because they have a small coercive force, can follow the 

external magnetic field quickly, and have the largest change in magnetization in the low-magnetic field region. 
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We present experimental evidence of the behavior of modified hexagonal ferrites as random field magnets. 

Firstly, we investigated the magnetic properties of ceramic nanocomposites generated by modifying a barium 

hexaferrite through the introduction of divalent cations into its structure. We measured the first magnetization 

curve and hysteresis cycles of different samples and found that the cation addition results in a considerable 

increase in the saturation magnetization and susceptibility, as well as in a remarkable drop in the coercivity 

and the area of the cycle. X-ray Diffraction and Scanning Electron Microscopy showed that the modified 

samples consisted in mixtures of clusters of two kinds, corresponding respectively to the hard-magnetic 

hexaferrite and the soft-magnetic divalent ferrite, between which an exchange interaction occurs [1, 2]. This 

prompted us to study the precise functional dependence of the first magnetization curve approaching saturation 

by fitting the experimental data to the theoretical model that describes random magnets [3]. Specifically, the 

behaviors at low and high magnetic fields followed respectively the 1/H1/2 and 1/H2 laws that are expected for 

such materials. Finally, according to recent theoretical developments, random field magnets have been 

postulated as strong microwave absorbers [4]. To check this out, we measured the complex permittivity and 

permeability in the GHz range and found remarkable changes in the theoretical reflection loss coefficient. 

These findings strongly support the consideration of our ceramic nanocomposites as random field magnets. 

 

Figure. Low (left panel) and high 

(right panel) magnetic field 

dependence of the magnetization 

approaching saturation for a Mn-

modified barium hexaferrite. The 

linear lines are the fits to the 

theoretical 1/H1/2 (left panel) and 

1/H2 (right panel) laws. 
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Aluminoborates are compounds showing a large magnetoelectric effect. Studies of a magnetic phase 

transition discovered below 1 kelvin in one of these compounds, DyAl3(BO3)4, by means of specific heat, CB, 

measurements are presented. It was found, that under influence of increasing external magnetic field, B, the 

temperature of the transition decreases, albeit the magnetization and neutron studies of the DyAl3(BO3)4 

compound showed that the magnetic order appearing below the transition point has a ferromagnetic character 

with magnetic moments directed along the threefold c axis. 

To analyze the results obtained, three contributions to CB, i.e.: the lattice, nuclear, and magnetic ones, were 

considered. The magnetic contribution was determined by subtracting the estimated lattice and nuclear 

contributions from the total CB. The lattice contribution, Cl, was determined by using two methods. In the first 

one, Cl was approximated by the sum of the Debye and Einstein models [1] and in the second method, it was 

considered to be the sum of the two Debye contributions corresponding to two different Debye temperatures 

[2]. Both methods gave consistent, satisfying results. 

Based on the specific heat and magnetization studies, the magnetic Grüneisen ratio, being the most 

informative parameter, diverging in the vicinity of quantum transitions, was calculated by using the following 

formula [3,4]: 
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Analysis of the dependence of specific heat, magnetization, and the Γ parameter as a function of T and B 

near the transition point, that we performed, suggests these behaviors to be characteristic of the behaviors near 

the transition having a quantum nature, i.e. influenced by quantum fluctuations. The results were found to be 

consistent with those found for the TbAl3(BO3)4 aluminoborate [1]. 
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CuFe2O4 copper ferrite has been the subject of multiple studies in the last three decades due to both 

theoretical issues and technological applications in a wide variety of areas, such as hyperthermia1, water 

treatment and catalysis. This interest is supported mainly by its magnetic properties and its dependence on the 

distribution of the constituent cations in the tetrahedral (A) and octahedral (B) sites of the spinel structure. 

Thus, the cation distribution can be written by (Cuδ
2+ Fe1-δ

3+)A[Cu1-δ
2+ Fe1+δ

3+]B where  is the inversion 

parameter, and for this ferrite type full inversion corresponds at δ=0. Moreover, copper ferrite can be found in 

a body-centered tetragonal (space group I41/amd) and cubic close-packed (space group Fd3m) structures. As 

the tetragonal structure is strongly related to the Jahn–Teller2 (JT) effect in the octahedral site, the gradual 

migration of Cu2+ from B to A sites in a fully inverse spinel when the temperature increases give rise to the 

symmetry transition from tetragonal to cubic. This cation migration can be also induced by a mechanical 

deformation process, like high energy ball milling.  

In this work, a stoichiometric copper ferrite was synthesized by the ceramic route. The magnetic properties 

of this material were tuned via cation redistribution through several processing routes. Initially, heat treatments 

were carried out at 600 and 1000 ºC to stabilize the cubic and tetragonal symmetry, respectively. The change 

of structural and magnetic properties due to the cation redistribution in samples with these two structures was 

also investigated in samples milled up to 40 hours in a high energy planetary mill. The structure and the 

inversion parameter were determined by the Rietveld refinement of their powder diffraction patterns (figure).  

These microstructural parameters were correlated with magnetic hysteresis loops recorded on a standard 

superconducting quantum interference device magnetometer with the maximum applied field of 5 T. The 

values of the saturation magnetization in the fully inverted samples showed a dominant antiferromagnetic 

interaction between the cations at the A and B sites, following the standard superexchange theory.  On the other 

hand, a decrease in saturation magnetization is observed in the milled samples. This decrease could be 

explained by the partial inversion present in these samples, which would result in an exchange coupling JBB 

that could be AFM or FM depending on the bond angle cation-anion-cation. 
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Photothermal effects on iron oxide nanoparticles (IONP) under laser irradiation are gaining the interest of 

the scientific community due to their potential biomedical application in cancer treatment [1]. One of this 

study’s main challenges is knowing exactly the nanoparticle’s heating mechanism to release heat. It is known 

that different intrinsic factors that could affect the heating of different samples are the size and oxidation state 

(𝛾-Fe2O3 or  Fe3O4 for instance). 

 

This work presents a facile hydrothermal method that allows the variation of the oxidation state of the IONP 

while maintaining the size constant. The synthesis consists of obtaining a Fe3O4 colloid, using a steel autoclave 

[2]. After obtaining Fe3O4 of d = 30 nm, the colloid is introduced again at the autoclave at different times. This 

second thermal treatment induces changes in the oxidation state, as can be observed with the naked eye by the 

change in color of the colloid, which changes from black to red-brown. The optimal time and oxygen volume 

in the autoclave space are key parameters and will be discussed. Typical IONP characterization has been done 

such as SQUID magnetization (figure 1), XRD, or HRTEM for structural characterization.  

 

Additionally, photothermal studies have been performed in the different colloids with continuous lasers at 

800 nm (first biological window) and 1053 nm (second biological window)  [3]. The heating efficiency of the 

IONPs under laser irradiation is discussed as a function of Fe in the oxidation states.  

 
Figure 1: Hysteresis cycle and ZFC-FC of different samples. On the 

left, the typical hysteresis cycles for 5 K (red) and 300 K (blue), and 

ZFC-FC (100 Oe) curves for magnetite are shown. On the right, the 

hysteresis cycle and ZFC-FC curves for the same sample, but with a 

6 h of second thermal treatment. 
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Environmental pollution topics, particularly the presence of dangerous chemicals in water resources can 

have serious negative health effects [1], and thus is an urgent need for innovative and advanced treatment 

methods to address this pressing issues [2,3]. Among the techniques that can be used to decontaminate water 

and wastewater from pollutants, photocatalysis is a potentially promising approach that is based on the 

generation of reactive species upon UV-visible irradiation of TiO2 photocatalyst [4]. However, the low 

photocatalytic activity of the TiO2, particularly under visible illumination, limits its commercial application, 

therefore, research studies have been focused on developing multifunctional TiO2 based core-shell 

nanoheterostructures with improved photocatalytic performance and light-response range [5,7]. Although the 

design of magnetic recoverable photocatalysts is widely analysed in the literature, the influence of external 

magnetic fields on photocatalysis has been scarcely addressed [5]. In particular, magnetic field effects on the 

photocatalytic response is usually ascribed to the contribution of Lorentz forces acting on the chemical radicals 

employing magnetic or non-magnetic (para or diamagnetic) photocatalysts [3,6]. Therefore, an in-depth study 

about the control of the charge separation in heterojunction photocatalysts under external magnetic field is 

currently beyond the state-of-art of the photocatalytic field. The main aim of the present study consist in the 

development of multifunctional TiO2@FexOy core-shell nanoheterostructures based on the synergistic 

combination of different type magnetic semiconductors (i.e. γ Fe2O3 ) to generate innovative titania-based 

nanocomposites with enhanced visible light response that can be tested in photodegradation processes to 

acquire of fundamental knowledge around photocatalysis under direct magnetic field. Our synthetic strategy 

highlights that the strong alkaline precipitation of FexOy nanocompartmentalized TiO2 material leading to core-

shell heteronanostructure. Morphological, structural, magnetic and optical, properties of the as-prepared 

samples were in-depth investigated using a series of complementary characterization techniques, such as 

powder X-Ray Diffraction analysis (PXRD), Ultra-High Resolution Transmission Electron Microscopy (UHR-

TEM), Field-Emission Scanning Electron Microscopy (FE-SEM), hard and soft X-ray absorption spectroscopy 

(XAS) in both total electron yield (TEY) and fluorescence yield (TFY), as well as VSM analysis. The visible-

light-driven photodegradation tests were runned in an variable gap magnet system used to induce strong local 

magnetic flux. A dramatically improved photodegradation degree promoted by local magnetic field effects was 

observed for TiO2@FexOy core-shell nanoheterostructures. The present study offers an fesable opportunity to 

rationally design photocatalysts nanomaterials with magnetically enhanced photodegradation performance for 

water treatment applications. 
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The Core/shell (CS) architecture make it possible to combine in the same nanoparticle (NP) different 

materials, increasing the degrees of freedom to design and manufacture new systems [1]. Recent studies in CS 

NPs show that, by systematically varying the shell composition, it is possible to fine-tune the magnetic and 

electrical transport properties  of these systems [2]. In addition, new properties are observed in CS bimagnetic 

materials due the exchange interaction at the interface [3], as exchange-bias [4].Since the switching field in 

tunneling magnetoresistance (TMR) devices is determined by the anisoptropy of the magnetic materials [5], 

the design and fabrication of more complex and higher quality NPs is a key factor to develop new 

multifunctional nanoparticles for advanced applications. In this work we present that high quality onion-like 

NPs can be grown by adapting the seed-mediated growth method proposed by Sun et al [6]. 

FeO@Fe3O4@MgO@Fe3O4 monodispersed NPs were synthesized by thermal decomposition. Their 

structure and morphology were characterized by different techniques of transmission electron microscopy 

(TEM) and powder X-ray diffraction. By analyzing TEM images, we obtain a monodisperse size distribution  

with mean size of (24±4) nm. CSS structure can be confirmed by observing high angular annular dark field 

scanning transmission electron microscopy (HAADF STEM) images, that shown a dark annular contrast due 

to the presence of MgO in the inner shell, and from the elemental mapping performed by electron energy loss  

spectroscopy (EELS) the structure is corroborated. The magnetic properties were studied from magnetization 

measurements as a function of the applied field (MvsH) and temperature, in a range of ±2.5T and 5K-380K. In 

field cooling MvsH curves the presence of a bias field was observed below 125K. Magneto transport 

measurements were performed in devices of self-assembled NPs in a range of ±1T and 90K-300K. The results 

are analyzed in terms of the magnetic coupling between the soft Fe3O4 and hard FeO@Fe3O4 magnetic phases. 
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The magnetic spinel-structured ferrite compounds (MFe2O4, M=Mn, Fe, Co, Ni, Zn, etc.) are important 

materials, as their low cost, stability and versatile magnetic properties make them ideal for a variety of 

applications.[1] The performance of the spinel ferrite materials is determined by the complex interplay 

between their crystal-, magnetic-, and micro-structure of the nanoparticles.[2] Therefore, understanding their 

structure-property relationship and being able to target specific structural characteristics is key for optimizing 

the materials’ performance. 

The advent of high-flux synchrotron X-ray sources and development of custom-built reactors have 

facilitated the collection of time-resolved scattering data during nanoparticle nucleation and growth.[3] This 

has dramatically reduced the time needed to cover parameters space as well as provided unprecedented 

insight into reaction mechanisms all the way from pre-crystalline clusters in the precursor to their final 

crystalline states.[4] By studying the chemical reactions in situ we can observe the fundamental chemistry 

that takes place between inorganic species during nucleation and growth of nanoparticles, an aspect that is 

still relatively poorly understood compared to reactions in organic chemistry. 

In the present study, the hydrothermal formation/growth mechanisms and crystal/magnetic structures of 

MnFe2O4, CoFe2O4, NiFe2O4 and ZnFe2O4 nanocrystallites prepared from co-precipitated transition metal 

(TM) hydroxide precursors treated at sub-, near- and super-critical conditions have been studied by a 

combination of in situ X-ray total scattering with pair distribution function (PDF) analysis, in situ 

synchrotron powder X-ray diffraction (PXRD) with Rietveld analysis, and joint structural modelling of ex 

situ PXRD and neutron powder diffraction (NPD) data. It is demonstrated how the crystal structure and 

crystallite sizes of the obtained nanoparticles can be controlled by varying the spinel ferrite composition 

(type of divalent cation, M) and/or through modifications to the reaction temperature and precursor 

composition/preparation route, thereby providing handles to tune the intrinsic and extrinsic magnetic 

properties. 
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Magnetic iron oxide nanoparticles (Fe3O4 NPs) are under extensive investigation for selective drug delivery 

in cancer treatment [1-2]. Covered with the hydrophilic, biocompatible and non-toxic polymer 

polyvinylpyrrolidone (PVP) Fe3O4 NPs are used for targeted drug delivery [3]. Furthermore, gold nanoparticles 

(Au NPs) decorating the surface Fe3O4 NPs of are used for controlled release of a drug by photothermal 

stimulation mediated by localized surface plasmonic resonance (LSPR). LSPR allows the Au NPs, as hot spots, 

efficiently trigger a drug release in the PVP-Fe3O4 composites under controlled conditions [4]. 

Herein, we report on the synthesis of Au-Fe3O4 nanohybrids via a chemical precipitation method with a 

chemisorbed Au NPs to the octahedral PVP-Fe3O4 NPs surface. The results of transmission electron 

microscopy (TEM) are presented in Fig. (a-c) and show Au NPs are attached to PVP covered Fe3O4 NPs at a 

number ratio of 25:1 (Fig. (e)). Fig. (d) shows size distribution of Fe3O4 NPs. Absorbance spectra of Au, Fe3O4, 

and Au- Fe3O4 NPs are shown in Fig. (f). Au NPs (red line) have the typical behavior with the plasmon peak 

at 520 nm. In comparison with the absorbance spectrum of Fe3O4 NPs (black line), the spectrum for Au Fe3O4 

NPs (green line) demonstrates the shift of the light plasmon peak to 536 nm, which is an effect of Au-Fe3O4 

nanohybrids. 
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Figure: TEM (a) and HAADF (b-c) images of synthesized Au-Fe3O4 nanohybrids; size distribution of Fe3O4 NPs (d) and number 

of Au NPs per Fe3O4 NP (e); absorbance spectra of the synthesized NPs (f)
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This research explores the characteristics of LaFeO3 at varying particle sizes. This study focuses on 

nanoparticle samples synthesized through the sol-gel method at various annealing temperatures 600 °C, 700 

°C, 800 °C, and 900 °C. Including the Bulk sample has been synthesized at 1300 °C using solid-state method. 

A range of techniques were employed, including Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP-OES), X-ray diffraction (XRD), and Thermogravimetric analysis (TGA). The crystal structure and 

morphology of the samples were determined from Transmission Electron Microscopy (TEM), Selected Area 

Electron Diffraction (SAED), and High-Resolution Electron Microscopy (HRTEM) images. The magnetic 

measurement was investigated at temperatures 300 K and 5 K by Zero Field Cooled and Field Cooled (ZFC-

FC) curves, Field-cooled (FC) hysteresis cycles, and ac/dc magnetometry in different frequencies. The 

findings indicate the Bulk sample has antiferromagnetic canting spin due to the display of numerous twins in 

HRTEM. For nanoparticle samples, the spin canting effect ceases to exist for particles with a size of d ~125 

nm. As nanoparticles with d < 60 nm exhibit a noteworthy exchange effect bias, which results from their 

core-shell phases. As the relation surface/volume (S/V) increases as particle size decreases, a strong 

magnetized disorder phase present on the surface, as seen previously [1]. The shell portion of the particles 

displays spin glass behavior, while the core component exhibits G-type antiferromagnetic order. The 

HRTEM images verified that the crystal structure of the nanoparticles is free of the core-shell, amorphous 

phase, or twins, showing a flawless, well-organized structure.  
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The polyol method is a scalable and green wet chemistry synthesis for the production of nanostructured 

inorganic materials of any kind, including magnetic materials[1]. In the proper conditions, the synthesis is able 

to produce small nanoparticles (NP) aggregates with epitaxial relation, both in single and composite 

materials[2]–[4], with this feature being of paramount importance in the design of exchange coupled magnetic 

nanostructures. Even though CoO has already been exploited in this kind of studies, and despite its quite high 

Néel temperature (TN = 293 K[5]) – like many nanostructured materials – its  TN meets a remarkable reduction 

when brought to the nanoscale (as we observed in our yet not published results on CoO NPs, but was already 

observed in other materials[6], [7]) making the exchange bias and its related effects impossible to observe at 

room temperature. However, NiO has a much higher TN than CoO (525 vs 291 K[5]), and the doping of CoO 

with Ni2+ ions has already shown to be an effective strategy to increase its TN[5]. 

Here, we present an exploitation of this strategy to synthesize polyol made magnetically contrasted NixCo1-

xO/CoFe2O4 (0.0 < x < 0.4) to study exchange related magnetic phenomena and basic magnetic properties, 

observing the increase. Attention is dedicated to the effect of the interfacial coupling to the blocking 

temperature of the spinel material, to the structural features of the interface and to the effect of the synthesis 

parameters (such as water quantity, temperature and others) on the morphological, structural and magnetic 

properties of the resulting material. 
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Since these several years, we have reported on the biomedical applications of magnetic nanoparticles [1]. 

Magnetic resonance imaging (MRI) is currently one of the most popular diagnostic techniques. The clinical 

use of gadolinium (Gd) complexes contrast media began in 1988; Gd was used because of its high degree of 

relaxation. However, the use of chelate complex Gd contrast agents has been curtailed in recent years due to 

their safety concerns. Therefore, there is an urgent need to develop chemically stable and biocompatible 

contrast agents. 

In this study, biocompatible Mg0.8Zn0.2Fe2O4 nanoparticles encapsulated in amorphous SiO2 with various 

particle sizes were prepared, and magnetic relaxation phenomena were investigated. Magnetic resonance (MR) 

effect and the relationship between magnetic properties was also discussed. 

Magnetization measurements were performed and superparamagnetic behaviour was observed. AC 

magnetic susceptibilities were measured to analyze magnetic relaxation phenomena. T1 and T2 relaxation 

curves were measured in magnetic field of 0.3 T, resonance frequency of 13 MHz of MRI system. The T2 

relaxation signals were carefully measured thrice while the echo time (TE) was increased. A longer echo time 

results in a lower signal-to-noise (S/N) ratio. As a result, compared to agarose as the background, the obtained 

particles exhibited a significant T2 shortening effect for all the samples (Fig.1). Figure 2 summarizes the 

relaxation rate R2, taking the inverse of T2. These samples exhibited large R2 values compared to γ-Fe2O3, which 

are conventional materials for MRI. The magnetic moments of the magnetic nanoparticles cause dipole 

interactions with protons, which may result in energy transfer and promote T2 relaxation. 

On the other hand, these Zn-doped Mg-ferrite nanoparticles exhibited a significant heat dissipation effect in 

AC magnetic fields and has been confirmed to be effective in hyperthermia treatment of cancer cells [3]. These 

particles greatly enhanced both T2 relaxation in MR measurement and hyperthermia effect, and can be expected 

to be theranostic agent. 
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Figures: T2 relaxation curves of Mg0.8Zn0.2Fe2O4 

nanoparticles (left) and summary of the relaxation 

rate R2 (right).
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The photothermal effects on iron oxide nanoparticles under laser irradiation have awaked the interest of the 

scientific community because the interest of understanding the physical mechanism behind this effect [1]. In 

this work, the heating efficiency of different ferrite nanoparticles MFe2O4 (M= Fe, Co, Ni, Cu, Zn) is studied 

in order to understand the role played by the cation M in the heating efficiency.  

All the samples have been synthesized by a facile hydrothermal method, briefly, the molar ratio of MCl2 

was dissolved in water and then, NH3·H2O was suddenly added to cause a fast precipitation. This mixture was 

then autoclaved in a sealed vessel at 134 °C for 3h. Thereafter, the samples were washed with water and 

centrifuged several times. The structural characterization has been done by XRD using a Co source (λ = 1.79 Ǻ) 

and HRTEM in a JEOL JEM100 (100 kV). The XRD results show that only Fe3O4, CuFe2O4 and ZnFe2O4 are 

single phases, whereas the other ones show impurity phases that can be indexed with their corresponding 

cationic oxides. The particle sizes determined by Scherrer formula are 33 nm for Fe3O4, 15 nm ZnFe2O4 and 

7 nm CuFe2O4, these values match pretty well the with the sizes determined by HRTEM. The magnetic 

characterizations show almost superparamagnetic behaviour at room temperatures for all the samples, except 

for CoFe2O4, which shows a coercive field 

around 560 Oe. 

The Specific Absorption Rate (SAR) has 

been investigated in the different colloids 

with continuous laser irradiation at 808 nm 

(first biological window) and the procedures 

described in Ref. [2]. As can be seen in Fig. 

1, the heating efficiency is around 600 to 

800 W/g for M = Mn, Fe, Ni, Zn, it raises to 

~1,000 W/g for M = Co and decreases to ~300 

W/g for M = Cu. It is expected that particle 

size plays an additional effect on the 

photothermal efficiency that will be discussed 

in the present work.  
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Heusler alloys are known for various properties related to their chemical composition, stoichiometry or 

structure. Different physical phenomena such as spin polarization, magnetocaloric effect, shape memory effect 

or superconductivity have been successfully observed in the case of bulk samples or ribbons. New research, 

especially at the nanoscale [1], revealed that their properties should be preserved despite the reduction of their 

size. Thanks to this, new possibilities have been opened up in various application areas dealing with spintronics, 

magnetocalorics, sensors or actuators [2]. 

While the fabrication of Heusler alloys in the form of glass-coated microwires is already known [2], 

producing homogeneous Heusler nanoparticles is a relatively new topic [1]. The electrochemical deposition of 

nanowires in a nanoporous aluminium oxide membrane offers new possibilities in the production of multi-

element alloys such as Heusler alloys (X2YZ). Using the mentioned approach, it is possible to prepare a large 

amount of homogeneous nanowires (109 nanowires/cm2) within a few minutes. 

One of the most significant advantages of Heusler alloys is their multifunctionality and the possibility of 

tuning their features by simple adjustments in their chemical composition. Therefore, with an electrochemical 

deposition, it is possible to create functional Heusler nanowires, which can be tuned based on the requirements 

of the selected applications like actuators with sensoric properties or materials for nanorobotics or 

bioapplications. 
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Figure: Nanowire arrays prepared by electrochemical deposition
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Cobalt nanowires gather continuous interest due to downscaling of electronics and possible use in various applications 

from liners to spintronic devices. At few-nanometer scale, the resistance and magnetoresistance (MR) of Co wires are 

dominated by surface and grain boundaries effects that overcome the bulk transport properties. Here we present 

measurements on single cobalt wires produced by self-aligned ion beam etching (Figs. 1). The MR is measured at low 

temperature (50 mK – 10 K) for various orientations of the magnetic field (Figs. 2). Both positive and negative 

fluctuations in MR, associated respectively with intergrain tunneling magnetoresistance (TMR) [1] and anisotropic 

magnetoresistance (AMR) [2] are explained in terms of interplay between magnetic interactions and anisotropies during 

magnetic reversal. Neither of the   

mechanisms alone can explain the observations. The interpretation of the experimental results is aided by detailed 

simulations of the nanowires, with realistic geometry following the binarization of the TEM longitudinal and transverse 

cross-sections of the wire (Figs. 1b and 1d). The geometry is implemented in OOMMF [3], and the magnetic moment 

vector direction for each cell is determined while varying the magnetic field, such that the AMR effect can be calculated. 

The TMR is considered at the grain interface. Some simulation results are shown in Figs 2c and 2d, switching off and on 

the TMR.      
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Fig. 1 a. and c. Longitudinal and 

transversal TEM imaging; b. and d. 

Binarization of the images a. and c., used 

for modelling. 

Fig. 2 a. and b. MR for magnetic field parallel and respectively 

perpendicular to electric current direction; both positive and negative 

features are present in MR, indicating the presence of two mechanisms. c. 

and d. OOMMF simulations of the cases b. and d. using AMR and/or 

TMR. 
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To realize thin films with highly versatile magnetic properties, a modular system of building blocks, 

consisting of nanoparticles from different materials, was created. The building blocks were combined to form 

nanocomposite thin films via wet processing and were broadly varied in terms of materials and compositions 

as well as particle size to gain a deeper understanding on the possibilities and the underlying structure-property 

relations. 

The nanoparticle building blocks were prepared by a non-aqueous synthesis route with different added 

ligands. For each synthesis the respective metal acetylacetonates, a reducing agent, solvent and the desired 

ligand system, consisting of an organic acid and the corresponding amine, were utilized. After the synthesis 

process, followed by a washing and drying step to remove excess organics, the particles were easily dispersible 

in non-polar solvents like hexane or chloroform. This synthesis procedure is experimentally simple and can be 

readily adapted to new ligand systems or different metal precursors to prepare nanoparticles of different 

materials. 

The created library comprises magnetite, cobalt ferrite and iron platinum nanoparticles, all of them showing 

narrow size distribution and spherical shape. Due to the synthesis in the presence of organic ligands, the 

nanoparticles feature an organic shell. As ligands, combinations of carboxylic acids and the corresponding 

amines with specific chain length were used, to control the size and crystallinity of the particles and also the 

dispersibility in different solvents. The interaction of particles and ligands of various chain length gives the 

flexibility to combine different materials in any desired ratio while simultaneously adjusting the particle-

particle distances. Thin films can be formed by mixing the dispersions of the desired compounds and then using 

a drop casting method, depositing the nanoparticle dispersion on any kind of planar substrate. Depending on 

the used building blocks the resulting thin films show controllable magnetic properties, like saturation 

magnetization. 

First results from this approach, established in our research group, were presented by Preller et al., 

combining iron oxide with iron platinum nanoparticles in thin films[1]. By changing the ratio of both materials, 

the thin films showed increasing saturation magnetizations with increasing content of iron oxide. After 

annealing of the thin films an exchange-coupling effect between soft and hard magnetic phases could be 

observed. 

To develop this approach even further, the synthesis of new particle systems was established. Also the 

emphasis was subsequently put on the systematic investigation of the combination of further building blocks, 

as well as on the usage of prepatterned substrates. In both strategies the particle-particle interactions, and 

therefore the magnetic properties, can be tuned by choosing different building blocks from the modular system. 

In a future prospect this modular system of particles and substrates can enable, for example, the easy and 

versatile fabrication of magnetic data storage devices via printing processes. 
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Co2FeGa Heusler alloys are half-metallic ferromagnets that present very interesting properties for 

spintronic devices and other applications [1-3], and challenges for the preparation in the nanoscale. In this 

work, the synthesis of Co2FeGa nanostructures was explored using a wet impregnation technique supported on 

SBA-15 mesoporous sílica templates [4, 5], aiming to obtain an ordered material, with L21 structure, mainly 

seeking the formation of nanowires, for further exploration of the magneto-electrical properties of individual 

elements. The influence of variations in the molar ratios of the starting Co, Fe, and Ga salts, and heat treatment 

times in H2 atmosphere on the phase composition and structural order of the obtained composite nanostructures, 

and, after dissolution of the sílica templates, of the metallic nanoparticles and nanowires was investigated by 

multiple techniques: X-ray diffraction (XRD), scanning and transmission electron microscopy, 57Fe Mössbauer 

spectroscopy (MS) and vibrating sample magnetometry. Our study shows that the applied non-stoichiometric 

synthesis, in conditions as already reported in the literature, results in significant ordering of the Co2FeGa 

nanostructures, for all syntheses, but also in a significant fraction of  

α-Fe in the samples. MS results allowed also to rule out the presence of DO3 structural disorder in the Co2FeGa 

nanostructures. In this system, the phase separation only by conventional XRD is not trivial. The use of 

Mössbauer spectroscopy is of fundamental importance for the correct characterization of the samples, to 

determine if the formation of pure Co2FeGa is obtained in this system via the applied synthesis conditions. 
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In this work, we demonstrate that a solvent mediated annealing process in mild condition is an effective post-

treatment tool for improving the magnetic properties of chemically synthesized nanoparticles.[1] To this aim, 

non-stoichiometric cobalt ferrite particles of average size of 32(8) nm (see Fig. 1a) were synthesized by thermal 

decomposition [1] and further subjected to solvent mediated annealing at variable temperatures between 150 

°C and 320 ºC in inert atmosphere. The post-synthesis treatment produces a 50% increase of the coercive field 

(see Fig. 1b), without affecting neither the remanence ratio nor the spontaneous magnetization. As a 

consequence, the energy product and the magnetic energy storage capability, key features for applications as 

permanent magnets and magnetic hyperthermia, can be increased by ca. 70%.  

A deep structural, morphological, chemical, and magnetic characterization reveals that the mechanism 

governing the coercive field improvement is the reduction of the concomitant internal stresses induced by the 

mild annealing post-synthesis treatment (see Fig. 1c). Furthermore, we show that the medium where the mild 

annealing process occurs is essential to control the final properties of the nanoparticles, since classical 

annealing procedure performed on a dried powder does not allow the release of the lattice stress, leading to the 

reduction of the initial coercive field (see Fig. 1c). The strategy here proposed, therefore, constitutes a new 

method to improve the magnetic properties of nanoparticles, which can be particularly appealing for those 

materials, as is the case of cobalt ferrite, currently investigated as building blocks for the development of novel 

rare-earth free permanent magnets. [1-3] 
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Figure 1. (a) Selected TEM images and corresponding particle size histograms for as-prepared and annealed nanoparticles. (b) 

Coercive field (HC) dependence measured at 5 K and 300 K as a function of the annealing temperature (empty dots refer to the oven 

annealed sample). (c) Cell parameter and microstrain dependence on the annealing temperature (empty dots refer to the oven annealed 

sample).
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Microparticles of Ni50Mn30Ga20, Ni50Mn18.5Cu6.5Ga25 and Ni45.7Mn36.6In13.5Co4.2 have been prepared by 

means of different milling methods (hand-grinding, cryo-milling, vibration and planetary ball-milling) 

followed by annealing treatments in order to recover the original martensitic and magnetic properties. A rapid 

reduction of particle size and a high dislocation density have been obtained after few hours of milling, even 

under low energy input, as it results from mechanical and morphological analyses. Milling temperature, time, 

and medium strongly impact on the degree of induced atomic disorder and agglomeration, significantly 

changing the morphology, crystal structure and magnetic properties.  

In the case of NiMnGa and NiMnCuGa particles, we can tune the transformation temperatures or even 

improve the magnetic properties, in terms of phase homogeneity, thermal hysteresis and saturation 

magnetization, by decreasing the particles’ size. Moreover, a fast recovery of the Heusler and martensitic 

phases is observed after a suitable annealing treatment [1]. 

A high-temperature annealing treatment (T> 1000 K) is required for recovering both magnetic and magneto-

structural phase transitions in the case of NiMnInCo particles (Figure). Time and temperature of the treatment 

have been optimized in relation to the disorder introduced by the milling process, which depends on its energy 

and duration. However, the complex interaction between recrystallization, chemical homogenization and 

atomic ordering, prevents the full restoration of the magneto-structural properties of bulk [2]. 

Our results show a strong variability of the functional properties of this metamagnetic compound as a 

function of size and disorder that imposes a careful selection and tuning of the preparation route.   
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Figure: SEM micrographs of the cryo-milled (for 2 h) powders annealed for 24 h at 1100 K.  
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Magnetic glasses are an essential class of materials that is investigated by many different researchers [1]. 

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are outstanding magnetic nanoparticles that retain an 

important characteristic at room temperature, the superparamagnetic behavior. [1]. Corning® Willow® Glass is 

a cut-edge technological glass that merges the outstanding properties of glasses with flexibility that can be 

useful in many areas, semiconductors, and solar cells, for example [1]. Nevertheless, both materials are 

obtained at high temperatures, by fusion processing, and therefore, it is a highly costly production. 

For that matter, our group has been conducting an investigation on the use of sol-gel (films) and co-

precipitation (SPIONs) methods to check if by using these room temperature methods it would be possible to 

obtain such materials with a much more environmental friendly and less expensive pathway. On the behalf of 

the films the strategy used to obtain flexible glassy films was to use Silicon precursors ((3-

Glycidyloxypropyl)trimethoxysilane (GPTMS), Triethoxy-methyl-silane (MTES), and Triethoxy-vinyl-silane 

(VTES)) which possess one non-hydrolyzable ligand that will be present at the final structure and accordingly 

this would provide a more flexible (plastic) behavior for the final product. Moreover, 3 different kinds of tapes 

(FCC – polyimide tape, FCT – polypropylene tape, and FC – common tape)  were tested as substrates to grew-

up the films in an attempt that such support would help the films to acquire more flexibility while it provides 

an easier way to obtain the film by itself. The first results showing the flexibility of the obtained films are 

shown in figure 1(a). 

 
Figure 1: (a) Flexible films obtained by sol-gel method (GPTMS). (b) 

Superparamagnetic Behavior of SPIONs at 300 K. 

SPIONs with good magnetic behavior were obtained by the co-

precipitation method [2] and the superparamagnetic behavior is observed 

in figure 1 (b). Efforts to homogeneously spread the nanoparticles over the 

films are been made and will be reported at JEMS 2023. 
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The CoPt and FePt alloys, when chemically ordered in the L10 phase [1], are among the magnetic materials 

displaying the highest magnetic anisotropy constant. Therefore, they are perfect candidates for ultra-high 

density magnetic storage applications, provided nanoparticles can be prepared in such a high anisotropy phase. 

In the bulk L10 phase both alloys exhibit close magnetic and structural properties. Indeed, the tetragonalization 

of the unit cell, measured by the c/a ratio is almost the same and equal to 0.97 for both alloys while their 

anisotropy constant is equal to 5 and 7 MJ.m-3 respectively for CoPt and FePt [1]. In the present work [2], we 

first wanted to determine and compare the intrinsic magnetic anisotropy constant of CoPt and FePt L10 

nanomagnets. For this purpose, we have prepared mass-selected nanoparticles (around 3 nm diameter) diluted 

in an inert carbon matrix to avoid coalescence and to make magnetic interactions negligible. To promote the 

chemically L10 ordered phase the samples have to be annealed at 600°C during two hours. The chemical order 

is detected by extended x-ray absorption fine structure (EXAFS) measurements (local environment around 

absorbing atoms) as well as directly visible from transmission electron microscopy observations. Nevertheless, 

both for CoPt and FePt particles, we observe a coexistence of single L10 domain and multi-L10 domains 

particles (in particular for multi-twinned decahedral particles [3]). The magnetic properties were then 

determined using SQUID magnetometer and a global fitting procedure [4] of the entire set of magnetic 

measurements (see Figure) [2]. We find that the magnetic anisotropy of CoPt and FePt nanoparticles differ 

greatly. To understand the origin of such a difference, we discuss the atomic relaxation as measured with 

EXAFS and investigated with density functional theory (DFT) calculations on truncated-octahedral particles. 

Even with a perfect chemical order, finite size effects result in a relaxation which is of particular importance 

in the case of CoPt. We conclude that the very high magnetic anisotropy measured in FePt nanoparticles (see 

Figure) is related to the weak atomic relaxation in this alloy, while for chemically ordered CoPt nanoparticles 

the strong atomic relaxation in the Co plans [5] seems to reduce drastically the magnetic anisotropy.  
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Figure: low temperature (2 K) hysteresis 

loop measured for a diluted assembly of 

chemically ordered CoPt (left) or FePt 

(right) particles. The solid lines are 

numerical fits of the experimental data 

(dots).
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Soft ferrites are the most widely traded magnetic material in the world [1] and are mainly used as protective 

mitigators of electromagnetic noise. Every year a large amount of waste is generated that requires a 

considerable economic investment for its treatment. To solve this problem, an innovative ferrite recycling 

method is proposed, based on the production of 3D printer polymeric filaments with ferrite particles inside. 

The recycling process begins by grinding the ferrite cores in a ball mill to obtain particles with a size below 

100 µm. Different grinding conditions are studied to produce recycled ferrite particles (RFPs) [2]. Its structural 

and magnetic characteristics are characterized by VSM, SQUID and XRD. Once the RFPs are obtained, a 

composite synthesis is performed starting from a solution of polymer and RFP. To obtain the printable filament, 

the synthesized compound is extruded and characterized by SEM in order to obtain an adequate dispersion of 

the RFPs (Figure 1). Finally, the extruded filaments are fed into a 3D printer to obtain simple, ecological and 

economical devices. The goal is that once the devices are printed they have suitable properties for different 

applications. 
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Figure 1. SEM image of RFPs dispersion into synthesized RFP-PCL composite filament.
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One-dimensional magnetic structures, such as magnetic nanofibers, are of high interest since the strong 

shape anisotropy reveals new magnetization reversal modes and possible applications in cancer theranostics, 

energy harvesting, electromagnetic shielding and others. One possibility to create magnetic nanofibers in a 

relatively simple way is offered by electrospinning them from polymer solutions with incorporated magnetic 

nanoparticles [1,2]. 

In this study we chose to deposit polymeric nanofibers, doped with Fe2O3/NiO nanoparticles, on thin 

Permalloy disks, 1 mm diameter and 10 nm thick, Fig. 1(a). For this geometry there is no uniaxial anisotropy 

axis. The polymer was a mix of Chitosan (CS) and Polyvinyl alcohol (PVA). After mixing these two 

components and homogenization, magnetic nanoparticles of Fe2O3/NiO with a mean diameter lower than 50 

nm, at a concentration of 0.1 % (10 mg/mL), were added. For electrospinning was used the E-FIBER EF100 

machine. The deposition lasted 40 mins at an injection flow rate of 10µL/h, and a voltage of 35 kV between 

the metallic needle and the substrate. A magnetic field of 200 Oe was applied during the deposition in order to 

obtain well align nanofibers on the Permalloy disks, Fig.1 (a). Through SEM measurements we found well 

aligned nanofibers with lengths ranging from 10 to 20 µm and a mean diameter of about 197 nm. 

To see the influence of the magnetic nanofibers on the Permalloy disks, were performed galvanomagnetic 

measurements using a planar Hall effect (PHE) setup. The applied magnetic field, H, can be parallel or 

perpendicular to the main direction of nanofibers, Fig. 1 (b and c). This direction will be assumed as an induced 

easy axis of magnetization. Figures 1(d) and 1(e) present the field dependences of the measured signal when 

H is applied parallel and perpendicular to the main direction of the nanofibers. These characteristics show the 

effect of the magnetostatic coupling between magnetic nanofibers and the Permalloy disks. Other orientations 

of the magnetic field are used to complete this study. By running micromagnetic simulations, will be explained 

the obtained experimental results like, for example, the sharp peaks from Fig. 1(e). Through this study, we 

show that magnetic nanofibers can be used to successfully control the detection characteristics of magnetic 

sensors, by inducing in their layer a well-defined anisotropy axis. 
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Figure 1: (a) Simplified schematics of magnetic nanofiber deposition setup based on electrospinning method, showing the chip with 

four Permalloy disks, (b and c) measurement configurations and results for (d) magnetic field applied parallel with nanofibers and 

(e) perpendicular on nanofibers.
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The advances in communication technology and the forthcoming internet of things (IoT) era, place 

millimeter wave frequencies in the focus for a variety of applications including sensors, imaging, wireless 

communications, radars and advanced driver assistance systems. Millimeter wave frequencies, particularly in 

the 95-300 GHz range will become important in the next generation of wireless transmission applications 6G 

and beyond [1],[2]. Ferrites are the functional materials in non-reciprocal devices such as circulators commonly 

used in telecommmunications. Their operating frequency is dependent on the saturation magnetization and 

anisotropy field of the ferrite, which determines the ferromagnetic resonance frequency in an external applied 

field. High anisotropy magnetic oxides like Sr0.67Ca0.33Al4Fe8O19 hexaferrite [4] and ε-Fe2O3 [4] present natural 

ferromagnetic resonances (NFMR) at millimeter wave frequencies. Such high-frequency NFMR makes these 

materials appealing for implementing 6G non-reciprocal devices that would not require the use of external 

magnetic fields. Here, we investigate sub-micron sized powder samples of these two high anisotropy ferrites 

prepared by chemical methods. We detail briefly the structural features and then compare magnetic properties 

and millimetre wave absorption of both compounds. The samples were analysed with a quasi optical 

measurements system with Vector network analyser, to determine the absorption and permittivity in these 

complex oxides at frequencies ups to 220 GHz. Due to the strong magnetic anisotropy of these ferrites they 

show a natural zero field resonance around 180 GHz. We conclude that ε-Fe2O3 may yield advantages due to 

a much stronger absorbtion and sharper absorption line than the hexaferrite. 
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Figure: (a) Millimeter wave absorption (natural ferromagnetic resonance, NFMR). Hexaferrite (blue line) and ε-Fe2O3 (red 

line). Insets show the corresponding TEM images for the measured sub-micron particles. (b) Schematic quasi optical 

measurement setup [©Thomas Keating Ltd.].
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The body-centered cubic (bcc) Fe-Co alloy is known to be a ferromagnetic compound with an elevated curie 

temperature, a large magnetic permeability, and the highest saturation magnetization among the magnetic 

materials. Such excellent magnetic properties have resulted in many nano-applications of technological interest 

as in biomedicine as highly sensitive tracers for magnetic-particle-imaging, magnetic fluid hyperthermia, 

photothermal drug delivery; as supporting media for enhanced catalysis, electrocatalysis, and magneto-assisted 

catalysis, microwave absorption, and spintronics. Among the different synthesis methodologies, the chemical 

methods have constituted a solid alternative against the physical approaches combining both, high control of 

the alloys, and morphology of nanosized materials, along with a high scalability and reproducibility desirable 

for industrial up-scaling.  

We present a synthesis approach based on a sol-gel macromolecule-surfactant method, for a fine tuning of 

the magnetic properties of Fe-Co alloyed/Co-ferrite core/shell nanoparticles embedded in a carbon matrix. We 

explore the versatility of the synthesis by advanced materials characterization techniques, finding a precise 

control of the Fe-Co alloyed nanoparticles and obtaining a modulation of their magnetic properties. The 

magnetic nanoparticle-carbon composites obtained display an elevated saturation magnetization and an 

enhanced coercive field. Such magnetic hardening is induced by a spring-exchange effect between the soft core 

and semi-hard shell. The thickness of Co-ferrite shells is much lower when it is compared with other 

investigations [1,2], indicating a very effective exchange coupling. 

 

Figure: Fe-Co alloyed/Co-ferrite core/shell nanoparticles and its magnetic properties. 
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We report the dependence of exchange bias (EB) effect on interparticle interactions in nanocrystalline Co/CoO 

core/shell structures, synthesized using the conventional sol-gel technique [1]. Analysis via powder X-Ray 

diffraction (PXRD) studies and transmission electron microscope (TEM) images confirm the presence of 

crystalline phases of core/shell Co/CoO with average particle size ≈ 18 nm. Volume fraction (ϕ) is varied (from 

20% to 1%) by the introduction of a stoichiometric amount of non-magnetic amorphous silica matrix (SiO2) 

which leads to a change in interparticle interaction (separation). The influence of exchange and dipolar 

interactions on the EB effect [1], caused by the variation in interparticle interaction (separation) is studied for 

a series of Co/CoO core/shell nanoparticle systems [2]. Studies of thermal variation of magnetization (M- T) 

and magnetic hysteresis loops (M - H) for the series point towards strong dependence of magnetic properties 

on dipolar interaction in concentrated assemblies whereas individual nanoparticle response is dominant in 

isolated nanoparticle systems. The analysis of the EB effect reveals a monotonic increase of coercivity (HC) 

and EB field (HE) with increasing volume fraction. When the nanoparticles are close enough and the 

interparticle interaction is significant, collective behavior leads to an increase in the effective antiferromagnetic 

(AFM) CoO shell thickness which results in high HC and HE [2]. Moreover, in concentrated assemblies, the 

dipolar field superposes to the local exchange field and enhances the EB effect contributing as an additional 

source of unidirectional anisotropy.  
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Figure: a–h) ZFC (solid line) and FC (under Hcool= 1 T, dashed line) hysteresis loops at 4 K for different increasing sample 

concentrations (i) Variation of coercivity (HC) and EB field (HE) with change in volume fraction ().
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ε-Fe2O3 is typically stabilized in form of nanoparticles.  It presents interesting properties and is receiving 

increasing attention for its prospective application potential. In particular, it displays a huge coercive field (up 

to 20 kOe at room temperature), millimeter-wave ferromagnetic resonance, magneto-electric coupling, and 

room-temperature ferroelectricity [1-3].  

The complex noncentrosymmetric structure of ε-Fe2O3, with three distinct octahedral and one tetrahedral 

environments for Fe sites, and a geometrical frustration, plays a key role in its rich phase diagram: two 

consecutive collinear ferrimagnetic orders FM1 and FM2 [4] between its paramagnetic state at about 850 K 

and 150 K where and incommensurate structure is developed upon cooling. Combining neutron and 

synchrotron X-ray diffraction and X-ray circular dichroism, we present new insights on the magnetic phase 

diagram of ε-Fe2O3 and on the interplay between magnetic anisotropy, frustration and the stabilization of the 

super-hard ferrimagnetic FM2 phase in the 150-500 K interval. Structural changes observed at the onset of the 

super-hard FM2 magnetic phase reveal the connection between frustration and magnetocrystalline anisotropy. 

We also studied the stability of the incommensurate magnetic order under applied magnetic field by neutron 

diffraction at different temperatures, finding a field-dependent transition to the collinear phase.  
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The M-type strontium hexaferrite, SrFe12O19, is a highly used rare-earth free permanent magnetic material 

due to its relatively low cost, high chemical stability, good magnetic properties, and high Curie temperature 

(TC = 737 K).[1] Given its widespread use, even slight improvements to its performance may have significant 

socioeconomical impact. In our previous work, we have demonstrated how nanostructuring methods can be 

effectively used to tune and enhance the magnetic properties of hexaferrites.[2-4] A complementary approach 

to further optimize the material's performance is modifying the intrinsic properties at the atomic level by 

chemical substitution. So far, the most significant enhancement of coercivity has been achieved by 

substituting Ca and Al into the hexaferrite structure, although it is always accompanied by a drastic reduction 

in magnetic saturation.[5] 

In this study, we investigate the structure and magnetic properties of aluminium-substituted strontium 

hexaferrite nanoparticles, SrFe12-xAlxO19, with doping levels x = 0-3, synthesized via three different methods: 

hydrothermal autoclave synthesis, citrate sol-gel synthesis and solid-salt matrix sol-gel synthesis. The nuclear 

and magnetic structure, site occupation of Al within the structure, and its influence on the macroscopic 

magnetic performance have been investigated by means of powder X-ray diffraction (PXRD), neutron 

powder diffraction (NPD) and vibration sample magnetometry (VSM). Joint Rietveld analysis of the NPD 

and PXRD data reveals a clear affinity of Al for specific crystallographic sites within the structure, and how 

it evolves as a function of increasing Al doping. Furthermore, the intrinsic saturation magnetization obtained 

from the magnetic structure refinement of the NPD data is in remarkable agreement with the observed 

macroscopic magnetic properties as well as with theoretical calculations,[6] confirming the robustness and 

accuracy of the model. This is, to the best of our knowledge, the first experimental study to show evidence of 

Al site distribution within SrFe12O19 and to provide direct experimental correlation between atomic structure 

and macroscopic magnetic performance. 

 

Figure 1. Left: Hysteresis curves of differently doped SrFe12-xAlxO19 samples. 

Right: Saturation and remanent magnetization (Ms, Mr) obtained by VSM, and 

intrinsic RT magnetization obtained by refinement of NPD data (MNPD). 
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Applications of quantum computation are key for the new Quantum Revolution. So far, most of these 

applications rely on Josephson Junctions or defects doped on diamond as qubits. However, molecular qubits 

offer a wide variety of advantages towards other qubit options: molecules are all prepared equal, there is no 

size distribution, they can be functionalized at will with desired properties by ligand modeification, they will 

require small voltages so that a moecular device will consume small amount of energy... The possible 

applications of molecules as qubits or for spintronics applications relies on the surface deposition of said 

molecules over large areas of a conductive material.[1] In this work, we show how we can achieve 

chemisorption of molecular systems over functionalized Silicon wafers.[2] Among the deposited molecules, 

we have chosen several examples of known qubits with the main objective of measuring the decoherence (or 

phase memory) time of a monolayer of qubits. 
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Initial studies on molecular nanomagnets assumed that a simple Orbach process was the main relaxation 

mechanism at high temperatures, thus the focus was set on modelling the effective barrier (Ueff), [1] with a 

Quantum Tunneling of the Magnetisation (QTM) model being responsible for spin relaxation at low 

temperatures; [2] later the role of Raman and the direct process was also recognized. Combining these 

mechanisms with the idea of probabilistic bits (p-bits), we present STOSS (STOchastic Spin Simulator), a 

microscopic simulator code for spin p-bits based on molecular nanomagnets. STOSS [3] is able to reproduce 

the most characteristic macroscopic magnetic dynamics of molecular nanomagnets, namely magnetization 

relaxation, and in-phase, out-of-phase susceptometry, by simulating the individual states in a collective of spin 

p-bits. Furthermore, we employed the code to simulate the thermal- and field- dependence of hysteresis in a 

novel endohedral metallofullerene. There is a lack of standards in SIM characterization, with competing reports 

of hysteresis temperatures at different sweep rates, temperature for a tau=100s relaxation exponent, ac 

susceptometry etc. STOSS is a tool that can take parameters extracted from a kind of measurement and allows 

estimating the expected result of a different experiment and thus will be useful to compare the performance of 

compounds being subjected to dissimilar studies. 
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Figure: Periodically driven p-bits behave exactly as spins in ac susceptometry: (a) calculated time evolution of N = 104 (up) or N = 

102 (down) stochastic spins described by the parameters corresponding to [(Cp iPr5)Dy(Cp∗)]+, at 20 mK  (b) simulated χ′, χ′′; spin 

dynamics is governed by QTM. Solid lines indicate the fits using a generalized Debye model. 
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We present a bias-controlled spin-filtering mechanism in spin-valves including a hybrid organic 

chain/graphene interface [1]. Wet growth conditions of oligomeric molecular chains would usually lead, during 

standard CMOS-compatiable fabrication processes, to the quenching of spintronics properties of metallic spin 

source due to oxidation. We demonstrate by X-ray photoelectron spectroscopy that the use of a protective 

graphene layer fully preserves the metallic character of the ferromagnetic surface and thus its capabillity to 

deliver spin polarized currents. We focus here on a small aromatic chian of controllable lengths, formed by 

nitrobenzene monomers and derived from the commercial 4-nitrobenzene diazonium tetrafluoroborate, 

covalently attached to the graphene passivated spin sources thanks to electroreduction. A unique bias dependent 

switch of the spin signal is then observed in complete spin valve devices, from minority to majority spin 84 

ABSTRACTS carriers filtering. First-principles calculations are used to highlight the key role played by the 

spin-dependent hybridization of electronic states present at the different interface [2]. 

 
Figure: a). Schematic explaining the hybridization between a ferromagnetic surface and a molecular orbital. Extracted from Delprat 

et al., J. Phys. D: App. Phy. 51 473001 (2018) b). Schematics of the molecular magnetic junction. c) and d). Magnetoresistive 

signals measured in Ni/graphene/molecule/Co magnetic junctions. 
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Designing systems with large magnetic anisotropy energy [MAE] is desirable and critical for nanoscale 

magnetic devices. Thus far, the MAE per atom in single-molecule magnets and ferromagnetic films remains 

typically one to two orders of magnitude below the theoretical limit imposed by the atomic spin-orbit 

interaction. Experimentally Rau et al. realized the maximum MAE for a 3d transition metal atom by 

coordinating a single Co atom to the O site of a MgO(100) surface [1].   

 

Theoretically, simple density functional theory (DFT) calculations do not recover the large MAE of this system. 

Here, including a Hubbard U correction and spin-orbit coupling, we reproduce the large MAE of an individual 

Co adatom on a MgO (001) surface. More importantly, we take one step further by investigating the possibility 

of enhancing the MAE of 3d transition metal adatoms by considering various structural geometries of 3d-O 

molecules deposited on MgO. In one of the structures, where the molecules are perpendicular to the surface, 

the MAE can be enhanced while reducing the interaction with the substrate, which should minimize spin 

fluctuations and enhance the magnetic stability. Moreover, we evidence the ability to substantially modify the 

MAE by atomic control of the location of the 3d–O molecules on the substrate. 
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The interface between organic molecules and a magnetic layer has been designated as the key element in 

defining the the spin functionality of hybrid molecular spintronic devices. The origin of such effects is related 

to the formation of the so-called “Spinterface” that can affect the spin properties of both interface components 

as for example the generation of a spin polarization in the molecular layer or a change of the magnetic behaviour 

of the ferromagnetic layer (FM)[1]. Hybridization effects have been widely investigated both theoretically and 

experimentally considering FM layers[2] while the adsorption and coupling of molecules on surfaces with 

Antiferromagnetic (AFM) order has not a clear clue. In this view, because of the insensitivity of AFM to the 

external magnetic fields, with the aim of evidencing the effect of coupling between AFM and organics, we 

have considered the AFM layer also coupled to a FM featuring thus exchange bias effect. 

We deposited polycrystalline thin films of Co and we formed a bilayer with a single interface between Co 

and CoO by exposing the sample to a controlled oxygen atmosphere (104L), generating an oxide thickness of 

2.5 nm. On the top of CoO a thick molecular layer (25nm) of C60 (buckminsterfullerene) was deposited. The 

magnetic properties of the Co/CoO/C60 stacks were determined with a MOKE apparatus. Temperature 

dependent of Co hysteresis loops of the samples were acquired after cooling down to 80 K after appropriate 

training. The presence of the molecular layer onto CoO determines a hardening of the Co layer and an increase 

of the blocking temperature related to the exchange bias effect.  

We interpret our data considering that the hybridization with molecular layer generates an imbalance of 

Energy barrier for AFM reversal in CoO[3] 
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Figure: Temperature dependent exchange bias field of Co/CoO samples 

with and without C60 overlayer. Samples were cooled at 80K in a negative 

magnetic field of 750 Oe
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Placing a suitable spacer layer between two magnetic layers can lead to a thickness dependent interaction 

between the magnetic layers known as Ruderman–Kittel–Kasuya–Yosida (RKKY) coupling. Controlling 

RKKY coupling through applied voltages, particularly the ability to switch between ferromagnetic and 

antiferromagnetic coupling, would lead to ability to create new magnetic data storage devices [1]. Here we 

combine a solid-state Li ion storage layer and electrolyte used in battery technology with an out-of-plane 

magnetized Co/Pt-based stack coupled through a Ru interlayer (Fig. 1a,b,c,d). Through electrical cycling, 

which introduces Li ions into the metallic stack (Fig. 1e) we investigate the effects of the insertion of Li ions 

on the RKKY coupling (Fig. 1f,g). The insertion of Li ions mainly reduces the amplitude of the RKKY coupling 

but for Ru interlayer thicknesses around ferromagnetic to antiferromagnetic crossings the amplitude can 

increase. This indicates that the phase of the RKKY coupling can also be controlled by voltage. This leads to 

the ability to switch the RKKY coupling between ferromagnetic and antiferromagnetic with applied voltages 

(Fig. 1h) [2], opening a path for novel forms of digital data storage devices.  
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Figure 1: (a) Cross-sectional schematic of a junction. (b) Optical microscopy image of the device consisting of vertical bottom 

electrodes (two of which are indicated by blue arrows) and a horizontal top electrode (red arrow). The electrodes are 100 m across. 

The thickness of the Ru interlayer increases from left to right.  (c) Major hysteresis loop (black) and minor loop (orange) of the 

junction with 1.0 nm Ru at 0 V showing antiferromagnetic coupling between the free and fixed magnetic layer. (d) Major hysteresis 

loop (black) and minor loop (orange) of the junction with 2.4 nm Ru at 0 V showing ferromagnetic coupling. (e) Cyclic 

voltammogram of the junction with 1.9 nm Ru interlayer thickness taken at 50 mV/s. (f) RKKY coupling strength as a function of 

Ru interlayer thickness for +2 V and -2 V. (g) Difference in RKKY coupling strength for +2 V and -2 V as a function of Ru interlayer 

thickness. Red dots indicate junctions where the magnitude of the coupling increased with +2 V applied. (h) Changes in the coercivity 

and RKKY coupling of the junction with 1.75 nm Ru interlayer at -2 V and +2 V as a function of the number of voltages cycles.
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Magneto-ionics is an emerging technology that enables precise modulation of magnetic properties through 

voltage-driven ion migration. This approach is of great appeal for reliable information storage and it has been 

recently proposed for neuromorphic computing applications due to its low-power and non-volatile operation  

[1,2]. Here, we demonstrate that nitrogen magneto-ionics in CoN films can mimic several neuromorphic 

functionalities, such as potentiation/depression, learning through spike-rate-dependent plasticity, memory 

retention, forgetting, and self-evolution by maturity, which refers to tunable updating of information even after 

voltage has been switched off, in a controllable manner. In particular, the post-stimulated behavior of magneto-

ionic systems, presented as their spontaneous evolution after the removal of electric stimuli, is of great 

importance to ensure the non-volality of the recorded information. Yet the manipulation of this behavior is 

challenging. In this work, we show a voltage-controllable N ion accumulation effect on the outer surface of 

CoN films immersed in a liquid electrolyte, which is achieved through the voltage-driven transport of N3‒ ions 

with response time of 10‒2 s. This ion accumulation effect causes a post-stimulated increase of magnetization 

(i.e., once electrical voltage has been switched off). This is only possible by properly tuning the CoN film 

thickness (which determines ion motion rates) and the pulse frequency. Specifically, the ion accumulation 

effect and subsequent increase of magnetization is observed in thin films (thickness < 50 nm)  since they exhibit 

sufficiently high voltage-driven ion motion rates when actuated with either DC or pulsed voltage at frequencies 

f = 1, 10 and 100 Hz. At low frequencies, relaxation effects during the “off” periods of the voltage pulses 

dominate over the aforementioned interfacial ion accumulation effect. Besides boosting energy efficiency, our 

approach offers an important additional logical function: after voltage has been applied, the device can be either 

programmed to learn or forget without any further energy input, thus mimicking synaptic functions under deep 

sleep, when processing of information can continue without any external signal input. This novel effect may 

open opportunities, at the materials level, for advanced brain-inspired computing paradigms [3]. 
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In this study we show that a Pt dusting layer of a nominal thicknes of 0.09nm inserted at the interface 

between CoFeB and MgO in a Ta/CoFeB/MgO/HfO2 induces in-plane magnetic anisotropy in the stack, which 

can be switched to perpendicular magnetic anisotropy (PMA) through magneto-ionic gating (see figure). The 

polycristalline structure of the MgO layer observed by transmission electron microscopy in the as-grown state 

is preserved after gating [1], indicating a potential magneto-ionic mechanism mediated by oxygen motion 

through grain boundaries.  

Interestingly, this system does not show evidence of the typical oxidation involved in magneto-ionics relying 

on voltage-induced migration of oxygen species [2]. XAS measurements show a strong and reversible change 

in the oxygen edge upon gate voltage exposure, showing that the magneto-ionic process is mediated by the 

incorporation and release of oxygen species. However, XMCD measurements show that the voltage-gate 

induced spin-reorientation transition in the CoFeB/Pt/MgO stacks is not accompanied by a significant change 

in the magnetic moment of neither Fe nor Co.  

This magneto-ionic mechanism is attributed on the one hand to the crystallinity of the MgO barrier, and on 

a likely change in the oxidation potential of the Co and Fe atoms at the oxide interface through the interaction 

with the Pt atoms in the dusting layer. This shows that the fine-tuning of the chemistry at the interfaces of 

magneto-ionic stacks is important for the design of magneto-ionics materials and devices. 

 
Figure: Anomalous Hall effect signal at different ionic-liquid 

gate voltages in Ta/CoFeB/Pt/MgO/HfO2 (left), and a cartoon 

of the device geometry (right). 
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Van der Waals heterostructures (vdWHs) provide the possibility of engineering new materials with 

emergent functionalities that are not accessible in another way. These heterostructures are formed by 

assembling layers of different materials used as building blocks. Beyond inorganic 2D crystals, layered 

molecular materials remain still rather unexplored. In this work,1 the family of van der Waals heterostructures 

is enlarged by introducing a molecular building block able to produce strain: the spin-crossover (SCO). In these 

metal–organic materials, a spin transition can be induced by applying external stimuli. In particular, smart 

vdWHs are prepared in which the electronic and optical properties of the 2D material (graphene, WSe2) are 

switched by the strain caused by the spin transition. These hybrid vdWHs represent the deterministic 

incorporation of bistable molecular layers with other 2D crystals in the emergent fields of straintronics and 

band engineering in low-dimensional materials. 
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Figure: Upper figure: Scheme of the spin-crossover phenomenon for a d6 (Fe2+) metal complex. Bottom left: Thermal dependence of 

the resistivity for a vdWH. Bottom right: Thermal dependence of the PL position for the vdWH and a reference WSe2 monolayer.
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Free transition metal atoms have high spin and orbital magnetic moments. However, in solids, the orbital 

moment is partial or totally quenched by crystal field effects [1]. This quenching reduces drastically the 

magnetic anisotropy, that is associated to the orbital moment anisotropy. The reduction of the coordination of 

transition metals has been proposed as a route to achieve an unquenched orbital moment [1,2]. 2D metal-

organic networks on surfaces are promising candidates to reduce the coordination and stabilize a large orbital 

moment.  

On the other side, π-conjugated metal-organic networks have been attracting great attention since they can 

present exotic quantum phases of matter [3,4]. The conjugation also enhances the coupling between magnetic 

moments and can lead to antiferromagnetic ground-states [5]. The absence of stray fields and the magnetic 

robustness of antiferromagnetic materials make them promising candidates to replace ferromagnets in the next 

generation of spintronic devices [6].  

In this work, we have investigated the structural, electronic and magnetic properties of a π-conjugated 2D 

metal-organic network consisting of 2,3,6,7,10,11-hexahydroxytriphenylene (HOTP) molecules coordinated 

with Co atoms on Au(111). We have performed a multidisciplinary study, combining scanning probe 

microscopy and spectroscopy, X-ray absorption spectroscopy, X-ray linear and X-ray circular magnetic 

dichroism [7]. Our results reveal a network based on three-fold Co+2 coordination displaying a large 

unquenched orbital magnetic moment with an orbital to effective spin moment ratio of 0.8, as also a large 

magnetic anisotropy with an in-plane easy axis. Furthermore, density functional theory complemented by a 

Hubbard model (DFT+U) predicts an antiferromagnetic ground-state, that is compatible with our experimental 

results. 
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The memristive properties of multiferroic tunnel junctions are determined by the possibility to modulate the 

junction’s electrical resistance by independently controlling the magnetization orientation of the ferromagnetic 

electrodes and the ferroelectric polarization of the tunnel barrier [1]. The coupling of these magneto-electric 

properties is important for electronic applications with low power consumption from nonvolative memory, to 

elements in logic circuits, sensing devices, biological synapses models in the emerging area of neuromorphic 

computing and artificial intelligence. Realizing these multifunctional electronic elements using organic 

materials and/or biomolecules is presenting various advantages related to their low cost, versatile synthesis, 

flexibility, lightweight and biocompatibility that are actually of major scientific and technological interest for 

applications in the fields of spintronics, molecular electronics, transient electronics, bioelectronics, and 

therapeutic techniques. Moreover, the lightweight elements in their composition have a small spin-orbit 

coupling and thus, favour a longer spin lifetime and spin transport length of the charge carriers than in standard 

inorganic materials.   

Herein, we demonstrate the non-volatile memristive spintronic behavior of multiferroic junctions that can 

be manipulated with small external magnetic and electric fields. These memristors have two terminals and are 

composed of organic biomolecular ferroelectric films [2] of a DNA component, the guanine nucleobase, 

sandwiched between two different ferromagnetic electrodes of Co and CoxCr1-x films that have an in-plane easy 

axes of magnetization and different coercive fields. At 100 K a difference of about 370% is achieved between 

the magnetoresistive hysteresis loops in the low-resistance and the high-resistance states (Figure). The guanine 

film ensures a very long spin transport length of up to 200 nm. The guanine films show typical ferroelectric 

polarization–electric-field hysteresis loops with large electrical polarization and pyroelectric signal at low 

temperatures of up to 200 K. Above this transition temperature, at which different properties are affected, the 

guanine films have a preponderant paraelectric phase containing residual or locally induced nanoscopic 

ferroelectric domains, as observed by piezoresponse force microscopy at room temperature.  
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Research interest in magnetic layered (2D) materials has grown significantly since the isolation of intrinsically 

magnetic monolayers, leading to the expansion of the library of magnetic 2D materials. Achieving control over 

the magnetic properties of these materials is crucial for their successful integration into devices.[1]. In this 

regard, layered hybrid organic-inorganic metal halide perovskites (HOIPs) are an ideal platform for magnetic 

tunability due to their chemical and structural versatility[2-3]. In this work, we conducted a comprehensive study 

to understand how the transition metal (Cu2+, Mn2+ and Co2+), organic spacer (alkyl- and aryl-ammonium), and 

perovskite phase (Ruddlesden-Popper and Dion-Jacobson) impact on their magnetic properties. Our results 

show that an increase in the in-plane anisotropy together with a decrease in the interlayer distance of Cu2+ 

HOIPs lead to a change in their magnetic behavior from a 2D ferromagnet to a quasi-3D antiferromagnet 

(Figure 1). On the other hand, the magnetism of Mn2+ HOIPs is characterized intrinsically by antiferromagnetic 

intralayer interactions. Finally, Co2+ crystals with a non-perovskite structure display a dominant paramagnetic 

behavior. Therefore, our work demonstrates the potential of using HOIPs for developing new layered magnetic 

materials with tailored magnetic properties[4]. 
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Figure 1: a) Crystal structures 

of PEA2CuCl4 (CCDC 751 

958) and EDACuCl4 (CCDC 1 

148 696) drawn using VESTA 

software and b) their 

magnetization (M) versus 

temperature (T) parallel to the 

[CuCl6]4− octahedra layers. 
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-[(BEDT-TTF)1-x(BEDT-STF)x]2Cu2(CN)3 series are 2D organic salts realizing a paradigmatic Mott-metal 

insulator transition. The localization of conduction electrons is driven by strong electronic correlations which 

can be tuned by hydrostatic pressure or by substitution with BEDT-STF cations as in the present study. The 

parent -(BEDT-TTF)2Cu2(CN)3 compound remains without magnetic ordering down to the lowest 

temperatures. To fully understand its magnetic properties it is necessary to assess its crystal structure in detail. 

The (BEDT-TTF) cations are separated by the layers of Cu2(CN)3 anions within in the bc plane, see figure 

below.  If one looks on the cations along a crystallographic axis it is possible to see the triangular arrangement 

of (BEDT-TTF)2 dimers, see panel (b) below. The triangular lattice is close to ideal, t/t’ = 0.83, providing ideal 

conditions for geometrical frustration [1].  Each dimer is carrying one electron with spin S = ½. The interaction 

between spins is antiferromagnetic [2]. These all are necessary conditions for the formation of quantum spin 

liquid (QSL) sate and also the reason why this compound was the prime QSL candidate. The observation of 

T* = 6 K anomaly in thermal expansion brought the question about the proper ground state, which seems to be 

rather a valence bond solid (VBS) than QSL [3]. This leads to the more general question whether geometrical 

frustration on its own can fully suppress antiferromagnetic order and whether the systems can truly remain 

stable towards magneto-structural instabilities, like VBS phases, down to absolute zero. 

Our presented contribution is focused on low temperature X-ray diffraction study of a single crystalline 

sample -(BEDT-TTF)2Cu2(CN)3, showing pronounced anomaly of lattice parameters around T* = 6 K. The 

structural results are supplemented by a microscopic study of quadrupolar interaction using nuclear magnetic 

resonance (NMR). It also maps the evolution of the T* anomaly across the series. 

 

Acknowledgements  

This work was supported by the Czech Science Foundation under Grant No. 23-06810O. 

References  

[1] H. C. Kandpal, I. Opahle, Y.-Z. Zhang et al., Phys. Rev. Lett. 103 (2009) 67004.  

[2] Y. Shimizu, K. Miyagawa, K. Kanoda et al., Phys. Rev. Lett. 91 (2003) 107001. 

[3] B. Miksch, A. Pustogow, M. J. Rahim et al., Science 372 (2021) 276-279. 

[4] A. Pustogow, Solids 3 (2022) 93-110. 
 

 

 

 

 

 

 

 

Figure: Crystal structure of -(BEDT-TTF)2Cu2(CN)3 2D organic 

salt. a) View along b axis. b) The arrangement of dimers within bc 

plane. Taken from [4].
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Fe/Co Prussian Blue analogues (PBA) are known for their switchable spin and redox states, making them particularly 

interesting for information processing at a molecular level and as nanoscale electronic components. An attractive feature 

of some Fe/Co PBA compounds is their photomagnetic behavior where intramolecular metal-to-metal electron transfer 

is coupled to a spin-crossover (SCO) process at the cobalt ion, viz., a cyanide-bridged diamagnetic FeII
LS-(μ-CN)-CoIII

LS 

entity transforms into a paramagnetic FeIII
LS-(μ-CN)-CoII

HS state. This phenomenon has been termed charge transfer 

induced spin transitions (CTIST) or electron-transfer-coupled spin transition (ETCST).[1] 

In this work, we investigated the ultrafast dynamics following intervalence charge transfer (IVCT) excitation of the 

known[2] square-type molecular Fe2Co2 PBA 1, in both its high and low temperature phases, and of the new dinuclear 

FeCo PBA 2, using pump−probe transient IR and UV/vis absorption spectroscopy of the complexes in MeCN solution. 

The results indicate that the photoinduced one-electron transfer of 1 is restricted to one edge of the Fe2Co2 square and 

does not trigger a second (cooperative) charge transfer step at the opposite edge. Complex 2 and the high temperature 

form of PBA 1 show similar photophysical behaviour after IVCT excitation. Different relaxation mechanisms dependent 

on excitation wave lengths are discussed.[3] 

 

 
 

 

 

Figure 1: Complexes 1 and 2 investigated in this work (left) and light-induced dynamics in one Fe−Co pair of the low 

temperature phase of square PBA 1.[3] 
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Here we discuss in the framework of a mechanoelastic model [1] the electronic and mechanical 

behaviour of layers of spin crossover (SC) molecules self-organized on a substrate. We consider the molecules 

situated in a face centred cubic structure interacting in between and with sites in the substrate by the way of 

connecting springs with given elastic constants (Fig. 1a).  

The main experimental results are reproduced, such as the typical incompleteness of the hysteresis loop, 

residual fractions after low temperature relaxations, cooperativity or kinetic features [2]. However, we prove 

that the simple model, implying fixed neighbours on the substrate for every SC molecule, leads in some cases 

to unphysical situations, corresponding to unexpected large curvatures of the SC layer (Fig. 1b).  

Therefore, in a further approach we let every SC molecule to change its neighbour sites in the substrate, 

by connecting at every moment to the closest molecules on the substrate. This approach, corroborated with the 

use of different densities of the sites on the substrate, allows us to simulate further experimental observations, 

such as the appearance of cracks inside the layer (Fig. 1c) or periodic arrangements of heights of SC molecules 

on the layer leading to moiré patterns (Fig. 1d), for which corresponding experimental data are also provided 

[3]. 
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Figure 1: (a) First layer of SC molecules (red circles) connected to substrate molecules (green circles). (b) A system showing large 

distortions in its full LS state after relaxation in the case of fixed links between SC molecules (blue circle) and the substrate. (c) A 

system with large local distortions leading to cracks in the case of flexible links (self-adjustable) interactions between SC 

molecules (blue circles) and the substrate. (d) A system showing periodic arrangements of heights of SC molecules in the case of 

self-adjustable interactions with a larger density of substrate sites.



 
SYMPOSIUM 08. POSTERS 

Reversible magneto-Ionic effect in crystallized W-CoFeB-MgO-HfO2 ultra-thin films 

with perpendicular anisotropy 
 

Song Chen1, Elmer Monteblanco1, Rohit Pachat2, Liza Herrera Diez2, Dafiné Ravelosona1,2 

 
1Spin-Ion Technologies, 10 Boulevard Thomas Gobert, 91120 Palaiseau, France  
2Centre de Nanosciences et de Nanotechnologies, CNRS, Université Paris-Saclay, 10 Boulevard Thomas Gobert, 

91120 Palaiseau, France 

 

Abstract 

 

Voltage control of magnetic properties such as interface magneto-crystalline anisotropy have been widely studied in 

ferromagnetic metal (FM)/metal oxide (MO) heterostructures due to their potential to reduce power consumption in 

spintronic devices.   The underlying physical phenomena is based on several magneto-

electric mechanisms, including  carrier-meditated electrostatic effect[1] or magneto-ionics response[2].  The later effect 

where the electric field can modify the oxidation state of the FM material,  has drawn intense interest recently since 

it provides non-volatility and much larger change of magnetic properties  with respect to pure charge effects.  In 

particular, the influence of the FM/oxide interface state on the MI effect have been widely studied showing 

complex behavior in term of modulation of magnetic properties, reversibility and  non-volatility.  

 

Here, we have investigated electric field induced modulation of perpendicular magnetic anisotropy (PMA) in both 

amorphous and crystalline W/CoFeB/MgO/HfO2 ultra-thin films. We find that in the amorphous state, the electric field 

effect is volatile and reversible, which is consistent with the conventional electrostatic effect 

through charge accumulation. In the crystallized system annealed at 370°C, we find that in addition to the electrostatic 

response the voltage induced effect on PMA is non-volatile and reversible. We discuss these results in terms of higher 

oxygen mobility at the crystallized CoFeB-MgO interface, which induces a non-volatile magneto-

ionic response.  Modulating PMA in crystallized W-CoFeB-MgO materials through ionic migration opens the path to 

integrating magneto-ionics in full magnetic tunnel junctions. 

 

 
 

Figure 1: Hysteresis loop under perpendicular field for different voltages in (a) non annealed and (b)  annealed  W 

(5nm)-CoFeB (1nm)-MgO (2nm)-HfO2 (1nm) structures.  An ionic liquid) [EMI][TFSI] has been used to provide large 

E-fields with a counter ITO electrode. In the amorphous (crystalline) structure, the E-Field is volatile (non-volatile) 

respectively.    
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The First-Order Reversal Curve (FORC) diagram method is one of the most successful characterization 

techniques for complex hysteretic phenomena. The FORCs are a specific class of minor hysteresis loops, for 

which the sweep of the input parameter is reversed once starting from specific points on the major hysteresis 

loop [1]. The main problem in the numerical calculation of the FORC diagrams is that the second-order 

derivative of a function with discrete noise-contaminated data increases the noise that is inevitably present in 

the measurements [2]. 

In order to minimize the drawbacks of the standard method for obtaining FORC distribution, we propose 

here a method based on the calorimetric measurements: as the heat capacity already corresponds to the first 

derivative of the magnetization with the temperature, only a single derivative is necessary in order to obtain 

the FORC distributions [1]. In this way, the calorimetric method provides a unique alternative to the classical 

FORC diagram approach.  

As model compounds to check the applicability of this method, we have considered the spin crossover 

molecular magnets, which are bistable systems with two electronic states in thermodynamic competition: the 

diamagnetic low spin state (LS), stable at low temperatures and the paramagnetic high spin state (HS), stable 

at high temperatures. Specific experiments have been performed on the coordination polymer 

[Fe(btr)2(NCS)2]
.H2O (btr=4,4’-bis(1,2,4-triazole)], which presents a large thermal hysteresis loop centered 

around 130 K [3]. 

 
Figure: FORC thermograms for Fe(btr)2(NCS)2

.H2O microparticles in the cooling and heating mode for calorimetric measurements 

and corresponding diagrams. 
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Molecular magnets are a class of metal-organic materials exhibiting unique physical properties that can 

potentially play an essential role in developing modern technology, including spintronics, quantum computing, 

magnetic cooling, or bistable magnetic switches. On the one hand, one of the most apparent approaches to 

discovering new molecular compounds is a consistent synthesis that involves various building blocks. On the 

other hand, molecular magnets are often sensitive to external stimuli such as temperature, pressure, light, or 

the presence of guest molecules, which opens new ways of modification of magnetic properties. 

Here, we report results obtained for the three-dimensional molecular magnet NbMn2 based on the Nb (IV) 

and Mn(II) ions subjected to plasma irradiation under various conditions. The antiferromagnetic exchange 

interaction between Nb(IV) and Mn(II) ions leads to the long-range ferrimagnetic order observed below TC = 

47.5 K and confirmed by the saturation magnetization of 9 Bohr magnetrons per NbMn2 formula unit (for two 

spins S = 1/2 and one S = 5/2). 

Numerous samples of NbMn2 were ground down and scattered on the adhesive tape to ensure a large 

surface-to-volume ratio of exposed crystallites. Then, the samples were irradiated with plasma made of air, 

nitrogen, oxygen, and argon. Two other parameters were tested: plasma power (low, medium, high) and 

irradiation time (2 – 30 min). The magnetic properties of the irradiated samples of NbMn2 show a clear 

appearance of the second magnetic phase with TC around 70 K. However, the changes in magnetic signal are 

observed only for samples irradiated with at least 10 minutes and medium power, indicating the presence of 

threshold effects. The most extensive modification of the magnetic properties was observed for argon, then 

oxygen, nitrogen, and air (Fig. 1). 

X-ray powder diffraction studies revealed that the samples after plasma irradiation have the same diffraction 

pattern but with broader peaks that are shifted towards higher 2θ angles. It indicates that crystal lattice 

parameters become smaller. Therefore, the distance between magnetic centers is reduced, and thus, exchange 

interactions between Nb(IV) and Mn(II) may be enhanced, explaining the appearance of the second magnetic 

phase with higher Curie temperature. The most probable cause of structural changes is related to the 

dehydration process of H2O coordination and crystallization molecules present in the system. 

 

 

 
Figure 1. The real part of the AC magnetic susceptibility of NbMn2 measured for samples irradiated for 10 minutes with high power 

air, nitrogen, oxygen, and argon plasma.
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Fundamental knowledge of magnetic and electronic interaction phenomena that takes place at the hybrid 

metalorganic interface is decisive to explore the possibility to create highly spin-polarized spinterfaces to 

enhance the performance of organic spintronic devices [1]. To this end, tailoring magnetic properties on 

structurally robust substrates is crucial. Rare-earth/noble metal monolayer alloys, grown on gold surfaces, 

possess a big potential as nanostructured magnetic templates with structural stability. Different elements of the 

lanthanide series have been observed to form surface-confined alloys in Au(111) [2], characterized by a high 

crystal quality and nanoscale periodic corrugation. We have prepared hybrid metal–organic interfaces by the 

adsorption of copper phthalocyanine CuPc on REAu2 monolayers (RE = Gd, Ho and Yb) and studied their 

growth, electrostatics, electronic structure and magnetic properties. We observe a significant effect of the RE 

valence of the substrate on the carrier injection barrier of the hybrid metal–organic interface. CuPc adsorbed 

on trivalent RE-based surfaces (HoAu2 and GdAu2) exhibits molecular level energies that may allow injection 

carriers significantly closer to an ambipolar injection behavior than in the divalent case (YbAu2) [3] (see Fig.1). 

Moreover, the magnetic exchange coupling between the ferromagnetic surfaces (HoAu2 and GdAu2) and the 

CuPc layer is explored, studing the effect of the RE atom on the magnetic behavior of the hybrid metal-organic 

interface. 
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Figure 1: 1ML of CuPc on REAu2 surface:(a) STM of 

1ML CuPc on a HoAu2 surface. (b) Valence bands 

measured on CuPc ML grown on GdAu2, HoAu2 and 

YbAu2. For comparison the valence band of 1 ML of 

CuPc/Au(111) is given (c) Side view of the carrier 

density difference Δρ(r) in the CuPc/GdAu2/Au(111)-2 

ML interface with Cu at the Gd atop site.
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In recent years, magnetic multilayers with structure inversion asymmetry have been widely studied for 

spintronics applications, due to their strong perpendicular magnetic anisotropy (PMA), strong spin-orbit 

coupling (SOC), and high Dzyaloshinskii-Moriya Interaction (DMI). In such a film, PMA, DMI and SOC can 

stabilize the Néel domain walls and complex chiral magnetic textures such as skyrmions [1].  These properties 

are highly dependent on the interfaces between the ferromagnet (FM) layer and the adjacent non-ferromagnetic 

layers. In this work we have been investigating the possibilities for controlled, non-volatile,  local modification 

of these interfaces through electrically driven oxygen migration through the film structure.  Ionic liquid gating 

has potential for this due to its ability to modulate magnetic properties such as perpendicular magnetic 

anisotropy (PMA) via ion migration [2-3]. With a small applied voltage (of order -2 V) oxygen ions migrating 

from an adjacent oxide layer towards the magnetic layer can change the magnetization direction. The technique 

is potentially fully reversible allowing the possibility of field programmable skyrmion devices. We are 

developing a material system based on Ta/Pt/CoB/Ir/Pt multilayer and applying e-field through liquid ionic 

gating across an HfO2 gate dielectric. This type of structure has been overlooked due to the distance between 

the oxygen ions and magnetic layers, although, as we show here, it can be used to remotely manipulate 

magnetization. This experimental study investigates the magneto-ionic effect on fundamental material 

properties, such as effective anisotropy constant (Keff). We have observed that positive gate voltages 

significantly decreases the domain nucleation field, whilst negative voltage creates domain wall pinning near 

saturation. Moreover, we also found that oxygen species can be driven through up to 8 Å of Pt and 2 Å of Ir, 

we have also demonstrated that these effects are reversible. Our results show that through application of modest 

positive and negative voltages, we can control the oxygen migration through the upper Pt/Ir layer in our devices 

with a potential application in a reconfigurable spintronic device. 
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Figure: figures shows the oxygen driving possibilities. a) hysteresis loop changes significantly with applied voltage, b) 20% 

nucleation and 80 % saturation at the negative gate voltage.
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We propose the correlated random anisotropy model that describes thin ferromagnetic films hybridized with 

organic molecular layers. The asymmetry of the molecules leads to the random in-plane anisotropy induced at 

the surface of the magnetic film. We show that this strongly modifies the magnetic anisotropy of the whole 

cobalt layer which magnitude critically depends on the correlation radius of random anisotropy (fig. a). When 

this radius is small even strong induced anisotropy can be neglected. However, with the increase of correlation 

radius, the effect of molecules starts to dominate the magnetic properties. It results in the colossal increase of 

the coercive field, modification of the hysteresis loop shape (fig. b), and breaking of the Raleigh law at low 

fields. 

Physically, the effect results from the modification of pseudoground states in the magnetic film. At a low 

correlation radius the state can be described by standard domain wall picture, while at larger correlation 

radiuses a correlated spin glass state emerges.  
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(a) The correlation radius rc of molecule-induced anisotropy. (b) Hysteresis loops for different values of rc.
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The chemisorbtion of organic molecules on surfaces of 3d-ferromagnetic thin films alters drastically such 

key magnetic parameters as the magnetic anisotropy, magnetization and others [1-3]. This is due to the 

hybridization of 3d metallic and π molecular orbitals and represents one of the most promising routes for 

tailoring of the components in magnetic and spintronic devices [1]. 

In this work we present the results obtained for thin polycrystalline Co layers (with thicknesses of 3-7 nm) 

interfaced with two different molecules, namely C60 and Gaq3. A wide range of magnetic characterization 

techniques were employed, where the dynamics of the magnetic state was investigated by exciting it at different 

timescales, from nanoseconds to minutes, and studying how the local modifications on the magnetic anisotropy 

affect the magnetic response of the whole FM layer. MOKE magnetometry and AMR measurements showed 

a molecule-dependent increase of the in-plane coercivity that is colossaly enhanced at low temperatures. 

Moreover, minor loops measurements at 150 K indicate a critical deviation (see Figure (b) ) from the universal 

power law behaviour derived for coercive fields from Rayleigh law [4]. Additionally, 59Co Zero-Field NMR 

characterizazion indicated an increase of the magnetic stiffness of the whole FM layer, demonstrating that the 

interfacial effects propagate several nm into the bulk of the FM material[5]. All the observed molecule-induced 

effects suggest the establishment of a conceptually new magnetization dynamics and can be reasonable well 

explained on the basis of a new phenomenological model based on correlated random anisotropy approach. 

 
Figure: (a) Coercive fields as a function of temperature for Co/Gaq3 and Co/C60 systems, compared with reference Co/Al and 

Co/CoOx bilayers showing a colossal enhancement of the coercive fields at low temperatures. (b) logarithmic coercive field ratio 

(minor loops divided by saturated loop) vs remanence anisotropy ratio, showing a clear change in the slope between reference samples 

(black points) and Co/C60 (green points). 
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Simple spin models have played a key role in the formulation and comprehension of the basic principles of 

magnetism and statistical mechanics since the early days of quantum theory. The interest in these models and 

in the systems realizing them persists today due to their connection to many topological properties of matter, 

as well as their potential to become the building blocks of viable and robust quantum computers. 

Recently, graphene triangulene (GT) chains have been synthesized and their magnetic response has been 

analyzed by STM methods by Mishra and coworkers [1]. Motivated by this study, we determine the exchange 

bilinear and biquadratic constants of the triangulene chains by calculating two-spin rotations in the spirit of the 

magnetic force theorem. We then analyze open-ended, odd-numbered chains, whose edge states pair up 

forming a triplet ground state (see Figure). We propose three experimental approaches that enable us to trigger 

and control a singlet-triplet spin transition. Two of these methods are based on applying a mechanical distortion 

to the chain. We finally show that the transition can be controlled efficiently by the application of an electric 

field. [2] 
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Figure: (a) Sketch of a horseshoelike N = 5 GT 

chain, where the spins at each triangulene pair are 

coupled by the same exchange constants J and β, 

and where the two end GT spins are coupled by a 

smaller exchange constant J1N . (b) A singlet-

triplet crossing occurs at a finite value of J1N/J 

smaller than 1. 
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Layered metal-organic perovskites are a class of materials with the general chemical formula A2BX4, also 

known as 2D hybrid organic-inorganic perovskites. The inorganic layers are separated by two layers of organic 

cations that are coupled by hydrogen bonds to the inorganic layers, usually via the NH3 group. The structure 

allows great freedom in the choice of organic cations, allowing very different distances between the metal 

layers and greater tilting of the octahedron, compared to their 3D counterparts.  

In this work, we studied the magnetic properties of a series of layered 2-haloethylammonium 

tetrahalocuprates(II), based on a well-known ethylammonium tetrachlorocuprate(II), EA2CuCl4 on which the 

existence of the magnetic and electric order was observed. Investigated 2D layered metal-organic perovskite 

materials consisted of 2-chloroethylammonium tetrachlorocuprate (ClEA2CuCl4), 2-bromoethylammonium 

tetrachlorocuprate (BrEA2CuCl4), 2-chloroethylammonium tetrabromocuprate (ClEA2CuBr4) and 2-

bromoethylammonium tetrabromocuprate (BrEA2CuBr4). All the compounds have the same stoichiometry as 

the starting EA2CuCl4 but differ in the additional halogen atom attached to the ethylammonium ion and the 

halide ion that forms the inorganic backbone. The magnetic DC measurements were performed using an 

MPMS3 and MPMS5 SQUID magnetometer, in the temperature range from 2K to 300K, and fields up to 5T. 

Ultra-low field (ULF) option of MPMS3, which enables magnetization measurements in precise low magnetic 

fields, was used to measure the temperature dependence of magnetization in fields smaller than 5 Oe. The study 

showed that small changes in the organic cation can give significantly different magnetic properties and that 

the substitution of Cl− with Br− ions in the inorganic layers in addition to changing the strength of the interaction 

within the plane and the transition temperature, also causes the appearance of hysteresis and a significant 

coercive field. Compounds with 2-chloroethylammonium organic cations, similar to the starting EA2CuCl4, 

show an antiferromagnetic ground state, with a metamagnetic transition, transition to the ferromagnetic state, 

already for small applied magnetic fields. Replacement of Cl− with Br−  ion in the organic cations, leads to a 

completely different magnetic ground state and, in the case of 2-bromoethylammonium cations, it is 

ferromagnetic. Although in the compounds with tetrabromocuprate(II) layers the distances between 

neighbouring Cu ions are larger, higher polarizability of bromine ions leads to stronger interactions within the 

inorganic and thus higher temperatures of magnetic phase transitions. Therefore, only small changes in the 

organic ions or the change of the halogen atom in the inorganic layers can lead to very different magnetic 

behaviour. As the structure of the layered metal-organic perovskites offers a wide choice of organic cations, it 

could be possible to easily design the desired magnetic properties. 
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Two-dimensional magnetic systems can be realized as the single- or multi-layered metal-nonmetal inorganic 

compounds and increasing interest in them is driven with the fundamental questions about magnetic 

interactions and ordering as well as with possible appearance of the electronic excitations leading to 

applications such as magnonics, spintronics, light-induced ultra-fast magnetic switching, etc.  

Our research is focussed on hybrid organic-inorganic layered halometallates which have a perovskite three-

dimensional crystal structure. Layered systems allow large freedom in choosing the organic cations, leading to 

the possibility of designing multifunctional materials with additional ferroelectric, luminiscent, photonic, 

semiconducting, or other properties beside the magnetic ones. Our investigated systems consist of halometalate 

layers, where metal ions are chosen to be magnetic and halogen bridges serve for efficient super-exchange 

interaction leading to strong magnetic correlations.  

Magnetic properties of our investigated tetra-chloro and -bromo cuprates are quite interesting in their 

diversity. They show quasi-two-dimensional magnetic behaviour, but also the long-range magnetic order and 

phase transitions. Namely, within the cuprate planes usually the moderate super-exchange interaction between 

the neighbouring spins is present (order of 10 – 100 K) leading to the ferromagnetic planes, and much smaller 

interactions between the planes trigger the magnetic phase transition (usually at temperatures 5 – 30 K). Other 

local symetry breaking can also help the ordering due to cutting out the fluctuations. The magnetic ground state 

can be ferromagnetic as well as antiferromagnetic, that might depend on competition of these smaller 

interactions originating from the magnetic dipolar energies, super-exchange over the organic layers, and other 

interactions transferred through secondary bonds. Especially interesting is the appearance of metamagnetism 

with relatively small critical fields. 

Magnetism in several series of tetrahalocuprates will be presented and discussed in a way to show their 

diversity dependending on chemical and structural peculiarities.  
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Spin liquids are malleable magnetic textures obeying their own microscopic rules. These rules, due to frustrated 

constraints, can take the form of emergent gauge fields and topological phases able to support quasi-particles such as 

magnetic monopoles, Majorana fermions and fractons, to cite but a few. 

In this talk we will give a pedagogical presentation of some of the most fascinating phenomena supported by spin 

liquids, in particular how to move from the microscopic Hamiltonian to the gauge-field description and how to confirm 

the presence of spin liquids and quasi-particles in experiments. We will illustrate these ideas through a variety of models 

and materials, such as (quantum) spin ice, Kitaev systems, higher-rank gauge fields ... 
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Figure: (a) Power Spectral Density of the spin-ice material Dy2Ti2O7 measured by ultra sensitive SQUID (symbols) and Monte-

Carlo simulations (black line) [1]. (b) Structure factor of a rank-2 U(1) gauge field obtained from simulations on the breathing 

pyrochlore lattice, with its characteristic four-fold pinch points [2].



 
SYMPOSIUM 09. INVITED ORAL PRESENTATIONS 

Magnetic Order in Nanoscale Gyroid Networks 
Naëmi Leo1* 

1 Instituto de Nanosciencia y Materiales de Aragón, CSIC—University of Zaragoza, 50009 Zaragoza, Spain 

* naemi.leo@unizar.es 

 

Three-dimensional magnetic metamaterials feature interesting phenomena that arise from a delicate 

interplay of material properties, local anisotropy, curvature, and connectivity. A particularly interesting 

magnetic lattice that combines these aspects is that of nanoscale gyroids shown in Fig. 1a. Gyroid lattices with 

periodicities in the order of a few tens of nanometres can be grown by polymer self-assembly and feature a 

highly-interconnected chiral network with local three-connectivity reminiscent of 2D artificial spin ices. 

In this talk, I will present recent results on finite-element micromagnetic simulations on field-driven and 

relaxed spin configurations in nanoscale nickel gyroids [1]. These feature complex magnetic states, as shown 

in Fig. 1b, with spin chiral effects arising from the non-trivial local magnetic anisotropy. Especially in 

comparison to planar devices, the 3D geometry and connectivity, truly 3D spin order in response to 3D fields, 

and the multitude of parallel conduction channels of the regular gyroid network, as shown in Fig. 1c, result in 

an extensive manifold of frustrated magnetic states as well as gives many possible choices for magnetotransport 

geometries. This vast phase space therefore is ideal to be explored for future three-dimensional spintronic 

applications, such as non-reciprocal transport as well as for probabilistic and neuromorphic computing 

platforms. 
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Fig. 1: (a) Gyroid structure used for micromagnetic simulations. The scale bar measures 50 nm. (b) The magnetic order 

(here at remanence) can be represented on a network of highly-connected triangular plaquettes, with effective macrospins 

located at each corner. Black lines mark pair-wise in-out macrospin configurations, and the colour scale denotes two-in-

one-out (red) or one-in-two-out (blue) ice-like correlations. (c) Possible paths 𝐴 → 𝐵 connecting nodes 𝐴 and 𝐵 through 

the gyroid network, with different path length indicated by line colour and width. The multitude of connecting paths and 

magnetic order influence decidedly the anisotropic magnetoresistance. 
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The resistance control of a device through the magnetic properties of its counterparts is one of the major 

achievements in the last decades for the advances in electronics and memory devices. From this perspective, 

different architectures have been proposed convining ferromagnets with non-magnetic and/or insulating 

materials. For instance, magnetoelectric coupling may exist in interfaces between an oxide ferroelectric barrier 

and two ferromagnetic oxide electrodes in a tunnel junction. Here, the inversion of the ferroelectric polarization 

produces large changes in the value of the tunnelling magnetoresistance. Moreover, the controlled motion of 

oxygen vacancies in the device through external electric fields allows an additional knob for the modulation of 

the magnetoresistive effects. 

Here we will show that the concurrence of interface oxidation and ferroelectric switching allows for the 

controlled inversion of the interface spin polarization. We will moreover show that the controlled oxidation of 

the interface allows for a continuum of non-volatile resistance states in the tunneling magnetoresistance. These 

results points towards new perspectives in memory and neuromorphic computing devices where the 

magnetoelectronic responses are modulated by electrochemical degrees of freedom. 
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Over the past thirty years, Rashba spin-orbit coupling (RSOC) has been at the basis of the predictions and 

discoveries of new classes of topological materials and novel phenomena, particularly attractive within the 

context of spintronics, such as non-standard magnetic textures, spin Hall and topological spin Hall, Edelstein 

effects, etc [1].  These progresses renewed the interest in the development of new inversion asymmetric 

structures, like for instance the interfaces between complex oxides, where the inversion symmetry breaking 

promotes and allows to tune the formation of unusual interfacial electronic phases which are absent in the 

constituent materials. Furthermore, the multi-orbital character of the quasi-two-dimensional electron gas at the 

interface between oxide materials, combined with the inversion symmetry breaking, can give rise to an exotic 

spin-triplet superconductivity, which is spatially isotropic and topologically non trivial [2], and exhibits an 

unconventional nodal structure with unique tunable features [3,4], responsible for the occurrence of an 

anomalous Josephson coupling and a dominance of high-harmonics in the current phase relation [5].  

A new frontier of exploration within the context of  low dimensional structures has been recently opened by 

the demonstration of the possibility to create flexible semiconductor nanomaterials bent into curved, 

deformable objects ranging from semiconductor nanotubes, to nanohelices, etc.  The consequences of the 

nanowire bending on the electronic quantum properties have been demonstrated to become of particular 

importance in systems with structure inversion asymmetry, where the interplay between nanoscale 

deformations and Rashba spin-orbit coupling (RSOC) [6] allows an all-geometrical and electrical control of 

electronic spin textures and spin transport properties [7,8], including the possibility to induce topological 

nontrivial phases [9]. The exciting developments in the discovery and exploitation of novel effects induced by 

curvature at the nanoscale allow ultimately to define a completely new field – curved nanoelectronics [10]. We 

here examine in details the origin of curvature effects at the nanoscale and illustrate their potential applications 

in innovative electronic [6,8,9], spintronic [11], and in particular in superconducting devices [12].  
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 Quantum spin liquids are novel magnetic states of matter characterized by the absence of phase transition 

down to T=0 K, macroscopic entanglement and emergent fractionalized excitations. The quest for materials 

realizing such states recently yielded a new family of interesting kagome compounds YCu3(OH)6+xCl3−x (x = 

0, 1/3) resulting from the substitution of  Zn2+ by Y3+ in the archetypal herbertsmithite ZnCu3(OH)6Cl2. Here 

we present a detailed study of the x=1/3 variant [1], Y3Cu9(OH)19Cl8, also coined Y-kapellasite, a distorted 

kagome materializing a new frustrated model with a rich magnetic phase diagram [2]. We studied large phase-

pure single crystals, obtained via an external gradient method, by susceptibility, specific heat, thermal 

expansion, neutron scattering and local µSR and NMR techniques. 

 In contrast with previous polycrystalline and powder sample studies [3], this single crystals investigation gives 

evidence for subtle structural instabilities at ∼ 33 K and ∼ 13 K which preserve the global symmetry of the 

system and thus the magnetic model. Further, our results provide clear evidence for a magnetic transition at ∼ 

2.1 K from complementary experimental methods, which is in line with the theoretical prediction of a (1/3,1/3) 

long range ordering. However our analysis of the spin wave excitations yields magnetic interactions which 

locate the compound closer to the phase boundary to a classical jammed spin liquid phase. Likely due to large 

quantum fluctuations at this boundary, the ordered moment of Cu2+ is strongly reduced, undetected with 

neutron diffraction, but revealed with µSR and NMR. 
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Diversity of complex ground-states in rare-earth A2Ir2O7 oxides originates primarily from the geometrical 

frustration of magnetic moments on pyrochlore lattice (F d -3 m, no. 227), and from the confluence and delicate 

balance between exchange, dipolar and spin-orbit interactions (SOI) in this system. The 3D-geometrically 

frustrated lattice significantly affects the antiferromagnetically and ferromagnetically coupled moments, 

leading to, e.g., spin-ice and spin-liquid states [1,2,3]. SOI and intermediate electron Coloumb correlations in 

iridates generate topologically insulating phases, e.g., topological Mott insulator or topological band insulator, 

or Weyl semimetal state with Fermi-arc surface states [4]. 

The iridium sublattice orders magnetically at intermediately-low temperatures in all so far studied iridates, 

except Pr2Ir2O7 [4]. Based on neutron diffraction experiments, the Ir magnetic order has been determined as a 

long-range all-in-all-out (AIAO) order [3,5]. Simultaneously, semimetallic/nonmetallic A2Ir2O7 become 

insulators below ordering temperature [6]. The rare-earth moments are subjected to the Ir molecular field 

through d-f coupling, which might result in induced AIAO magnetic order of the A sublattice [7] and/or phase 

competition at low temperature [3]. Fragmentation of magnetic moments [5,8] has been reported as well. 

Our most recent work focuses on magnetic and conducting properties related primarily to the Ir-sublattice 

studied on newly synthesized single crystals of A2Ir2O7 with A = La, Nd, Er, Tm, and Lu (edge of a bipyramid 

of up to 1 mm long). The iridium sublattice magnetic phase diagram has been completed for the whole series. 

AIAO magnetic structure was confirmed in new member A = Tm by neutron diffraction studies. Single crystals 

enabled to study, inter alia, the anisotropy of magnetic properties. Hypothesis on Ir antiferromagnetic domains 

and ferromagnetic interfaces across the A2Ir2O7 series, pathing a way towards new type of spintronics, has been 

supported by measurements on single crystals. Rise of insulating state in heavy A members was studied and 

described by the Slater mechanism, relating it to antiferromagnetic ordering of Ir sublattice. Our studies have 

been supplemented by inelastic neutron scattering, synchrotron radiation scattering, and muon spin rotation 

experiments. 
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Many recent developments in condensed matter physics arise from the interplay between spin-orbit coupling 

(SOC) and electronic correlations. Much of the effort have been focused on the 4d or 5d transition metals, as 

for instance the honeycomb iridates, potential candidates for the realization of the Kitaev model. The impact 

of strong SOC on other 5d electronic configuration has been much less studied. Although, it could lead to 

completely different ground states as well. With this purpose, other material for novel spin-orbit driven 

phenomena are being synthesized. Antifluorite compounds of chemical formula K2MX6 (where M is a 4d/5d 

transition metal and X=Cl,Br) can exhibit various crystallographic phase transitions, often understood by the 

softening of rotary phonon modes of the ligand octahedra surrounding the central transition metal. Among this 

family, K2ReCl6 is a promising material among the 5d Mott insulators. It exhibits on cooling four distinct 

structural phases and may constitute a playground to investigate the interplay between spin-orbit coupling  and 

Jahn-Teller (JT) effect. Indeed, the 5d3 electronic ground state in the weak SOC limit (Russel-Saunders 

scheme) does not show any orbital degeneracy. On the other hand, in the strong SOC limit (jj-coupling scheme), 

the jeff=3/2 ground state is JT active [1]. The question whether one of the crystallographic phase transitions is 

JT driven will be tackled by presenting a detailed temperature dependent structural study of K2ReCl6 and of its 

non magnetic counterpart K2SnCl6 by means of powder and single crystal X-ray diffraction. With high 

resolution single crystal neutron diffraction experiments and considering the monoclinic symmetry of the low 

temperature phase the magnetic structure was solved. Frustration is only partially lifted by the structural 

distortions and the magnetic order causes further symmetry reduction. Finally, the strong magneto-elastic effect 

observed by thermal expansion measurements will be discussed with the key ingredients (domain re-orientation 

and weak ferromagnetism) provided by these structural studies [2].  
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    Pyrochlore antiferromagnets (AFM) Gd2T2O7 (T: tetravalent metal elements) are prototypical materials for 

realizing classical spin liquid states. However, all of them have been observed to show long-range magnetic 

order [1-3]. Previous specific heat data of Gd2Hf2O7 show a tiny sharp peak on the top of a large broad 

maximum indicating a long-range AFM order [4]. However, our sample does not show that sharp peak in 

specific heat, but the ac susceptibility evidences an ordering transition followed by a spin-glass transition. 

Using neutron diffraction, we found that the sample has oxygen Frankel defects and undetectable Gd/Hf anti-

site defects. The polarized neutron diffuse scattering pattern shows liquid-like scattering without any magnetic 

Bragg peaks. The subtle long-range order and re-entrant spin glass are attributed to bond disorder due to oxygen 

anion disorder. 
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Among the wide variety of magnetic orders, one of the most intriguing phases is manifested by the spin glass 

state where the magnetization exhibit glassy dynamics, including ageing and memory effects. The peculiar 

dynamics of spin glass materials can be explained from an energy landscape with several local minima 

combined with larger energy barriers which result in non-ergodic behavior. Such energy landscapes have 

historically been associated with disorder and spin glass dynamics have been expected to occur only in 

chemically disordered materials. 

Recent theoretical and experimental findings [1] have indicated the existence of glassy dynamics in thick films 

of elemental crystalline Nd, i.e in a material with limited chemical disorder. Bulk Nd crystallizes in the dhcp 

structure and earlier experimental studies have reported the existence of several non-collinear states across its 

phase diagram. Here, we present our interpretation that the low temperature state of dhcp Nd can in fact be 

described as a self-induced spin glass. First-principles DFT calculations of magnetic exchange interactions 

combined with atomistic spin dynamics simulations show that there is an intrinsic frustration of the exchange 

interactions between Nd atoms at the cubic and the hexagonal sites in the dhcp structure. The competitions 

between the exchange interactions causes an energy landscape that can explain the glassy dynamics. 

Furthermore, we show that the exchange interaction competition between the different sites in the dhcp 

structure has a temperature dependence that leads to a surprising phase transition from the self-induced spin 

glass phase to an ordered multi-Q phase[2] with increasing temperature.  
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Figure: Simulated magnetic structure in the self-induced spin glass phase of dhcp Nd
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       Frustrated magnets, understood as magnetic systems with frustrated interactions dominated by isotropic 

exchange, have resurged in condensed matter due to their striking spin transport properties [1,2] and ability to 

host three-dimensional magnetic solitons such as Shankar skyrmions [3] and Anderson-Toulouse vortices [4]. 

These topological textures are encoded in the corresponding SO(3)-order parameter, which describes the spin-

spin correlations of these magnetic platforms, and also coexist with the more conventional magnetic solitons 

emerging in the magnetization field, e.g. domain walls and baby skyrmions. In this talk, I will discuss recent 

advances in the transport of charge and spin in magnetically frustrated conductors [5,6], with special emphasis 

on the topological aspects. In particular, I will consider the spin-transfer and the topological Hall effects 

mediated by the SO(3) solitons and magnetic disclinations (namely, the topological singularities of the order 

parameter) that emerge in frustrated magnets, which find no counterparts in collinear magnetism. I will also 

present a collective variable framework well suited to describe the current-driven dynamics of SO(3) solitons 

in magnetically frustrated platforms [7]. Furthermore, experimental setups for the measurement of the 

aforementioned phenomena will be discussed. 
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Artificial Spin Ices (ASIs) are interacting arrays of bistable nanomagnets which show potential in a wide 

range of fields, from fundamental physics to unconventional computing. The 45 degree pinwheel ASI 

exhibits a long-range ferromagnetic ordering [1] and the two sublattices of nanomagnets, rotated 90 degrees 

with respect to each other, allow for four possible ferromagnetic domains oriented in the cardinal directions. 

Using the open-source simulation software flatspin [2], we show that these ASIs display interesting 

behaviour in response to global, in-plane magnetic field protocols. By exploiting the asymmetric Stoner-

Wohlfarth switching astroids of the stadium shaped nanomagnets, we are able to tailor a global field protocol 

to grow ferromagnetic domains from the polarized state, in a controlled, stepwise manner. This stepwise 

domain growth is fundamentally different from avalanche switching typically observed in such systems, and 

provide a new level of control over domain states in pinwheel ASIs. We also show that by a modification to 

the field protocol, we can reverse the domain growth. Domain growth and reversal by global field protocols 

is also shown experimentally, using XMCD-PEEM and MOKE microscopy.  
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Figure 1 (a) XMCD-PEEM micrographs of the pinwheel ASI. Dark domains are grown from the light polarized 

state (i.-iv.) by a global field protocol, which can be modified to reverse the domain growth through a different set 

of domain states (v.-vi.).  (b) Close-up schematic of part of the magnetic state shown in iii., as seen in the 

experimental XMCD-PEEM micrographs and with the magnetization of all components. 
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On one hand, artificial spin ices (ASIs) are examples of magnetic interacting nanostructures which have 

opened a way to study topological phenomena such as frustration, emergent magnetic monopoles and phase 

transitions. [1] Geometric properties of the ASI are key to determine the dynamics of the magnetic charges and 

the possible energetic configurations, which can also have an influence on the magnetic textures present in 

these systems. One the other hand, due to the miniaturization of electronic devices, quantum mechanical effects 

become important. A fundamental question is how the collective properties of these devices, such as 

superconductivity, are affected when the systems dimensions are reduced.[2] In this context, low dimensional 

effects in superconducting nanostructures have been studied. 

 

The main goal of this work is to characterize the magnetic properties, spin textures and frustration in ASIs 

with different geometries and its influence in the formation and ordering of magnetic features. ASIs with 

different geometries and types of topological protection will be presented. Furthermore, this work study how 

the fabrication process of superconducting nanostructures based on ASIs influences the superconducting 

properties of these nanostructures. 

 

Different geometries of ASI systems and superconducting nanostructures had been fabricated by combining 

nanolithographic techniques (optical and electronic lithography) and DC magnetron sputtering. The fabricated 

nanostructures were characterized using different microscopy techniques  including SEM, AFM and MFM 

(Figure). The energetically most favorable magnetic structures in ASIs with different geometries (and 

following different magnetic field protocols) were studied by micromagnetic simulations. Transport 

measurements of the superconducting nanostructures at low temperature allows the distinction of two different 

regimes due to lateral confinement: nanowire regime and thin film regime.  
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Figure: AFM/MFM image of an artificial spin ice with a decreasing gradient in thickness. 
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The double perovskites (DP) of the type ABB'O6 (where B' is a 4d or 5d magnetic ion, while A and B are non-

magnetic cations) exhibit a range of unusual low-temperature ground states and peculiar magnetic excitation 

spectra. These properties are belived to stem from a large value of spin-orbit coupling for partially filled  d 

shells on B' ions leading in many cases to spin-entangled atomic ground states. In the case of d2 occupancy the 

ground state has an effective anglular momentum J=2 and a rich space of possible order parameters. In 

particular,  a multipolar state has been suggested for the spin-orbit coupled d2 DPs Ba2BOsO6 (B=Ca, Mg, Zn). 

However, whether their ground state is a Janh-Teller–distorted order of quadrupoles or an exotic octupolar 

order remains debated. We directly calculate all-rank intersite exchange interactions for this double-perovskite 

series by means of a many-body ab initio force theorem [1]. The ground state order and inelastic neutron 

scattering cross section are subsequently derived from this ab initio effective Hamiltonian. Our calculations 

predict the ground state  ferro-ordered "xyz" octupoles coupled by superexchange interactions within the 

ground-state doublet [2]. Minuscule distortions of the parent cubic structure are shown to qualitatively modify 

the structure of gaped magnetic excitations. In d3 DPs, the Hund’s rule coupling induces a spin-3/2 orbital-

singlet ground state. The spin-orbit interaction is not expected to qualitatively impact low-energy degrees of 

freedom in such systems. Indeed, d3 DPs of heavy transition metals are believed to exhibit conventional 

collinear magnetic orders. However, their inelastic neutron scattering spectra feature large gaps of unclear 

origin. We derive first-principles low-energy Hamiltonians for the cubic DP Ba2YB'O6 (B
'= Os, Ru) and show 

that they include significant multipolar – dipole-octupolar – intesite exchange terms [3]. These terms break 

continuous symmetry of the spin-3/2 Hamiltonian opening an excitation gap. The dipole-octupolar intersite 

exchange is induced due to excited states of the 𝑡2𝑔
3  manifold that are admixed by spin-orbit into the spin-3/2 

ground state. 
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While LaMnO3 (LMO) is an antiferromagnet in the bulk, thin films deposited on SrTiO3 (STO) usually 

exhibit ferromagnetism with a Curie temperature of approximately 115 K, accompanied by electrically 

insulating behaviour [1]. The thickness of the LMO plays a significant role in the emergence of the 

ferromagnetic behaviour in LMO/STO heterostructures [2]. A critical minimum thickness for ferromagnetic 

behaviour of 6 unit cells was observed. This effect was clearly visible using Scanning SQUID Microscopy 

(SSM), where a SQUID chip is scanned along the surface of a sample. This is a powerful tool to image the 

ferromagnetism with a micrometer scale resolution [3]. 

We report the use of SSM to study the suppression of the ferromagnetism in metal/LMO/STO structures 

obtained by pulsed laser deposition of LMO on STO and sputtering of the metals. By only partially covering 

the LMO surface with the metallic layers, the SSM is capable of showing in the same image both the covered 

and uncovered regions of the LMO, and thus a clear picture of the effect of adding the metal/LMO interface. 

While Au alone does not influence the ferromagnetic order of the underlying LMO film, a thin oxygen-

scavenging Ti layer induces a suppression of the stray magnetic field picked up by the scanning SQUID. A 4 

nm-thick Ti layer completely suppresses the magnetic signal stemming from the underlying LMO thin film 

with 20 unit cells (Figure 1a). On the other hand, Ti films with the same thickness on top of 50 unit cells of 

LMO do not completely suppress the ferromagnetism. However, we observe for the latter case that the level of 

suppresion of the measured magnetic signal increases over time on a timescale of several days. 

By depositing Ti on top of LMO and leaving some micrometer-sized uncovered areas, using conventional 

photolithography, we could show effective patterning of the ferromagnetism on the LMO films down to the 

microscale. Circular uncovered regions with a diameter of 5 µm exhibit a behaviour typical of single 

ferromagnetic domains with in-plane orientation, evidencing the possibility of occurrence of large 

ferromagnetic domains in LMO (Figure 1b). These results could enable a local control of the ferromagnetism 

in LMO for potential applications in oxide electronics and spintronics. 

References 

[1] A. Gupta et al., Appl. Phys. Lett. 67 (1995) 3494. 

[2] X. Renshaw Wang et al., Science 349 (2015) 716. 

[3] P. Reith, X. Renshaw Wang, H. Hilgenkamp, Rev. Sci. Instrum. 88 (2017) 123706. 

Figure 1: Scanning SQUID microscopy images of 20 u.c. LMO thin films partially covered by 4 nm-thick Ti: (a) half covered 

sample. (b) Array of circular holes in the Ti layer (uncovered LMO) with a diameter of 5 µm.
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Magnetic materails with kagome-lattice arrangement of atoms have recently attracted much attention due 

to their unusual magnetic and electronic properties related to the specific topology of their electronic band 

structures. It was theoreticaly predicted and experimetally proved that flat bands, nodal points and nodal lines 

appearing close to the Fermi energy significantly affect magnetotransport and magneto-optical properties of 

kagome materials and provide an ideal platform to study electronic band topology and its interplay with 

magnetic spin and orbital effects [1]. 

Recently, particular attention was paid to the Fe-Sn itinerant kagome magnets with different stacking 

sequences of  kagome layers. Depending on the stacking these compounds realize various magnetic ground 

states and exhibit nontrivial features like large anomalous Hall and Nernst effects and room-temperature 

skyrmion bubbles being of high interest for both fundamental research and application [2-4]. 

Here we report detailed static-magnetometry and electron-spin resonance studies of the magnetocrystalline 

anisotropy performed on high-quality bulk single crystals of Fe3Sn and Fe3Sn2, complemented with DFT 

calculations of the spin and orbital moments as well as anisotropy parameters. In Fe3Sn with one kagome 

bilayer structure a strong easy-plane anisotropy was found with the first anisotropy constant K1 = −1.3 × 106 

J/m3 at 2 K [5]. For Fe3Sn2 with two kagome bilayers structure, the uniaxial anisotropy constant shows a sign 

change at about 85 K, which corresponds to a second order spin-reorientation transition from easy-plane (at 2 

K) to easy-axis (at 400 K) anisotropy. The self-consistent DFT computations for the components of the 

spin/orbital moments indicate that the small difference between the saturation magnetisations measured along 

and perpendicular to the kagome layers results from the subtle balance between the Fe and Sn spin/orbital 

moments on the different sites. 
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Figure: The anisotropy constants for Fe3Sn2 (left panel) and Fe3Sn (right panel). The insets show the magnetic spin arrangement of 

Fe atoms.  
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The n-type HgCr2Se4 has been reported to exhibit a pronounced semiconductor-to-metal transition below and 

a colossal magnetoresistance (CMR) effect at the ferromagnetic transition temperatura at TC = 107 K. Our 

recent study of the charge carrier dynamics using resistance fluctuation spectroscopy [1] suggests that isolated 

magnetic polarons form at T > 2TC, which coalesce at TC. Below this temperature, the trapped carriers in 

magnetic polarons are unbound in the presence of a magnetic field. The peculiar slow dynamics around this 

percolation transition has been discussed using a model where the effective radius of the polarons is strongly 

influenced by the spin correlation length close to TC. In this talk, we discuss new results highlighting the strong 

correlation between the magnetic and electronic degrees of freedom that can lead to complex exchange 

pathways. Likely due to competing antiferromagnetic and ferromagnetic interactions, we observe a distinctly 

slow decrease in resistance below the CMR transition. The striking dynamics of distinct two-level fluctuations 

superimposed on 1/f-type noise corroborates a slowing down of charge carrier and/or magnetic dynamics. 

Further, below 20 K, a strong upturn in resistance and simultaneously in resistance noise down to 500 mK is 

observed and is speculated to be linked to the emergence of spiral type magnetic order. Our results demonstrate 

that the presence of pronounced electron-spin correlations plays a key role in the unconventional temperature 

dependence of resistance and CMR effect in this spinel. 
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Figure: Temperature dependent resistance of HgCr2Se4. Below the CMR and ferromagnetic transition (Tc = 107K), there is a gradual 

change in resistance below 65K and a strong upturn below 20K down to 500mK. The inset shows (a) magnetic field dependence of 

resistance, (c) temperature dependence of the inverse susceptibility (χ-1) is shown for an applied magnetic field of 0.01T [2]. The 

strong deviation from Curie-Weiss law starting ~T= 220K (T > 2TC) strongly suggests the presence of isolated magnetic polarons, 

and (c) the change in resistance (red symbols), and normalized resistance noise (PSD) SR/R2(f = 1 Hz) (purple) of the 1/ f type (and 

Lorentzian noise) with temperature. 



 

 

SYMPOSIUM 09. ORAL PRESENTATIONS 

Magnetoelastic Properties of MnSc2S4 
M. Doerr1*,M. Deeb1, J. Grumbach1, M. Rotter2, V. Tsurkan3,4, A. Miyata5, S. Zherlitsyn5,  

J. Wosnitza1,5 
1 Institut für Festkörper- und Materialphysik, TU Dresden, 01062 Dresden, Germany. 

2McPhase-project, 01159 Dresden, Germany. 
3Experimental Physics V, University of Augsburg, 86135 Augsburg, Germany. 

4Institute of Applied Physics, Academy of Sciences Moldova,  

MD-2028 Chisinau, Republic of Moldova. 
5Hochfeld-Magnetlabor Dresden (HLD-EMFL) and Würzburg-Dresden Cluster of Excellence ct.qmat, 

Helmholtz-Zentrum Dresden-Rossendorf,  

01328 Dresden, Germany. 
*mathias.doerr@tu-dresden.de 

 

 

Magnetic skyrmions, which are topologically stabilized spin configurations induced by anisotropic 

exchange interactions or crystallographic frustrations, are currently attracting attention due to their rich 

fundamental physics and their high potential for applications in quantum technology. The cubic spinel MnSc2S4 

where corner-sharing tetrahedra form a frustrated lattice is known to exhibit an antiferromagnetic skyrmion 

structure in magnetic field [1,2].  

Due to the strong magnetoelastic coupling, this interesting phenomenon is closely related to lattice effects. 

Here, we discuss lattice changes of MnSc2S4 single crystals, measured by thermal expansion and 

magnetostriction as function of temperature and magnetic field using high-resolution dilatometry. The 

variations of the lattice parameters in the order of 10-5 show that especially the skyrmion phase between 4 and 

8 T induces significant lattice-structural effects. Based on the new data, we confirmed and refined the magnetic 

(H,T) phase diagram. The experimental results are complemented by a mean-field simulation using the program 

package McPhase. On the basis of a hamiltonian containing an exchange, a Zeeman, and a magnetoelastic 

term, we reproduced the magnetic (H,T) phase diagram reasonably well, as well as various magnetostriction 

curves via the correlation function. In addition to the antiferromagnetic skyrmion phase, the theoretical analysis 

also reflects the intermediate spin order in the range between 1.5 and 2.0 K. 
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Spin pumping into superconductors (SC) constitutes a very active research topic within the nascent field 

of superconducting spintronics, aiming at expanding spintronic functionalities by exploiting the dissipationless 

electron transport and quantum coherence characteristic of superconductivity [1]–[4]. In this context we 

analyzed the spin absorption efficiency of s-wave superconductors (Nb and Mo80Si20) in ferromagnetic 

resonance (FMR) and inverse spin Hall effect (ISHE) measurements, using as spin source the ferrimagnetic 

insulator Yttrium Iron Garnet Y3Fe5O12 (YIG).  

The spin injection analyzed in terms of FMR experiments shows a drop in the magnetic damping at the 

critical temperature Tc due to the opening of the superconducting gap. However, the ISHE signal reveals an 

exponential increment (a peak) at the critical temperature, which can be associated to the coherence peak of 

the quasiparticle’s density-of-states at the FM/SC interface [5], [6]. We studied the thickness dependence of 

the ISHE peak and found that the signal drops significantly above a threshold SC thickness, revealing the 

central role played by the spin duffusion length in the system. 

 

Acknowledgements 

Work supported French ANR grant ANR-15-CE24 0008-01 “SUPERFAST”, COST action “SUPERQUMAP” 

and EU H2020 Marie Curie Actions Nº 890964 “SUPERMAGNONICS”. 

 

References 

[1] F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. Lett. 86 (2001) 4096–4099. 

[2] M. G. Blamire and J. W. A. Robinson, J. Phys.: Condens. Matter. 26 (2014) 453201. 

[3] J. Linder and J. W. A. Robinson, Nat. Phys. 11 (2015) 307–315. 

[4] M. Eschrig, Rep. Prog. Phys. 78 (1015) 104501. 

[5] F. S. Bergeret, M. Silaev, P. Virtanen, and T. T. Heikkilä. Reviews of Modern Physics, 90 (2018) 41001. 

[6] K.-R. Jeon, J.-C. Jeon, X. Zhou, A. Migliorini, J. Yoon, and S. S. P. Parkin, ACS Nano 14 (2020) 15874–

15883. 

 
Figure: (a) Complanar waveguide, (b) typical FMR lineshape, (c) SC density of states and qusiparticles excitation above the Fermi 

energy, (d) Sketch of the ISHE measurement geometry and (e) Typical ISHE voltage obtained on the SC across the resonance of 

the YIG.
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In the last years, superconductivity has been observed in iron based one dimensional compounds, BaFe2X3 

X=S,Se [1-3]. They have a centrosymmetric average space group (Cmcm and Pnma [4] respectively) at room 

temperature, in which iron atoms form two distinct ladders along the b-axis. Upon pressure, a metalization is 

observed and superconductivity develops below 14 K above 10 GPa. A significant difference between the two 

systems is their magnetic ground state at low pressure. The magnetic order of BaFe2Se3 takes the form of 

staggered ferromagnetic blocs along the ladder [6], while for BaFe2S3 a conventional antiferromagnetic order 

is formed along the ladder. These different magnetic symmetries raise the question of the role of magnetism in 

the mechanism leading to superconductivity. One would indeed expect a similar magnetic order for both 

compounds allowing a common and universal mechanism. 

 

Our recent neutron scattering results on the compounds BaFe2Se3 revealed a new picture of the magnetic 

properties from ambient pressure up to the superconducting critical pressure [5,6]. Using single crystal and 

powder neutron diffraction on BaFe2Se3, we refined the magnetic structure at ambient pressure and discovered 

a new magnetic order similar to the BaFe2S3 stripe phase near the superconducting dome. This magnetic phase 

thus appear to be universal for this family, giving a strong indication of its role in the origin of 

superconductivity. 
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Kagome compounds with formula AV3Sb5 (A = Cs, Rb, K) [1] are nonmagnetic layered materials that 

display two electronic transitions: a charge-density wave (CDW) order followed by superconductivity at lower 

temperature. The interplay between the two phenomena has been the subject of intense research, but the nature 

of the CDW phase and its relation to superconductivity remains elusive. Here we present a study which 

combines Nuclear Magnetic Resonance (NMR) measurements and Density Functional Theory calculations to 

unveil the structure of the CDW of the RbV3Sb5 [2] and KV3Sb5 compounds. The results unambiguously 

identify the lattice and the electronic structure in the CDW phase. We finally extend the study to the analysis 

of the low temperature behaviour where the internal field width sensed by the muon ensemble in muon spin 

spectroscopy experiments and the line widths probed by nuclear magnetic resonance have been previously 

reported to be strongly enhanced, even in the superconducting phase [3,4]. 
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Thermoelectric properties of nanostructures with strong correlations have been a focus of intensive studies. 

This interest originates primarily from the prospect of using zero-dimensional materials such as quantum dots 

or molecular junctions as a part of efficient heat engines. Moreover, the thermoelectric properties of quantum 

dot systems have been shown to contain the signatures of Kondo correlations in the system. Such systems have 

been thoroughly studied in the linear response regime, but extension to the nonlinear regime remains rather 

less explored. In this work, we study the nonlinear thermoelectric properties of a quantum dot asymmetrically 

coupled to metallic/magnetic leads. Using perturbation theory on the weak coupling and solving the strongly 

coupled subsystem using Numerical Renormalization Group (NRG) as it was in equilibrium, one can define 

the current through the system at any arbitrary nonequilibrium potential and/or thermal bias setting [1]. In 

particular, we explore how the exchange field induced by the ferromagnetic lead affect the thermoelectric 

signatures of the Kondo effect and how the configuration of the metallic/magnetic leads can affect the transport 

and the ability of the system to work as a heat engine.  
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Over the last decades cuprates have attracted a lot of attention following the discovery of high temperature 

superconductivity. Apart from superconductivity, a large number of compounds of the cuprate family have 

been studied for their low-dimensional quantum magnetism. Indeed, the S = 1/2 character of the Cu2+ ion, and 

the directionality of the associated 3d magnetic orbital, are responsible for a tendency to form one- or two-

dimensional magnetic systems with quantum character. This leads to high exchange integrals and thus to a high 

magnetic ordering temperature.  

Among them, the ACu2O3 family (A = Ca, Mg, Co) presents a 3D magnetic order associated with high 

transition temperatures. Although this family shows very similar structures characterized by puckered layers, 

the magnetic order and the associated transition temperature changes with the element A [1,2]. In particular, 

the compound CoCu2O3 presents the highest magnetic transition temperature of this family (215 K) [3]. 

In this presentation, we study the magnetic properties of this compound using ab-initio and classical Monte-

Carlo calculation methods. The exchange integrals have been calculated with a MRCI method allowing to treat 

exactly the electronic correlation [4]. We find that the Co atom plays a preponderant role in the magnetic 

properties of this compound. Indeed, as a magnetic ion, it creates additional magnetic interactions. This results 

in a magnetic pattern based on coupled three-leg ladders, different from the two-leg structural ladders. 

Moreover, we show that the observed high transition temperature is related to its single ion anisotropy [5]. 

Figure: Schematic of the magnetic order of CoCu2O3 on the puckered magnetic layers.  
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In kagome materials AV3Sb5(A = Rb, Cs), we observed a signature of short-range order charge density 

fluctuations [1] even at well above long-range order, i.e., charge density wave (CDW) formation temperature through 

solid state 51V nuclear magnetic resonance (NMR) spectroscopy. The emergence of short-range charge order 

fluctuations not only changes the electronic density of states near the Fermi surface, as revealed by dynamic crossover 

of NMR shifts, but also corresponds to the observed in-plane translational symmetry breaking of the lattice. Such short-

range order charge fluctuations can also be found in other two-dimensional materials, indicating it should be a common 

feature for CDW phase transitions. It is worth noting that a similar crossover behavior was observed by NMR at 

temperatures above the so-called nematic transition point, suggesting that the nematic phase also embraces short-range 

order fluctuations. 
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Figure: (Left) Structure of RbV3Sb5. (Right) X-ray diffraction and (inset) a photo of RbV3Sb5 single crystal.

mailto:3120215767@bit.edu.cn


 
SYMPOSIUM 09. POSTERS 

Theory of Absorption in the Shastry-Sutherland Model for SrCu2(BO3)2 

 
Shin_Miyahara* 

Department of Applied Physics, Fukuoka University, 8-19-1 Nanakuma, Jonan-ku, Fukuoka, Japan 
*smiyahara@fukuoka-u.ac.jp 

 

The magnetic properties of quasi two-dimensional material SrCu2(BO3)2, e.g. spin gap excitations and 

magnetization plateaus, can be explained well by the Shastry-Sutherland model, of which the ground state is 

rigorously described as a direct product of dimer singlet states, and have been studied both from experimental 

and theoretical point of view [1]. Spin excitations have been investigated by ESR and far-infrared 

spectroscopy and one- and two-triplet excitations have been observed. However, the comprehensive 

understanding of the origin of the excitations, the mechanism, and the selection rule has not yet been 

established.  

We introduce the magnetoelectric couplings, which can excite an electromagnon, i.e., an electro active 

magnon in multiferroics materials [2], to the Shastry-Sutherland model with Dzyaloshinskii-Moriya 

interactions for SrCu2(BO3)2 and successfully explain the results of ESR and far-infrared spectroscopy. 
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Layered materials exhibit a wide variety of novel physical properties originating from its two-dimensional 

(2D) structure, having potential to significantly improve device performance. However, for practical 

application, they also need environmental stability such as heat resistance and high hardness. 

M2AlB2, crystalizing in the orthorhombic Cmmm structure, has an alternating stacking of Al layer and (MB)2 

slab along b axis. This structural motif leads both anisotropic conductivity and environmental stability [1]. In 

addition, in the case of M = Fe and Mn, M2AlB2 exhibits itinerant magnetism of 3d electrons in the (MB)2 slab.  

Fe2AlB2 is a strong ferromagnet with the Curie temperature TC = 273 K and easy magnetization axis along a 

axis [2], whereas Mn2AlB2 is an antiferromagnet with the Néel temperature TN = 313 K and spins aligned along 

b axis [3]. A previous report on neutron diffraction measurements of solid solution  

(Fe1-xMnx)2AlB2 suggests the coexistence of ferromagnetic and antiferromagnetic correlations in the range of 

x = 0.1–0.5 [3]. Therefore, (Fe1-xMnx)2AlB2 is expected to show novel magnetism originating from competition 

of the magnetic correlation or magnetic anisotropy.  

We have succeeded for the first time in synthesizing single crystals in the entire composition range of  

(Fe1-xMnx)2AlB2 and performed magnetic measurements to obtain its magnetic phase diagram. The 

ferromagnetic correlation of Fe2AlB2 becomes weakened with increasing Mn concentration and ferromagnetic 

ordering disappeared at x = 0.53, whereas the Néel temperature has a maximum at x = 0.65. The spin directions 

vary significantly by Mn concentration, indicating competition of the magnetic anisotropy. In the range of  

x = 0.3–0.5, two-step metamagnetic behaviour along a axis was observed between TN and TC. Between the 

ferromagnetic and antiferromagnetic phases, another phase suggesting the coexistence of both correlations was 

found. On the other hand, at x = 0.65 and 0.74, one-step metamagnetic transition was observed below  

TN. In comparison with x = 0.3–0.5, the transition field is insensitive to temperature. The magnetic structure of 

(Fe1-xMnx)2AlB2 is expected to be sensitive to the composition, temperature and field. 
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Figure: (a) Field-dependent magnetization and (b) magnetic phase diagram of (Fe0.64Mn0.36)2AlB2 when H // a.
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Geometrically frustrated magnets- where triangular lattice antiferromagnets (TLAFs) are considered to be an 

archetype remain at the forefront of contemporary condensed matter [1]. Of particular interest in recent years 

have been a number of Ruthenium and Iridium based perovskite [2,3]. In this talk, we will discuss the structure-

property relationship in the mixed valent geometrically frustrated triple perovskite iridate Ba3NaIr2O9 using 

detailed synchrotron diffraction, magnetization, thermodynamic and transport measurements [4]. In contrast to 

what is expected from purely structural considerations, this system stabilizes in a high symmetry hexagonal 

symmetry at room temperatures. On reducing the temperature, the lattice prefers to be strained rather than 

distort to a low symmetry phase, as is the norm in this family of materials. Though a low symmetry 

orthorhombic phase is nucleated below 50 K, this conversion is only partial and the high symmetry hexagonal 

structure remains the dominant one down to the lowest measured temperatures. Magnetic measurements 

indicate an extended co-operative paramagnetic regime, which finally freezes to a cluster glass-like phase at 

very low temperatures. This makes an interesting addition to the family of triple perovskite iridates where 

complex interplay between lattice strain and structural phase co-existence arises as a consequence of a number 

of competing energy scales. 
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Fig.1: Temperature dependent magnetization at 500 Oe for Ba3NaIr2O9. Inset (top): The ZFC-FC splitting close to 6K corresponds 

to the cluster glass transition. Inset (bottom): TRM measured at 1 kOe with two systematic jumps corresponding to the onset of the 

co-operative paramagnetic regime, and the cluster glass state respectively   

Fig.2 (a):  Temperature dependent variation of the phase fraction of the hexagonal (P63/mmc) phase and Fig.2 (b) volume has been 

shown. As the temperature decreases, the hexagonal phase gradually transforms to the orthorhombic phase with almost 80% change 

in the total volume at 5K.
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Previous studies of Ca10Cr7O28 material demonstrated that it exhibits a range of intriguing properties, including 

broad temperature-dependent of Quantum Spin Liquid (QSL). It has been proposed that the crystal structure 

of Ca10Cr7O28 have distorted Kagome bilayers that leads to the high frustration of the spin moments [1,2]. 

In this work, a detailed investigation of the structural, composition and magnetic properties is presented [3]. 

The characterizations have been performed with XRD, HRTEM, TGA, calorimetry, neutron diffraction and 

magnetometry. By means of Rietveld refinements of XRD and neutron diffraction patterns it has been 

determined that, besides the distorted Kagome bilayers, there exists also a zigzag ladders connecting the 

Kagome layers. These zigzag ladders could also act as an additional frustration pathway [4]. Additionally, the 

TGA characterization show that there are six Cr5+ and one Cr6 in the structure, and these values are in agreement 

with ToF neutron diffraction analysis, where the oxidation states are calculated with the Bond Valence Sum.  

The HRTEM images and analysis reveals that the structure is highly stable, without vacancies, twins or defects, 

which is surprising considering the large amount of atoms in the unit cells. The magnetic susceptibility show 

that the whole system could have ferromagnetic interactions [3]. 

 

Fig. 1: Kagome layers (left) and the zigzag ladders (red) between magnetic Kagome layers of Cr5+(1) and Cr5+ (right). 
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Superconductivity (SC) was very recently discovered in the heavy-fermion paramagnet UTe2 [1] which is 

superconducting in temperature range Tsc = 1.6 K up to 2K depending on the sample quality[2]. SC is dramatically 

suppressed by a first-order metamagnetic transition above Hm = 35 T for fields applied along the b- axis at very low 

temperatures. This termination of the SC state is associated with a huge increase in electrical resistivity in the field-

induced polarized paramagnetic state [3-5]. The metamagnetic field Hm remains almost constant with increasing 

temperature up to the so-called critical endpoint (CEP) at 11 K, where the first order character changes in the crossover 

regime [6]. Further increasing of temperature causes a decrease in the Hm value until it finally vanishes around 30 K. It 

can be extrapolated toward zero magnetic field limit to the value of Tmax = 35 K, the temperature of magnetic 

susceptibility maximum for field applies along b-axis (H‖b). 

We were able to prepare and characterize well-defined UTe2 single crystals (with dimensions of 2-5 mm along a-axis and 

0.5mm along c-axis).  

We have observed and investigated the magnetoelastic interaction magnetic field applied H‖b, in temperature range 

around critical end point T=7-15 K more in detail. Unexpected sharp anomaly at 11.4 K for 3 geometries which were 

investigated (C44,C55,C66). All the geometries are transversal which means q-elastic wave vector and u-displacement 

vectors are orthogonal to each other. (Geometries are C44 qllc ullb, C55 qllc ulla, C66 qlla ullb, magnetic field was applied 

along H‖b for all geometries.) 

 

References  

[1] S. Ran et al., Science 365 (2019) 684. 
[2] D. Aoki et al., Journal of the Physical Society of Japan 88 (2019) 043702. 

[3] W. Knafo, M. Vališka, D. Braithwaite, G. Lapertot, G. Knebel, A. Pourret, J.-P. Brison, J. Flouquet, and D. Aoki, Journal of the 

Physical Society of Japan 88 (2019) 063705. 

[4] S. Ran et al., Nature Physics 15, (2019) 1250. 

[5] G. Knebel et al., Journal of the Physical Society of Japan 88 (2019) 063707. 

[6] A. Miyake et al., Journal of the Physical Society of Japan 88 (2019) 063706. 



 
SYMPOSIUM 09. POSTERS 

Impact of the Rare Earth Ions on Magnetic Properties of RCr3(BO3)4 

Crystals with La3+, Gd3+ and Tb3+ Ions   

Yu. Savina 1, A. Bludov 1, V. Khrustalyov 1, V. Pashchenko 1, A. Lynnyk 2, T. Zajarniuk 2, M.U. Gutowska 2, 

A. Szewczyk 2, I. Kolodiy 3  
1 B. Verkin Institute for Low Temperature Physics and Engineering of the NAS of Ukraine,  

47 Nauky Ave., 61103 Kharkiv, Ukraine 
2 Institute of Physics, Polish Academy of Sciences, al. Lotników 32/46, 02-668 Warsaw, Poland 

3 National Science Center «Kharkov Institute of Physics and Technology», 1 Akademichna St.,  61000 Kharkiv, 

Ukraine 

savina@ilt.kharkov.ua 

 

Compounds with the general formula RM3(BO3)4 (R = Y or rare-earth elements; M = Al, Ga, Fe, Cr, and Sc) attract 

considerable attention of scientists due to their optical, magnetic and ferroic properties.  

The majority of crystals of this family have the huntite mineral structure, which crystallizes in the trigonal crystal 

system with space group R32. The crystal structure consists of spiral chains of sharing edges MO6 octahedra along the c 

axis. The RO6 prisms and the planar triangular BO3 groups combine the chains into 3D framework. Several other 

structural polytypes with space groups C2/c and C2 and similar motif (chains of MO6 octahedra) are known for the 

family. 

Crystal structure characterization carried out by using X-ray powder diffraction technique show that GdCr3(BO3)4 and 

TbCr3(BO3)4 crystals are single phase with R32 space group, while samples with La turned out to be biphasic (R32 – 

40wt.% and C2/c – 60wt.%). Magnetic and heat capacity measurements of the studied samples have been performed by 

the SQUID magnetometer MPMS-XL7 and the PPMS system, respectively. Magnetic resonance investigations have 

been carried out by means of a handmade multifrequency spectrometer. Investigations of electrical polarization have 

been done by means of a homemade setup in pulsed magnetic field. 

Above 50 K, susceptibility of the crystals with La and Gd obey the Curie-Weiss law with following parameters: for 

LaCr3(BO3)4 effective magnetic moment μeff = 3.86 μB/Cr3+ and Curie–Weiss temperature θ = –23 K, for 

GdCr3(BO3)4 - μeff = 10.6  0.1 μB per formula unit and θ = 7  1 K. Rough evaluation of values of the intrachain (J/k = 

4  1 K) and interchain (J'/k = –0.5  0.2 K) Cr-Cr exchange interactions does not allow to find out how that parameters 

depends on the rare earth ions.  

It was found that both structural modifications of lanthanum chromium borate undergo into antiferromagnetically 

ordered state at 6.5 K and 8.5 K for C2/c and R32 phases, respectively. Crystals GdCr3(BO3)4 and TbCr3(BO3)4 become 

antiferromagnets at 7.15 K and 8.8 K respectively. Compounds with La and Gd demonstrate the easy-plane magnetic 

anisotropy in temperature range from 2 K up to TN but for TbCr3(BO3)4 spontaneous spin-reorientation phase transition 

from the easy-plane (EP) antiferromagnetic state to the easy-axis (EA) one takes place in the vicinity of 5 K. The EA 

state exists in a limited range of temperatures (below 5 K) and magnetic fields (below 0.5 T for H||c). 

Metamagnetic phase transition has been detected below TN for all studied crystals and field of the transition strongly 

depends on the rare earth ion.  

The H-T phase diagrams for studied compounds have been constructed. 
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When the crystal structures of materials are closely coupled to their magnetic structures, changes occur in 

both when they undergo phase transitions due to external stimuli, such as, the temperature and/or the magnetic 

field. Structural studies on multiple length-scales are necessary to fully understand the mechanism behind these 

phase transitions. Such studies can lead to the discovery of novel materials with technologically desirable 

properties. The pair distribution function (PDF) beamline (28-ID-1) of National Synchrotron Light Source-II 

at the Brookhaven National Laboratory offers an unprecedented combination of techniques and equipment in 

a single experimental end-station for this purpose. The PDF, Wide angle X-ray Scattering (WAXS), and Small 

Angle X-ray Scattering (SAXS) under variable magnetic field and/or temperature enable structural studies of 

the formation of structural/magnetic domains with short coherent length-scales as well as the evolution of long 

range ordered features extending to several thousands of Angstroms when materials undergo phase transitions. 

In addition, these methods are currently being utilized at 28-ID-1 to study magnetostriction in complex 

materials.  

Nd0.5Sr0.5MnO3 (NSMO) is a strongly correlated system that has a rich magnetic field-temperature phase 

diagram in which several structural transitions strongly overlap with magnetic transitions. Phase transitions in 

this system can be induced by changing temperature at zero field, or by applying an external magnetic field 

isothermally staying close to the transition temperatures. Evolution of the powder diffraction Bragg peaks of 

NSMO seems to be independent of the driving stimuli. However, it is not clear if the nature of the local 

structural response to the magnetic field, vs temperature is the same as the signal is hidden in the diffuse 

background. We use PDF, WAXS and SAXS techniques to probe the crystal structure on multiple length-

scales when NSMO crosses over several phase transitions. We will show the evolution of two structural phases 

that seems to be strongly linked to the magnetic behavior of the system.  
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Following the discovery of a quantum-limit magnetic Chern phase in TbMn6Sn6 [1], and the observation 

of a large topological Hall effect (THE) related to the field-induced magnetic phases in YMn6Sn6 [2], the 

magnetic topological metal series RMn6Sn6 (R=Gd-Yb, and Y, Lu, etc.) [3], which possess an ideal kagome 

lattice of Mn, have emerged as a new platform to explore exotic states and novel functionalities. We have 

recently carried out the growth of high-quality single crystals of the magnetic kagome metal ErMn6Sn6 via the 

flux method, and the physical properties characterizations via the magnetic susceptibility, heat capacity, and 

Hall conductivity measurements. We have also undertaken comprehensive neutron diffraction experiments on 

both single-crystal and powder samples at the WISH diffractometer at ISIS. A number of distinct magnetic 

ordered phases, including the spiral and k = 0 magnetic orders, have been identified in cooling to low 

temperatures. Furthermore, we have also observed a range of complex field-induced magnetic phases, 

including the multi-k non-coplanar magnetic orders, via field-dependent single-crystal neutron diffraction at 

WISH. We have found that these complex field-induced magnetic phases are directly associated with our 

observed THE over a wide phase space of field and temperature in this compound. Our study has clearly hinted 

at a fascinating interplay between topologically non-trivial electronic band structures, magnetism and 

electronic correlations in ErMn6Sn6. 
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The discovery of high-temperature superconductors (HTSCs) is undoubtedly one of the landmark events in 

modern solid state physics. However, despite the efforts of numerous scientific groups and an extraordinary 

number of publications on HTSCs, the mechanism of superconducting (SC) pairing, which makes it possible 

to obtain real Cooper pairs at T >> 100 K [1], is still not clear. It is believed that the answer to this and other 

questions concerning HTSC can be obtained by studying such an unusual phenomenon as the pseudogap (PG), 

which opens in underdoped cuprates at T* >>Tc [1, 2].  

The temperature dependences of both fluctuation conductivity (FLC) σ′ (T) and pseudogap (PG)  Δ*(T) 

derived from measurements of resistivity ρ(T) of an optimally doped (OD) YBa2Cu3O7−δ single crystal 

subjected to a long-term storage have been studied. The as-grown sample S1 exibits characteristics typical of 

OD YBa2Cu3O7−δ single crystals containing twins and twin boundaries (TBs). Analysis of both FLC and PG 

showed an unexpected improvement in all characteristics of the sample after 6 years of storage (sample S2), 

indicating that the effect of TBs is somehow limited. After 17 years of storage, all characteristics of the sample 

changed dramatically, which indicates a strong influence of internal defects formed during the aging process. 

For the first time, the temperature dependences of both FLC and PG were obtained after 17 years of storage. 

In contrast to these results, the values of σ'(T) and Δ*(T) obtained after 17 years of storage (sample S3) changed 

dramatically. Resistivity ρ(300K), ρ(100K) and their linear slope a = dρ/dT  increased by more than 3, 1.6 and 

4 times, respectively. The resistive transition of S3 became very wide (ΔTc ≈ 7 K) and pointed out the 

appearance of a second low-temperature phase with Tc(ρ=0) ≈ 84K. Thus, the total ΔTc ≈ 16 K. This form of 

ρ(T) differs markedly from the “classical” behavior of ρ(T) with a similar slope and ρ(300K), which is obtained 

by reducing the charge carrier density nf in YBCO with a decrease in the oxygen doping level [2]. 

Correspondingly, the shape of both σ'(T) and Δ*(T) has also changed greatly. It was found that the fluctuation 

contribution of 2D-MT is almost completely suppressed. In addition, S3 exhibits the largest scaling factor C3D 

= 2.1 and an unexpectedly increased distance between conducting CuO2 planes d01 = 6.7 Å, which is about 1.6 

times greater than that estimated for YBCO. All this data indicate the presence of a large number of defects 

leading to significant structural distortions in the crystal. This conclusion is confirmed by the results of the 

analysis of the pseudogap. A rather peculiar ∆*(T) was found in this case, which does not find a direct analogue 

in our data bank ∆*(T).  
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The study of YbNi2 nanoparticles, with sizes ranging from 10 nm to 18 m, obtained by high-energy ball 

milling revealed interesting properties related with a coexistence of Ferromagnetism and Spin Glass behaviour 

[1]. In the present work, the influence of the size reduction on the magnetic and thermal properties of the 

Heavy-Fermion ferromagnetic YbNi2 alloy is further explored. The specific heat (cp) on nanosized samples 

show striking differences respect to that of the bulk alloy. For temperatures above 150 K, an excess contribution 

respect to the bulk sample is observed, whereas for intermediate temperatures, between 20 K and 150 K, the 

opposite situation is found. This behaviour can be explained by negligible Crystalline Electric Field effects in 

the nanometric samples and, also, because of the softening of the phonon modes at the surface of the 

nanoparticles [1,2]. Thus, within this framework, it seems reasonable to analyse the cp data, for temperatures 

between 20 K and 300 K, only using the electronic and phonon terms. In addition, a simple model that considers 

a modification in the phonon spectra of surface atoms respect to the core of the nanoparticles (two different 

values of the Debye temperature) can be also applied [2]. As result, the Sommerfeld coefficient is found to 

decrease from 73 mJ/molK2 (18 nm nanoparticles) to 37 mJ/molK2 (10 nm nanoparticles). On the other hand, 

the obtained Debye temperature for the core is around 350 K, but the ones obtained for the surface atoms range 

from 114 K (18 nm)  to 142 K (10 nm).  

At low temperatures, below 5 K, the cp/T curves exhibit marked upturns following a -lnT dependence, 

characteristic of a Non-Fermi liquid behaviour in the presence of disorder and within a ferromagnetic behaviour 

[3]. This last feature is consistent with the DC magnetic susceptibility results, which show divergencies of the 

M/H ~ T-1+ kind, with  = 0.8, a value near to that reported for bulk ferromagnetic systems [3].  

The results are explained by the influence of disorder on the alloys enhanced by the milling process in the 

ensemble of nanoparticles. 
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The intercalated iron selenides FeSe are capable of exhibiting a transition to the superconducting state over 

a wide range of temperatures. The character of the transition and the parameters of the resulting 

superconducting state are strongly dependent on the type of intercalant, intercalation method, and stoichiometry 

of the obtained compounds. The unique combination of a high content of magnetic inhomogeneities and the 

presence of a superconducting phase has led to the need for determining their respective thermodynamic 

parameters. This study presents the results of SQUID magnetometry investigations of the superconducting 

properties of intercalated Lix(C2H8N2)(FeySezS1-z) chalcogenides. The investigated materials were synthesized 

by means of a solvothermal method. Both dc and ac susceptibility measurement techniques were utilized to 

define the superconducting state parameters, including the upper critical field Hc2, lower critical field Hc1, and 

related coherence length ξ and field penetration depth λ. The general nature of the obtained phase diagrams 

indicates a consistent tendency for the magnetic phases to obscure the response of the superconducting state, 

since all of the probed materials exhibited the developed magnetization hysteresis over the investigated range 

of temperatures.  
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NbRe is a non-centrosymmetric superconductor (NCS) whose superconducting order parameter may consist 

of a mixture of spin-singlet and spin-triplet components, although this is still a debated issue [1-5]. To shed 

light on this question, spin pumping across a superconductor/ferromagnet (SC/FM) interface is probed by 

measuring ferromagnetic resonance (FMR) spectroscopy in NbRe/Co/NbRe trilayers. The microwave 

transmission coefficient is acquired as a function of dc magnetic field, frequency, and temperature. The 

linewidth of the FMR spectra (0H) follows a linear dependence with frequency (f) that allows to determine 

the Gilbert damping parameter () associated with spin pumping. As temperature decreases and the NbRe 

layers become superconductor,  remains mostly invariant through the transition, suggesting that spin pumping 

would still be effective in the superconducting state. Additionally,  is studied as a function of the thickness 

of the NbRe layers (see the enclosed figure) to determine the values of the spin mixing conductance at the 

SC/FM interface (18−21 nm−2) and the spin diffusion length in the SC layer (7.1−12.5 nm). These results may 

indicate that spin-polarized supercurrents would occur in the SC layer, suggesting that spin-triplet would be 

the dominant pairing mechanism in NbRe [6, 7].  

 

 

 

 

Figure. Frequency dependence of the linewidth 

of the FMR peaks measured at 2.0 K for 

different NbRe/Co/NbRe trilayers. The inset 

shows the NbRe-thickness dependence of the 

Gilbert damping parameter extracted from the 

linear fits shown in the main panel. 
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Spin-pumping across d-wave superconductors such as YBa2Cu3O7-d (YBCO) in high quality 

ferromagnet/superconductor interfaces provides a new playground for the study of spin polarized supercurrents. Here we 

use wideband ferromagnetic resonance to study spin-pumping in bilayers that combine the half metallic ferromagnet 

La0.7Sr0.3MnO3 (LSMO) and YBCO. These bilayers were epitaxially grown on NdGaO3 (NGO) substrates with two 

different crystallographic orientations (110)o and (100)o (Fig.1a-b). 

We evaluated the spin conductance at the LSMO/YBCO interface by analyzing the magnetization dynamics in 

LSMO. We found that the Gilbert damping shows an upturn followed by a drop as the heterostructures are cooled across 

the normal-superconducting transition when the ab-plane of the YBCO is parallel to the interface (grown on NGO (110)o) 

(Fig.1c), and a drop followed by an upturn when the ab-plane is tilted 45° with respect to the interface (grown on NGO 

(100)o) (Fig.1d). The latter case is reminiscent to the phenomena we recently reported for d-wave superconductors, where 

the opening of the superconducting gap reduces the spin injection efficiency and leads to a drop in the damping, followed 

by an upturn due to spin resolved Andreev bound states [1]. However, the upturn observed in the damping for samples 

grown on NGO (110)o reflects an increment in the spin injection efficiency which could be ascribed to long range spin 

pumping mediated by spin triplets. This possibility is supported by the generation of spin triplets in c-axis oriented 

LSMO/YBCO interfaces [2]. These findings put in evidence the anisotropic character of the superconducting gap in 

YBCO and the potential of this interfaces in the field of superconducting spintronics. 
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Figure: Scheme of the crystalline structure of the LSMO/YBCO interface for (a) NGO (110) and (b) NGO (100). (c-d) Damping (left 

axis) and resistance (right axis) vs temperature for (c) YBCO/LSMO//NGO(110) and (b) YBCO/LSMO//NGO(100).
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Skyrmions are non-collinear, localized magnetic states. Their chiral properties do not only result in their 

stabilization but also create an emergent magnetic field that exhibits a non-zero Chern number. When this 

emergent field is coupled to a s-type superconductor,  Majorana states may emerge in the superconductor [1,2]. 

In that case, the presence of  Majorana states in combination with the high skyrmion mobility may allow 

quantum computing operations. 

Here, we use density functional theory (DFT) calculations to explore the interplay between a magnetic Co 

monolayer on a superconducting substrate Ru substrate where isolated skyrmions were observed under 

magnetic field [3]. We project the DFT band structure on Wannier functions that we use to parametrize a tight-

binding Hamiltonian. Then, the superconducting properties are obtained by solving the Bogoliubov-De Gennes 

equations. Using this methodology, we explore the influence of the magnetic and cristal properties of the Co 

monolayer on the proximity effect with a bulk  Ru(0001) superconductor substrate [4]. 

 

Acknowledgements 

W. Wulfhekel acknowledges funding by the Deutsche Forschungsgemeinschaft (DFG) under Grant Nos. WU 

349/15-1 and WU 349/16-1. H. S. Yang acknowledges funding by the Alexander-von-Humboldt Foundation. 

B. Dupé and P. Buhl acknowledge funding by the DFG under Grant No. DU 1489/3-1. 

References 

[1] G. Yang, P. Stano, J. Klinovaja, and D. Loss Phys. Rev. B 93, 224505 (2016). 

[2] M. Garnier, A. Mesaros, and P. Simon Communications Physics 2, 126 (2019). 

[3] M. Hervé, B. Dupé, R. Lopes, M. Böttcher, M. D. Martins, T. Balashov, L. Gerhard, J. Sinova, and W. 

Wulfhekel Nat. Commun. 9, 1015 (2018). 

[4] L. Mougel, P. M. Buhl, Q. Li, A. Müller, H.-H. Yang, M. J. Verstraete, P. Simon, B. Dupé, and W. 

Wulfhekel Appl. Phys. Lett. 121, 231605 (2022). 

 

 

  



 
SYMPOSIUM 09. POSTERS 

Strain Dependent Electroresistance Loops in NdNiO3-BaTiO3 Ferroelectric 

Tunnel Junctions 
Isabel Barbero1*, Víctor Rouco1, Carlos León1, Lucas Pérez 1, 2, Javier Tornos1, Jacobo Santamaría1, Miguel 

Romera1 
1 Dept. Física de Materiales, Fac. CC Físicas, Universidad Complutense de Madrid,28040 Madrid, 

Spain 
2 Instituto Madrileño de Estudios Avanzados – IMDEA Nanociencia, Campus Cantoblanco, 28049 

Madrid, Spain 
*maibarbe@ucm.es 

 

Oxide-based ferroelectric tunnel junctions (FTJs) are promising devices for neuromorphic computing since 

they exhibit both ferroelectric [1] and ferroionic memristive behavior [2,3]. Understanding the influence and 

timescale of the different parameters governing transport is crucial for designing neuromorphic response [4].  

In the present work, we have fabricated NdNiO3-BaTiO3-Au micrometric-sized FTJs on two different 

substrates with different degrees of mismatch strain: SrTiO3 (001) (tensile strain) and LaAlO3 (001) 

(compressive strain). Both NdNiO3-BaTiO3 based FTJs show very large tunnel electroresistance (TER) in the 

range 104-105 % at low temperatures and 103 % close to room temperature (Figure 1). Changing epitaxial strain 

yields different temperature dependences of the high and low resistance states and of the switching voltages of 

the electroresistance loops, indicating that transport mechanisms are differently affected by the ferroelectric 

groundstate of the barrier and by ferroionic effects induced by electromigration of oxygen atoms. These results 

constitute an important step towards neuromorphic computing devices based on oxide-based FTJs. 
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Figure 1: Electroresistance loops of the FTJs grown on LaAlO3 (top) and SrTiO3 (bottom).
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Abstract: 

Bilayers comprising superconducting and magnetic layers provide a platform for investigating a plethora of 

physical interactions in such heterostructures. In type II superconductors, the behaviour of the Abrikosov 

vortices can be manipulated by the magnetic domains of the magnetic layer and their transformations. Here, 

we explore further a reported flux pinning observed in van der Waals heterostructures of two-dimensional 

(2D) materials NbSe2 and CrGeTe3 (CGT) as the superconducting and the magnetic layers, respectively[1]. 

We then report on the observation of the characterised asymmetric charge transport in such devices and how 

asymmetric magnetic interfaces and the transformation of the magnetic domains of CGT from stripe phase to 

bubbles[2] can play a role in this observation. 
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Figure 1: a) An exemplary schematic of the fabricated devices. b) Normalised temperature dependence of the resistance for the 

NbSe2 and the NbSe2/CGT heterostructure at different applied fields.
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The nature of order in low-temperature phases of some materials is not directly seen by experiment. Such 

“hidden orders” (HOs) may inspire decades of research to identify the mechanism underlying those exotic 

states of matter. In insulators, HO phases originate in degenerate many-electron states on localized f - shells 

that may harbor high-rank multipole moments. We show [1] how the ground-state order and magnetic 

excitations of a prototypical HO system NpO2, can be fully described by a low-energy Hamiltonian derived by 

a many-body ab initio force theorem method. A primary non collinear order of time odd rank 5 

(triakontadipolar) moments has been predicted. We show also that exotic non-chiral magnetic order in PrO2 is 

a results of a strong high order multipolar interactions within whole |JM> ground state multiplet. The problem 

of magnetic order in PrO2 cannot be reduced to the interactions within a ground state Kramer’s doublet. 

Sumarizing, including also our earlier studies of super-exchange interactions also in UO2 [2], we conclude that 

the higher order multipolar interactions cannot be ignored even in the case of the “normal” collinear magnetic 

order. We also demonstrate the impact of the multipolar exchange on the magnovolume properties and describe 

the phenomena of the multipolar exhcnage striction. 

References 

[1] L. V. Pourovskii, and S. Khmelevskyi. Proc Natl Acad Sci USA (PNAS), 118 (2021) e2025317118.  

[2] L..V. Pourovskii, and S. Khmelevskyi, Phys. Rev B 99 (2019), 094439.



 
SYMPOSIUM 09. POSTERS 

Hyperfine Interactions in Magnetite around Verwey Temperature 
Ondřej KRČMÁŘ1*, Tomáš KMJEČ1, Denisa KUBÁNIOVÁ1, Helena ŠTĚPÁNKOVÁ1, Jaroslav KOHOUT1 

1 Faculty of Mathematics and Physics, Charles University, V Holešovičkách 2, 180 40 Praha 8, Czech 

Republic 
*ondrej.krcmar@matfyz.cuni.cz 

 

Magnetite, as a typical representative of ferrimagnetic iron oxides, is a material of mixed valence. Its cubic 

crystal lattice of the Fd-3m space group contains 8 formula units in the elementary cell. The formal valence 

composition of magnetite can be written as (Fe3+)A[Fe3+ Fe2+]BO4, in which A denotes the tetrahedral and B 

the octahedral sublattices of the spinel structure. An anomaly in the temperature dependence of specific heat 

[1, 2], a jump in magnetization [2, 3], and a jump of two orders of electrical conductivity magnitude [2, 4, 5] 

around the temperature TV ~ 125 K was ascribed to the phase transition named Verwey transition. When 

studying magnetite above TV using 57Fe NMR [6], no difference was observed between Fe3+ and Fe2+ ions in 

the B-sites of the crystal lattice, which indicates a delocalized character of charge carriers and is in agreement 

with previous NMR experiments [7] and Mössbauer spectroscopy [8, 9]. 

We acquired 57Fe NMR and Mössbauer spectra of a monocrystalline plate of magnetite with a diameter of 

~3 mm and thickness of ~40 µm at liquid helium temperature. In the Mössbauer spectroscopy experiments, the 

sample was cooled at zero external magnetic field and in the field of 6 T. After cooling without the applied 

magnetic field, the magnetization is perpendicular to the plane of the sample, i.e., parallel to the direction of 

the γ-rays, which results in the suppression of the intensity of the 2nd and 5th line of the sextets. The NMR 

spectra provide higher resolution and enable the determination of the hyperfine fields of all inequivalent iron 

crystallographic sites of magnetite in the Cc structure below the Verwey transition (8 A and 16 B-sites) [10]. 

These values were used in the analysis of the Mössbauer spectra as fixed parameters, which allowed us to 

determine the isomer shift and quadrupole shifts of the previously ambiguous three sextets with the lowest 

hyperfine fields. 
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Ferromagnetism and superconductivity are still attracting a lot of attention in the condensed matter physics community 
not only due to the rich physical phenomena they embrace but also due to their great potential in different novel 
applications (memories, sensors, quantum devices…). Although they are considered antagonist effects, the interplay 
between them can lead to a wide variety of exotic phenomena. Some examples are superconducting vortex pinning 
induced by magnetic nanostructures [1], domain wall superconductivity [2], triplet superconductivity [3] and 
superconducting vortex – magnetic skyrmions interactions [4,5].  

Here, we study magneto-transport properties of a ferromagnetic (FM) multilayer with perpendicular magnetic anisotropy 
(PMA) in contact with a nanostructured superconductor (SC). The magneto-resistance and Hall resistance of the FM 
change below the transition temperature of the nanostructured SC even when an insulating layer is placed between both 
materials. The symmetry of the Hall response indicates that these changes are not due to topological effects but possibly 
caused by modifications of magnetic structures or proximity effects.  
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The BCS theory of conventional (s wave) superconductors present the Cooper pair as a net spin zero particle. 

In turn, unconventional superconductors[1] of triplet type like p wave superconductors form Cooper pair with 

S=1 spin. These have been theoretically modelled and seen experimentally[2] though origin of interaction is 

not identified singularly precisely. Here, we investigate spin-dependent thermoelectric response of a quantum 

dot hybrid structure coupled to triplet superconductor and ferromagnetic lead. We present the local and non-

local transport coefficients like electrical and thermal conductances, thermopower and its spin counterparts. 

These quantities are calculated with the help of non-equilibrium Green’s function approach. Moreover, we also 

investigate nonequilibrium case, in which the system can work as heat engine or refrigerator. To characterize 

the effectiveness of such device we calculate the efficiency at maximum power or the coefficient of 

performance (COP) depending on the way the system works. Apart from that, the triplet superconductor might 

also exhibit the breaking of both time and inversion symmetry, and thus, we also analyse the influence of this 

phenomena on transport properties of the considered system. 
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Magnetic multilayers with perpendicular magnetic anisotropy (PMA) and an interfacial Dzyaloshinskii-

Moriya interaction (iDMI) are actively researched, and the chiral spin textures within them are not only of 

fundamental interest but are also considered as potential information carriers in devices [1]. To operate any of 

these devices in an energy-efficient way, it is increasingly recognised that alternatives to magnetic field or 

electric current must be used, such as an electric field to modify the exchange coupling or magnetic anisotropy.  

Strain applied via a voltage-controlled piezoelectric, for example, modifies the magnetic anisotropy and has 

the advantage of allowing reversible control of magnetic properties of a PMA multilayer [2].   

Here we deposit Pt(2.3nm)/Co68Fe22B10(0.7nm)/Ir(0.5nm) multilayers with PMA and iDMI by sputtering 

onto BaTiO3(001) (BTO) single crystal substrates.  By direct imaging of the demagnetised multilayer at room 

temperature in a wide-field Kerr microscope, we find that the strain pattern from the ferroelectric BTO domains 

is imprinted onto the magnetic domains.  In contrast to the maze domain pattern in an identical multilayer 

deposited on Si/SiO2 (Fig 1(a)), the domains in the [Pt/CoFeB/Ir]2 on BTO are stripes aligned with the 

polarisation in the BTO domains (Fig 1(b)).  To demonstrate that this is due to strain generated by in-plane 

lattice elongation in the BTO, we simulate the effect of an in-plane uniaxial anisotropy using micromagnetic 

parameters obtained from experiment.  Measuring a negative magnetostriction (-22 ppm), we deduce that the 

magnetic easy axis is orthogonal to the BTO polarisation and that the magnetic moment at the centre of the 

chiral Néel walls is aligned with the easy axis, orienting the stripe domains parallel to the BTO polarisation. 

When the temperature of the BTO is varied in the range 13-320 K, it undergoes phase transitions from 

rhombohedral (R) to orthorhombic (O) to tetragonal (T) structure, with abrupt increases in the lattice parameter 

at the transition temperatures ~180 K and ~280 K.  We find that the stripe domain period increases abruptly at 

the transition temperatures too (Fig. 1(c)).  This amounts to strain control of the domain period, and thus the 

domain wall energy.  By independently measuring the saturation magnetization and PMA as a function of 

temperature, we find that both the PMA and iDMI undergo strain-driven changes at the R-O transition. 

 

Figure 1: Room temperature Kerr micrograph of demagnetised domains in a [Pt(2.3nm)/CoFeB(0.7nm)/Ir(0.5nm)]2 multilayer 

deposited on (a) Si/SiO2 and (b) BaTiO3(001). (c)  Magnetic domain period vs. temperature for the sample in (b); R,O,T correspond 

to the rhombohedral, orthorhombic and tetragonal structural phases of the BaTiO3 substrate. 
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Magnetic shape memory compounds are among the most promising classes of materials for multiple-stimuli 

actuation and energy harvesting, thanks to the multifunctionality arising from their distinctive 

magnetostructural transformation. Ni2MnGa is a model system within this class of compounds; it shows a 

martensitic phase transformation from a cubic phase (austenite) to a lower symmetry phase (martensite) by 

decreasing temperature. We grow Ni-Mn-Ga films with thickness up to 400 nm by sputtering on MgO(100) or 

Cr/MgO(100). The L21 austenitic phase grows epitaxial at high temperature and transforms to the 7M 

monoclinic martensitic phase when samples are cooled down to room temperature. The martensitic phase 

shows a complex twin microstructure, with characteristics that we can engineer by growth parameters, external 

stimuli (temperature, magnetic field, stress) and patterning on the micron scale [1 and references therein]. 

Thanks to electron and scanning probe microscopies and to magnetic characterization, we have deepened the 

correlation between microstructure and magnetic/magnetothermal properties, also imaging the films while 

varying temperature and applying a magnetic field.  

Each twin microstructure imposes a specific geometrical arrangement of the easy-magnetization axes, 

giving rise to distinctive magnetization patterns and magnetization processes. Consequently, Ni-Mn-Ga films 

display a unique versatility of the magnetic properties, which can be modified by choosing a specific twin 

microstructure (X- or Y-type), combining the two microstructures, or modifying their spatial arrangement on 

the scale of tens of microns. The support of a micromagnetic model, built on the film microstructure and 

experimental characteristics, has been essential for modifying the magnetic properties by microstructure 

engineering [2]. Each twin microstructure also shows characteristic magnetothermal properties, i.e., thermal 

hysteresis and sharpness, which can be improved by choosing a specific microstructure. Finally, we have 

investigated the magnetothermal properties in Ni-Mn-Ga micro- and nano-structures, and the local impact of a 

variable force applied by nanoindentation, which increases the transformation temperature up to 5 K [3]. 
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Spintronics, the concept of harnessing electron spin as an active variable in electronic circuits, has 

evolved into a broad and interdisciplinary research field at the intersection of physics, materials science, and 

nanotechnology. Our improved understanding of transport phenomena and magnetic interactions in solid-state, 

along with the discoveries of new materials and experimental techniques, enabled rapid progress. Current-

induced control of magnetization lies at the heart of the research efforts as it will ultimately lead to efficient 

nonvolatile solid-state memory, logic, and signal transmission devices. These devices can boost the capabilities 

of the contemporary CMOS technologies and potentially offer beyond-CMOS concepts leading to paradigm 

shifts in the microelectronic industry [1]. 

In the first part of the talk, we will discuss current-induced magnetic manipulation and detection 

experiments in insulating magnetic garnet systems mainly enabled by spin-orbit torques, spin Hall 

magnetoresistance, and other emerging spin transport phenomena. We will first present the fundamentals and 

symmetry of spin-orbit torques [2] and how they are accurately characterized magnetic insulator/platinum 

bilayers [3] and used to switch magnetization with high efficiencies [4]. We will then show how interfacial 

chiral magnetism stabilizes homochiral Neel domain walls in some perpendicularly magnetized iron garnets, 

which can be propelled as fast as 800 m/s with moderate current densities of the order of 108 A/cm2 [5].  

In the second part of the talk, we will present recent advances in the optimization of various rare-earth 

iron garnets by magnetron sputtering and pulsed laser deposition methods for efficient spintronics applications. 

We will show how their properties can be conveniently engineered for different experimental purposes [6]. We 

will conclude by providing some suture directions in spintronics that may benefit from the research progress 

in perpendicular ferrimagnetic insulators. 
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Charge carrier injection into materials are a powerful way to enhance targeted material properties as well as 

to discover novel, hidden quantum phases. For van der Waals (vdW) materials, it is possible to inject charge 

carriers into nano-meter thick exfoliated flakes by solid-state and electrolyte gating, and into bulk flakes by 

chemical doping within vdW gaps, so-called intercalation. This approach is very effective in controlling 

magnetism, e.g. a dramatic change of Curie temperature of vdW magnet such as Fe3GeTe2 and Cr2Ge2Te6 been 

observed by electrostatic carrier injection [1, 2] and intercalation [3]. Here, we present our work on spin 

dynamics characterisation of Na-intercalated, electron-doped Cr2Ge2Te6. We have successfully intercalated Na 

atoms into the vdW gap of pristine Cr2Ge2Te6 and observed clear enhancement of its conductivity due to 

electron doping and an increase of Curie temperature from 65 K (undoped case) to 240 K (doped-system).  

We characterised the spin dynamics properties by ferromagnetic resonance techniques. Together with the 

Curie temperature enhancement as well as the easy-hard axis switch of uniaxial anisotropy previously observed 

[2, 3],  its magnetic relaxation properties is significantly changed due to electron doping, i.e. the Gilbert 

damping to be in the order of 10-4 at higher temperatures, which is at least an order of magnitude smaller 

compared to spin dynamics response in other vdWs magnetic systems [4]. Using ac susceptibility experiments, 

we also find that the doped Cr2Ge2Te6 exhibits a spin-glass like behaviour at low temperatures, where the 

Mydosh parameter and emipirical scaling down law suggest a cluster spin glass state, and Cole-Cole analysis 

reveals that the system consist of a distribution of clusters that cannot be explained by a single characteristic 

relexation time of clusters instead a distribution of relaxation times in the perspective generalised Debye 

picture.  
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Exciting quantum effects emerge whenever atomic clusters undergo an ultimate reduction of their spatial 

dimensions. Nanostructured magnetic materials characterized by atoms with a lower average coordination 

number, present enhanced orbital magnetic moment and anisotropy. In Material Science it is always a challenge 

to discover new processes that can lead to tunable, size selective and self-assembled nanostructures with 

demon- strated stability up to room temperature. We have achieved this for Fe atoms that form well-defined 

nanoclusters by reducing their mobility on the Cu(111) substrate mediated by the presence of a metal-organic 

network [1-3]. When Fe is evaporated onto this molecular array, mostly single atomic height nanodots are 

formed, instead of the usual triangular bi-layer islands formed on a clean metallic substrate. We find that both, 

substrate temperature as well as degree of coverage, affect the average nanodot size, demonstrating that a 

measure of control can be exerted during fabrication. Moreover, X-ray Magnetic Circular Dichroism 

experiments show that the Fe nanostructures, which are stable at room temperature, present a significantly 

enhanced orbital moment and magnetic anisotropy compared to the case when the molecular layer is missing. 

This new approach of using organic templates for the growth of well-defined, metallic nanodots could be 

extended to other elements with the prospect of exhibiting exciting functionalities. 

We have used an extended metal-organic network to nanostructure Fe into nanodots with sizes ranging 

between 1 and 6 nm2. In this new fabrication method, we find that we can slightly tune the average particle 

size by simply changing the deposition temperature and the overall metal coverage. Importantly, all cases yield 

stable structures up to room temperature. We explain this nanoparticle nucleation from the reduced kinetics of 

Fe atoms upon presence of the organic network, that is significantly reduced when compared to the Fe mobility 

upon the bare substrate. Correspondingly, we obtain enhanced perpendicular magnetic anisotropy of the 

nanodots by XMCD without apparent interparticle interactions due to proximity effects. Particularly, while μS 

is practically insensitive to the particle size, μL, HA, and HC reveal clear surface effects in the form of enhanced 

values for the smaller particles due to their higher number of average broken bonds per Fe atom. The here 

presented new growth methodology that uses extended molecular organic networks as base for Fe deposition, 

might be key for obtaining unprece- dented low-dimensional functionalities in cost-effective ways.  
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Flexible spintronics is an emerging field of research that has received great attention over the past few years 

for fundamental studies and applications in many technological fields including automotive, wearable 

electronics, soft robotics, and bio-integrated electronics. The ability to bend a device or to adjust its shape, 

along with the lower weight and cost, makes flexible electronics more advantageous than conventional rigid 

systems in many contexts [1-3]. In this work, different strategies for the fabrication of spintronic devices with 

perpendicular magnetic anisotropy are compared, i.e., transfer-and-bonding approaches exploiting wet and dry 

lift-off methods on the one side, and direct deposition on flexible substrates on the other side. To evaluate the 

potential of the proposed strategies, perpendicular magnetized [Co/Pd]-based giant magneto-resistive spin-

valves, consisting of a fully compensated [Co/Pd]N/Ru/[Co/Pd]N synthetic antiferromagnet used as reference 

electrode and a [Co/Pd]N free layer, were investigated. Such stacks represent a demanding model system, owing 

to the sharpness and the number of interfaces whose quality strongly affects the overall magnetic and electric 

performance. Advantages and drawbacks of the different strategies are discussed to provide crucial indications 

for the development of flexible spintronic devices with complex architectures. 
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Figure: Schematics of the different strategies explored to obtain PMA flexible spintronic heterostructures. a) Direct deposition on a 

flexible substrate (i.e., Teonex® tapes, freshly cleaved MICA foils). b, c) Transfer-and-bonding / wet etching lift-off using b) freshly 

cleaved KBr(100) sheets and c) PMMA underlayers; after depositing the film stack, the whole structure is transferred on a flexible 

tape glued on top by dissolving KBr and PMMA in water and polar solvents, respectively. d) Transfer-and-bonding / dry etching lift-

off using an Au underlayer; after depositing the film stack, the low adhesion between Au and SiOx/Si(100) is exploited to transfer 

the whole structure on a flexible tape glued on top by mechanical peel-off.
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Recent work has demonstrated Co/Gd (double) bilayers to combine all-optical switching of the magnetization 

with efficient current-driven manipulation of the magnetic order in one material system [1]. This makes them interesting 

candidates for bridging the gap between spintronics and photonics [2]. Typically, these synthetic ferrimagnets are 

fabricated through DC magnetron sputtering. Therefore, for the ultrathin synthetic ferrimagnets with PMA the study of 

the impact of the sputtering process on basic magnetostatic properties like the net moment and the effective out-of-plane 

anisotropy is highly relevant. 

To this end, we systematically study the simplest Co/Gd-based synthetic ferrimagnet with PMA, the Pt/Co/Gd 

system [3]. Experimentally, we perform polar MOKE measurements on double wedge samples (Fig. 1) to investigate the 

transition of the net moment from Co- (red) to Gd- dominated (dark blue), and between non-magnetic, out-of-plane, and 

in-plane magnetization. For high Gd thickness (~ >3 nm) we would expect that the magnetic properties do not change 

anymore as the Gd is only magnetized close to the Co interface [3]. Strikingly we observe the opposite, where the 

magnetic properties keep on changing monotonically up to at least 6 nm of Gd. We hypothesis that sputter-induced 

intermixing plays a role here. To test this we grow the films with different working gas pressures, changing the kinetics 

of the sputtered atoms, and indeed a large dependence is observed as shown in Fig 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To corroborate this observation we performed numerical simulations of the intermixing process of the Pt/Co/Gd 

system. We simulate our DC sputtering process in Tridyn [4], and use the extracted atomic profiles in conjunction with 

a layered Weiss model [5] to calculate the net moment and effective anisotropy. We find that key features in the 

experimental phase diagram (Fig. 1) can be reproduced, further suggesting that sputter-induced intermixing between Co 

and Gd in these systems cannot be neglected when describing their magnetic properties. 

In conclusion, our work provides highly relevant insight on the impact sputtering has on fundamental magnetic 

properties of Co/Gd bilayers and paves the way towards a better understanding of synthetic ferrimagnetic systems for 

spintronics.   
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Figure 1 Polar MOKE scan of the 

remanence of a Pt/Co(y-axis)/Gd(x-axis) 

synthetic ferrimagnetic bilayer sample. 

Figure 2 Polar MOKE remanence for a Pt/Co(0.7)/Gd(x-

axis) sample for different Ar gas pressures during the 

deposition process of the Gd. 
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Exchange bias (EB) is a phenomenon that manifests itself in the horizontal shift of a hysteresis loop. This 

usually occurs in systems with coupled ferromagnetic-antiferromagnetic or ferromagnetic-ferrimagnetic 

interfaces. We report on the magnetic reversal characteristics of exchange-biased heterostructures consisting 

of two ferrimagnetic TbxFe100-x layers whose respective magnetizations are Fe-dominated (layer A) and Tb-

dominated (layer B) due to their different compositions. Both layers are amorphous and display perpendicular 

magnetic anisotropy. An exemplary measurement of double exchange bias, revealing giant EB shifts of several 

tens of kOe, can be seen in Fig. 1a. 

Based on previously published results [1], we expanded the range of investigated layer compositions of 

TbxFe100-x bilayers and layer structures. Since not a sharp interface, but a gradual change of composition over 

a region of ~2.5 nm thickness between the two layers was found in the bilayer structure, we investigated the 

influence of different additional interlayers on the magnetic reversal behaviour at low temperatures after field 

cooling (FC). 

While investigating these samples, another phenomenon was seen: ultraslow magnetization relaxation. This 

manifests itself in an overcrossing of the hysteresis branches in the first and third quarter of the M-H-diagram, 

as shown in Fig. 1b: coming from negative saturation, layer A first switches to an antiparallel alignment in 

region 1. After the second switching event at point 2, where layer B switches, the two layers are nominally in 

a parallel alignment. Here, at point 3, a magnetization just below the saturation value is reached, but 

surprisingly the magnetization subsequently relaxes again to an antiparallel alignment and thus a lower 

magnetization value. This happens even under increase of the applied magnetic field. The parallel alignment 

is only gradually regained in region 4, where the field is strong enough to switch layer A again. 

 Usually, the slowest process in magnetization dynamics is domain wall motion with a timescale between a 

few ns to hundreds of µs [2]. The process observed here, however, takes in the order of a few tens to hundreds 

of seconds to complete, as can be seen in Fig. 1c. This ultraslow magnetic relaxation might be attributed to the 

interlayer region, which is near compensation in the observed temperature range and thus magnetically very 

hard. 
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Figure 1: a) Image of the double exchange bias phenomenon in a TbFe-based bilayer at 100 K. b) Demonstration of the overcrossing 

behaviour in the hysteresis loop. The arrows show the course of the magnetization curve coming from negative saturation. c) 

Demonstration of ultraslow relaxation at a temperature of 130 K. The hysteresis loop was measured until layer B has completely 

switched (18 kOe, region 3) and held there for 200 s, while the magnetization slowly decreased without field change, reaching the 

antiparallel alignment of both layers after approximately 100 s.
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Due to its ability to absorb hydrogen, Pd is one of the most used materials in gas sensor technology. The tensile 

stress due to the β-phase can crack the Pd crystal. This may be relieved in some cases by growing Pd thin films 

on appropriate substrates. However, in the limit of very thin films the hydrogen solubility seems to be limited 

or blocked due the clamping of the Pd in-plane lattice parameter by the substrate. Co/Pd is a very interesting 

system for its industrial applications, not only in the gas sensor technology but also in the magnetic recording 

industry. It shows very large perpendicular magnetic ansitropy (PMA) and Kerr rotation. In addition, the 

magnetization easy axis is controlled by the film thickness. Upon hydrogenation the system presents an 

enhancement of the perpendicular magnetic anisotropy. When thin Pd films are grown on magnetic substrates 

such as Ni, Co, or Fe, their magnetic properties can change due to electronic effects, which are also modulated 

by hydrogen absorption [1]. 
 

Here we present the magnetic characterization of ultrathin Co films (2-5 AL) on Ru(0001), before and after  

capping with a single atomic layer of palladium. The growth of the films was studied in real space by LEEM  

and the magnetic characterization was carried out in SPLEEM, which registers in real time the evolution of the 

magnetization easy-axis. Co/Ru(0001) shows out-of-plane anisotropy for 2 AL films, switching to in-plane in 

thicker films [2]. The addition of a single Pd atomic layer enhances the Co perpendicular anisotropy, pushing 

the out- to in-plane anisotropy transition up to 5 atomic layers. Finally, motivated by previous results where 

we reported the reversible spin reorientation transition of Co bilayers upon hydrogen exposure[3], we have 

investigated if the same phenomenology occurs in Pd/Co/Ru films by exposing them to both molecular and 

atomic hydrogen atmospheres. 

 

References  

[1] T. Hübert, L. Boon-Brett, G. Black, and U. Banach, “Hydrogen sensors – A review,” Sensors Actuators B Chem., 

vol. 157, no. 2, pp. 329–352, 2011 

[2] F. El Gabaly et al., “Imaging Spin-Reorientation Transitions in Consecutive Atomic Co Layers on 

Ru(0001),” Phys. Rev. Lett., vol. 96, no. 14 

[3] B. Santos et al. “Hydrogen-induced reversible spin-reorientation transition and magnetic stripe domain 

phase in bilayer Co on Ru(0001),” Physical Review B - Condensed Matter and Materials Physics 85 (2012) 

 

 
Figure 1. (a) LEEM recorded after growing 1 ML of Pd on 4 and 5 ML thick Co/Ru(0001). (b-c) SPLEEM image acquired with the 

electron beam spin polarization direction out-of-plane and in-plane, respectively. The FOV is 8 μm. The beam energy is 5.2 eV. (d) 

Schematic representation showing the magnetization easy-axis before and after depositing the Pd capping. 
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Thin film amorphous magnets can be synthesized to have a variety of static and dynamic magnetic 

properties. The advantage of working with amorphous materials is that the composition can be tuned 

continuously and with good precision over a large range without phase segregation or defect formation. This 

facilitates precise control over the magnetic properties. The amorphous magnets synthesized for this study are 

Cox(Al0.7Zr0.3)1-x alloys with 0.7 < x < 1.0, where the ratio of Co to AlZr determines the observed magnetic 

properties. Post-annealing of the CoAlZr alloy is also examined as a way to control the magnetic properties 

and study the effect of crystallization [1]. 

This study evaluates the compositional and structural dependence of the coercivity, anisotropy, 

magnetization and ordering temperature by vibrating sample magnetometry and magneto-optical Kerr effect 

magnetometry. The magnetization varies linearly with composition, as seen in Fig. 1, and the coercivity is 

extremely low (<0.2 mT) for all amorphous composition. The magnetic damping, which is crucial for 

spintronics and magnonics, is measured with ferromagnetic resonance measurements. Post-annealing of 

CoAlZr is found to increase the damping. The damping is also shown to decreases substantially with increasing 

amount of Co, as seen in Fig. 1, from relatively high 𝛼 Gilbert damping of 0.05 to the low value of 0.01, which 

is comparable to permalloy. 

In addition to single layers we study Cox(Al0.7Zr0.3)1-x heterostructures, where the composition is 

continuously varied. Multilayers of two different compositions of Cox(Al0.7Zr0.3)1-x with abrupt interfaces have 

previously been shown to display giant magnetic proximity effects where ferromagnetism or 

superparamagnetism is induced in an intrinsically paramagnetic layer through proximity to a high-Tc layer [2]. 

The heterostructures introduced here are without abrupt interfaces and the composition is continuously 

modulated throughout the depth of the sample. We study the static and dynamic magnetic properties of such 

structures and compare to those of multilayers with abrupt interfaces. These heterostructures offer a new route 

to tune the magnetic response and could potentially be used as ultrasoft magnets in high frequency applications. 

 
Figure 1: Magnetic properties of Cox(Al70Zr30)100-x for x in the range 75-90 at%. The left figure displays the saturation 

magnetization and the right figure displays the Gilbert damping and the first order uniaxial anisotropy constant. The film thickness 

of compositions in the orange area is 60 nm and the compositions in the yellow area are 20 nm. 
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High-anisotropy rare-earth alloys combined with soft magnetic transition metal materials, e.g. Fe, in thin 

film heterostructures form prime examples of exchange spring (ES) materials possessing high magnetizations 

and high magnetic anisotropy [1,2]. This promises a range of applications in logic circuits, sensor and magnetic 

storage technologies with high magnetic stability and durability.  

Using polarized neutron reflectometry with polarization analysis (PNR), we present the chemical and 

magnetic structure as a function of depth in SmCo5/Fe and NdCo5/Fe bilayers grown on Cr-buffered MgO 

substrates. The films show epitaxial growth with magnetic easy axis of the rare-earth alloy oriented in the 

surface plane of the sample. Vibrating sample magnetometry is used to study the volume averaged response of 

the system to external magnetic fields. The proximity coupling between Fe and the rare-earth alloy is quantified 

through PNR by application of the magnetic field opposite to an initial saturation or away from the in-plane 

anisotropy easy axis, thus exterting a torque on the magnetizations of each layer. In the case of SmCo5/Fe, we 

observe a significantly enhanced switching field of the whole Fe layer with a strongly depth dependent moment 

configuration as a function of in-plane magnetic field strength. Strong spin-flip signals of the neutron 

reflectometry as a function of field quantify the extension of moment canting away from the applied field 

towards the SmCo5 interface. 

The case of NdCo5/Fe is particularly intriguing due to its giant magnetocaloric effect and  a spin-

reorientation transition observed at 255 K [3,4] during which the magnetic easy axis switches from the in-plane 

a-axis to the 90° rotated in-plane c-axis at low temperatures [4]. The transistion proceeds via an easy-cone 

formation in which both anisotropies are populated. PNR, recorded as a function of temperature and magnetic 

field orientation, shows a spiral moment configuration forming between the low and high temperature states. 

The field dependence indicates a larger extension of the moment canting into the Fe layer at low temperature, 

pointing towards a stronger proximity coupling.  
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We have studied the effect of using  LaMnO3 and La0.45Sr0.55MnO3 buffer layers on the magnetic properties of 

epitaxial ultrathin La0.8Sr0.2MnO3 films grown on SrTiO3(001) substrate by molecular beam epitaxy. The 

surface quality is monitored during the deposition with reflection high energy electron diffraction (RHEED), 

shown in Fig. 1(a) for 5 unit cell (uc) thick La0.8Sr0.2MnO3 on LaMnO3 buffer layer. We characterize the 

samples using bulk magnetometry, electrical transport, and synchrotron x-ray spectroscopy as a function of 

La0.8Sr0.2MnO3 thickness. We show that the introduction of the LaMnO3 buffer layer leads to bulk-like 

magnetic moments for La0.8Sr0.2MnO3 thickness down to 1 uc, while the La0.45Sr0.55MnO3 buffer layer induces 

antiferromagnetic order on the first 3 uc La0.8Sr0.2MnO3 and bulk-like moments at larger thicknesses. For both 

buffer layers (Figure 1(b)), the bulk-like moment is confirmed by a linear increase in the magnetization as a 

function of thickness, with a slope m=3.8 µB/uc corresponding to the fully spin-polarized Mn moment. The 

results are confirmed by x-ray magnetic circular dichroism (XMCD), showing an increasing signal with 

La0.8Sr0.2MnO3 thickness for both buffer layers. Moreover, our linear dichroism results show an orbital 

reorganization for the ferromagnetic samples. We attribute the full spin polarization of the  La0.8Sr0.2MnO3 thin 

films to a direct ferromagnetic/antiferromagnetic exchange coupling to the buffer layer. Our results highlight 

the role of spin exchange from the buffer layer in controlling the magnetic properties of ultrathin 

La0.8Sr0.2MnO3. 
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Figure1: (a) RHEED oscillations during the 5 uc La0.8Sr0.2MnO3 deposition, indication of a layer-by-layer growth and used to monitor 

the film thickness in real time. Inset: final RHEED pattern showing that the film is epitaxial and the surface is smooth. (b) 

Magnetization of the La0.8Sr0.2MnO3 layer as a function of its thickness extrapolated at zero field from the hysteresis loops for 

LaMnO3  (blue) and La0.45Sr0.55MnO3 (green) buffer layer. The straight lines have slope 3.8 µB/uc, corresponding to the bulk-like 

fully spin polarized La0.8Sr0.2MnO3 moment.
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Rare-earth intermetallic thin films posses high magnetic anisotropy and that makes them the perfect 

candidates for nanoscale applications such as high-density magnetic recording, spintronic devices, and 

microelectromechanical systems (MEMS) [1-4]. Among them, Nd-Fe-B is the most popular permanent magnet 

to date due to its outstanding instrinsic magnetic properties [8]. Nevertheless, few examples of Nd-Fe-B films 

with thicknesses below 50 nm are found in the literature.  

In this study, Nd-Fe-B films grown by DC magnetron sputtering onto MgO substrates have been evaluated 

in the 20 - 40 nm thickness range. Structural, compositional, morphological and magnetic properties have been 

analysed (Fig. 1). Strong perpendicular magnetic anisotropy is achieved for a 40 nm film, reaching a coercivity 

of 8 kOe at room temperature (Fig. 1b). A detailed characterization of epitaxial NdFeB has been done by 

Grazing Incidence X-Ray Diffraction (GIXRD) (Fig. 1a). Lattice parameters are reported and the chemical 

states of Nd3d and Fe2p have been analysed by Hard X-Rays Photoelectron Spectroscopy (HAXPES). 

Furthermore, a low temperature study has been carried out, determining a Spin Reorientation Transition 

Temperature (TSR) of 124.2 K (Fig. 1c), i.e., around 10 K below the theoretical value for Nd2Fe14B (135 K) 

[6]. This change is attributed to the induced strain in the Nd2Fe14B lattice, suggesting the possibility of tuning 

TSR with the appropriate design of parameters and architecture and, therefore, broadening the working 

temperature range of these film systems. Low temperature structural characterization has also been performed 

in order to provide some insight in the causes that promote the tilt of the magnetization.  
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Figure 1: a) Reciprocal Space Map across MgO[111], Mo[101] and Nd2Fe14B[225] reflections measured by GIXRD using a beam 

energy of 15 keV ( = 0.826 Å) for a 40 nm film, b) Out of plane and in plane hysteresis loops for t = 40 nm. c) Curve representing 

magnetization as a function of temperature for t = 40 nm. Inset shows the second derivative of magnetization with temperature used 

to obtain TSR. 
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Manganites are one of the archetypes in the field of functional complex oxides, as they combine 

numerous exotic properties interplayed, such as colossal magnetoresistance, large spin polarization, 

multiferroicity, etc., which make them appealing canditates for fundamental studies as well as for spintronic 

applications. Their perovskite crystal structure allows the growth of epitaxial thin films and the fabrication of 

high quality heterostructured devices. Strain engineering has become one of the most popular routes to optimize 

the physical properties and introduce new functionalities into the deposited epitaxial thin film oxides. In the 

case of La2/3Ca1/3MnO3 (LCMO), a previous work [1] demonstrates that, depending on the deposition 

conditions, a certain Non-FerroMagnetic (NFM) percentage of the thickness of the LCMO, can be obtained at 

the top of the LCMO film, the whole film being chemical and structurally homogeneous at room temperature. 

Theoretical calculations support that depending on the tetragonallity of LCMO, defined as τ =|c-a|/a, a NFM 

layer can be obtained due to the competition between ferromagnetic (FM) and antiferromagnetic (AF) states. 

Such a NFM layer was previously characterized as AF in nature based on the presence of exchange bias (EB) 

in the magnetic hysteresis loops at low temperatures (10K).  

Here, we present a comprehensive magnetic characterization of the strain-induced segregated NFM 

layer by means of field-cooling and zero-field-cooling magnetization versus temperature measurements, field-

cooled hysteresis loops, relaxation of thermoremanent magnetization and low-energy muon spin relaxation 

experiments (LE-μSR). The relevance of understanding the magnetic nature of this NFM layer lies on the fact 

that this could be utilized as a native pinning layer of the same material in magnetic tunnel junction fabrication. 

The sensitivity and depth-profiling capacity of LE-μSR have evidenced the different magnetic behaviour of 

the two spatially segregated layers (NFM-FM). Our experimental results discard the AFM nature and support 

the spin-glass-like scenario for the NFM layer [2]. This scenario can be understood in the framework of the 

competing FM and AF interactions of similar energies, as suggested by the previous DFT+U calculations of 

the magnetic ordering of strained LCMO [1]. Additionally, the high spatial resolution of the Electron 

Holography (EH) technique has been used to locally image the magnetic changes present in this epitaxially 

strained LCMO thin films (Figure 1).  
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Figure 1: Structural, chemical, and magnetic characterization of the NFM of the LCMO 

thin film grown on STO (100).
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Ferromagnetic semiconductors and insulators have gained interest due to their potential to increase the 

efficiency of spintronic devices. This improvement arises from the fact that in insulators, such as europium 

sulphide EuS, spin currents and spin orbit torques do not involve dissipative charge currents, and thus avoid 

unnecessary losses due to Joule heating, as in ohmic resistive materials. Furthermore, crucial to developing 

more power-efficient devices for practical applications based on phenomena such as magnetoresistive 

response, dynamic behaviour, and spin-transfer torque switching – is the understanding the structural and 

magnetic coupling e.g., between ferromagnetic insulator/ferromagnetic metal bilayers, as key spintronic 

phenomena are typically localised at the thin-film interface between materials [1]. 

Inspired by interesting features found in the magnetoresistance of EuS|Py bi-layers indicating non-collinear 

interfacial magnetic coupling, here we present results from Polarised Neutron Reflectometry with Polarisation 

Analysis (PNR-PA), taken at the POLREF beamline to investigate the in-plane canting at the EuS|Py interface 

as a function of depth [2]. We found a significant neutron spin flip signal (Fig. 1a), indicating sizable spin 

canting in the bilayer system. From model fits to determine the depth-dependent magnetisation profile (Figs. 

1b and c), we find that this spin canting is strongest at the EuS|Py interface and decays further away from the 

Py, aligning back to the guide field direction 𝐻𝑔 (i.e., the applied field direction). At low temperatures, this 

canting persists for applied magnetic fields up to 75 mT, and disappears above the EuS ferromagnetic transition 

temperature TC=16 K. The strong spin canting localised at the interface between ferromagnetic metals and 

insulators could therefore be interesting for spintronic applications, such as spin-transfer torque switching.  
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(𝑧) and 𝜌

𝑀
(𝑧) as 

well as the depth-dependent in-

plane spin canting 𝜙
𝑥𝑦

(𝑧). 

https://doi.org/10.5286/ISIS.E.RB2220727-1
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Oxides give rise to novel phenomena when different types are combined, and the production of magnetic 

heterostructures is an everlasting topic in the development of new materials. Thus, the exploration of new 

fabrication methods is mandatory. Low energy ion bombardment has been used on single-crystalline oxide thin 

films to produce epitaxial layers of the corresponding suboxides [1,2]. We have carried out an investigation of 

the magnetite/hematite epitaxial bilayer (Fe3O4(111)/α-Fe2O3(0001)) on different substrates. This is an ideal 

oxide system to study magnetic exchange effects at the interface, since it combines two types of magnetism 

(antiferromagnetism in hematite, ferrimagnetism in magnetite) and two phase transitions (Morin in hematite, 

Verwey in magnetite). The characterization of this system has included the structural, chemical and magnetic 

properties. We have used synchrotron-based experimental techniques such as Surface X-ray Diffraction 

(SXRD), Hard X-ray Photoemission Spectroscopy (HAXPES), Low Energy Electron Microscopy (LEEM), 

Photoemission Electron Microscopy (PEEM) or X-ray Magnetic Dichroism (XMD). The aim of this work has 

been to obtain spectromicroscopic information on the as-grown material and on the evolution of the materials 

during the ion bombardment, as well as during high temperature annealing of the bilayers. Ion bombardment 

gradually reduces the initial hematite into a defective sub-oxide where magnetite nuclei start to grow with 

increasing ion doses and coalesce into a defective epitaxial magnetite upper layer. Rotational domains emerge, 

with small grains which are typically a few tens of nanometres large. They do not grow significantly with 

temperature annealings. This robustness may be explained by the incoherent growth of the grains which favour 

the formation of twin and antiphase boundaries. Finally, we study the distribution of magnetic domains (which 

do not apparently correlate with the structural domains) and the existence of exchange bias and other types of 

interfacial exchange effects. 
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Figure: XMCD (a) and DF-LEEM (b) images of magnetite. A smooth dichroic contrast is obtained. c) XMCD spectra under different 
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Magnetic rare-earth orthoferrites RFeO3 exhibit a rich playground ranging from multiferroicity to spin-

reorientation, strong magnetostriction and ultrafast light-driven manipulation of magnetism, which can be 

exploited in spintronics [1]. Such properties stem from the strong spin-orbit coupling (SOC) interaction 

combined with lattice vibrations (phonons) due to the presence of two magnetic ions (R3+-Fe3+) in different 

sublattices.  

In SmFeO3, recent experiments attempted to clarify the non-collinear magnetic ground-state, the origin of 

the spin-reorientation and low temperature magnetization compensation. Furthermore, a peculiar temperature 

evolution of vibrational mode has been measured which suggest a strong coupling between phonon and 

magnons [2]. Although a conclusive picture has not yet been reached, theoretical studies that explore the 

microscopic mechanisms at play are still rare.  

Here, using density functional theory calculations to explore the magnetic ground state of SmFeO3. We 

explore the interplay between magnetic states and phonons, and show the anomalous modes found 

experimentally are of two types, sensitive to either the f-electron magnetism and/or the volume. We obtain an 

effective magnetic Hamiltonian and highlight the fundamental role of the Sm f-orbital SOC contribution to the 

magnetocrystalline anisotropy. The combination of this anisotropy with a modest Fe-Sm magnetic exchange 

provides a possible mechanism for the spin-flop transition in the magnetic phase diagram. 
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Energetic efficiency is one of the bottlenecks in technological development of new devices; in that respect, 

spintronics proposes the use of the electron’s spin degree of freedom in order to carry information in electrically 

insulating materials, thus avoiding power dissipation by Joule’s effect. 

Therefore, hybrid structures formed by ferrimagnetic (FM) and superconducting (SC) nanometric layers are 

an interesting combination taking into account that in a superconductor, spin-charge separation may give rise 

to different characteristic length scales [1,2]. Thermal injection of spin polarized currents into superconductors 

allows the spin current not to be supressed and being able to be propagated over long distances by thermally 

excited quasiparticles [3]. Therefore, the combination of SC and FM thin films forming bilayers of potential 

use in spintronic devices has recently attracted great interest from the scientific community. 

Spin Seebeck Effect (SSE) induced by thermal gradients or spin pumping through ferromagnetic resonance 

(FMR) are two of the recently studied techniques for spin injection in SC materials. Both techniques are highly 

dependent on the interface quality between the FM and the SC layer, thus the understanding and control of this 

quality becomes crucial to optimize the combination of these materials for spintronic applications. 

The detection of spin currents is typically achieved by the conversion of these currents into a measurable 

voltage; Inverse Spin Hall Effect (ISHE) is the response of a non-magnetic (NM) layer with a high spin-orbit 

coupling to a spin current. 

This work is devoted to study the interactions between spin currents, electrical currents, and heat, in FM/SC 

hybrid structures. The selected materials are Yttrium Iron Garnet (YIG, Y3Fe5O12) as FM, Yttrium-Barium 

Copper Oxide (YBCO, YBa2Cu3O7-δ) as SC, and Platinum (Pt) as NM.  

The fabrication of the FM/SC bilayers has been performed via Pulsed Laser Deposition (PLD). The 

deposition of a thin layer of Platinum to detect the spin currents onto the bilayers was performed by DC 

Sputtering. 

Both types of bilayers (Gd3Ga5O12//YIG/YBCO and MgO//YBCO/YIG) 

were structurally, electrically and magnetically characterized. A complete 

structural characterization has been performed by means of X-Ray 

Scattering experiments (diffraction and reflection) in a high resolution 

diffractometer; also, detailed scattering experiments were performed using 

Synchrotron Radiation to ensure the crystalline quality of the bilayers.  

SSE has been studied in both structures. For samples with the SC layer 

on top, ion milling has been used to remove part of the SC layer on the 

edges of the sample to get the NM layer in contact with the FM Layer. The 

effect of the SC layer has been examined by performing the SSE-ISHE 

experiments below and above the superconductor critical temperature. 
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Spin-orbit coupling at interfaces in inversion-asymmetric magnetic multilayers is responsible for most of  

interesting phenomena occurring in modern nanomagnetism and spintronics, such as the interfacial 

anisotropies, the Dzyaloshinskii–Moriya interaction as well as for charge-to-spin interconversion mechanisms. 

A typical structure of the multilayers of interest is composed of an heavy material (e.g. Pt), a magnetic material 

(e.g. Co) and a lighter element (e.g. Ru, Ir, Cu etc..) in which chiral domain walls or skyrmions can be stabilized 

[1]. Indeed, the role of light element interface on all the properties mentioned earlier in such multilayers has 

been often overlooked and need some more attention.  

In this study, we have investigated how the interfacial anisotropy and DMI evolve with the oxidation degree 

at the interface in the spintronics toy system: Ta|Pt|Co|Al(AlOx). Historically, it is considered that 

perpendicular magnetic anisotropy (PMA) in Pt/Co/AlOx system is promoted by the hybridization of d-orbits 

of Co with p-orbits of oxygen at the Co/AlOx interface and therefore an optimium oxidation condition is 

necessary. Manchon et al found that in the absence of considerable oxygen atoms at Co/AlOx interface, the Co 

magnetization goes in-plane [2]. Here, we have used magnetron sputtering to deposit 

Ta(5)|Pt(8)|Co(0.9)|Al(tAl) series of samples by varying Al thickness from 0.1 nm to 3 nm. Our XPS results 

revel that for tAl = 0.6 nm, the Co remains unoxidized, whereas the Al is fully oxidized, establishing perfect 

condition to achieve PMA. For this condition, the anisotropy of Co is found to be 1.2 T, which decreases with 

Al thickness and goes in-plane, as expected. However, the striking results we find is that the anisotropy of Co 

goes form in-plane to out-of-plane at tAl =1.6 nm, where we have flat metallic Al interface. The strength of 

PMA further increases with Al thickness and saturates at 1.8 T, a  much higher value than the Hk at Co/AlOx 

interface. Additionally, we also have quantified the DMI using Brillion light spectroscopy (BLS). Figure 1(b), 

shows the evoulation of Deff as a function of Al thickness. The DMI shows 1/tAl dependace as a function of Al 

thickness in the measured range. As Al is a light element with negligible spin-orbital coupling, its strong impact 

of interfacial mechanisms suggests the occurance of novel interfacial phenomenon. Additionally, the charge-

to-spin conversion mechanisms and resultant spin-orbit torques in this system will be discussed in details.  
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Figure: (a) Al layer thickness dependence of out-of-plane magnetic 

anisotropy in Ta(5)|Pt(8)|Co(0.9)|Al(tAl) series of samples. Inset shows 

the normalized anamolous Hall effect loops as a function of out-of-

plane magnetic field for four different Al thicknesses. (b) The effective 

DMI constant as a function of Al thickness.  
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A wide range of high-performant sensors is based on the variations of the amplitude and phase of a surface 

acoustic wave (SAW) propagating through a piezoelectric substrate. On the other hand, magnetostrictive 

materials have found wide applicability as transducers in sensors and actuators due to their ability to transform 

mechanical energy into magnetic energy and viceversa. 

In this work, we study the behaviour of a device, which combines magnetostriction and SAWs by depositing 

a magnetostrictive film, which can induce strain when applying a magnetic field onto the SAW device. There 

are only a few precedents to this idea in literature [1-2]. A 3.6 μm film of amorphous SiO2 deposited on 

crystalline quartz guides the shear horizontal SAW (Love wave), which is generated and detected by two 

interdigitated transducers (IDTs) (see Fig. 1). The graphs (Fig. 2) shown below were obtained  from a sample 

consisting in a 100 nm polycrystalline magnetostrictive Galfenol (Fe72Ga28) layer, which is deposited by 

sputtering onto the piezoelectric substrate. The IDTs are connected to a feedback loop circuit which provides 

a resonant SAW frequency (around 160 MHz) that is tracked in real time as the external magnetic field varies. 

Fig. 2 shows the frequency shift observed as the applied magnetic field sweeps from -40 to 40 mT (and 

back) forming an angle of 0⁰ and 45⁰ respectively with the direction of propagation of SAWs. For an angle of 

45⁰, the coercivity of the Galfenol film can be deduced, corresponding to the position of the two central peaks, 

and the highest applied field nearly saturates the sample. This behaviour can be directly related to the hysteresis 

loop. In the second case, 40 mT is not enough to saturate the film and, most of all, four relative minima appear, 

while only two could be seen for 45⁰, revealing that the resonant frequency has a non-monotonic behaviour 

with the modulus of magnetisation. This anomalous feature, which has not been reported in precedent literature 

on the topic, arises from a more complex process of magnetization and its interaction with acoustic waves. We 

believe that this phenomenon shows great potential to be exploited for different sensing applications. 
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Figure 1: Schematics of the device.     Figure 2: Frequency shift against applied field for 0⁰ (a) and 45⁰ (b) configuration 
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The interplay of magnetism and superconductivity has been heavily studied the past 30 years and 

recently led to the concept of superconducting spintronic [1]. Nevertheless proximity effect, inverse proximity 

effect or injection of quasiparticles at superconductor/ferromagnet (S/F) interfaces have been essentially 

investigated in niobium or aluminium-based heterostructures grown by sputtering [2] with critical temperatures 

(Tc) of the order of few Kelvin. S/F stacks with a higher Tc and carefully tuned interfaces would enable the 

thorough exploration of new superconducting spintronic features, as well as the possible implementation in 

operating quantum devices.  

 We report here the growth of epitaxial MgB2 and MgB2/F films by Molecular Beam Epitaxy. Depending 

on the UHV growth conditions, we were able to control either textured polycrystalline or single crystalline 

MgB2 films, which were characterized by RHEED, XPS, XRD and TEM, as shown in Fig. 1(a). The critical 

temperature is systematically higher for single crystalline films and were measured for thicknesses as low as 5 

nm (Fig. 1 (b)). Tc reaches 30K for films thicker than 15nm, in good agreement with Refs [3,4]. Using BCS 

model, electrical transport and magnetic measurements reveal a typical coherence length of 5nm at 0 K  for the 

single crystalline MgB2 films.  

The growth of a Co or Permalloy layer on top of MgB2 only reduces Tc by about 1K and allows us to 

investigate MgB2/F stacks having Tc above or close to 30K. The temperature dependent magnetization 

damping of the F layer was extracted from FMR measurements, in order to probe spin transport from F into 

MgB2. As expected from previous works on Nb/Ni80Fe20 [2] and NbN/Ni80Fe20 [5], the channel of momentum 

loss in the MgB2 layer is suppressed by opening of the superconducting gap below Tc. This results in the drop 

of the damping parameter below Tc in MgB2/Ni80Fe20 (Fig.1(c)) and MgB2/Co bilayers.  

Our results on epitaxial MgB2-based thin films and heterostructures are promising for the investigation 

of superconducting spintronic physics over a large range of temperature and under temperatures larger than the 

H2 liquid-gaz transition. They would also enable studying the properties related to this specific superconducting 

material in its single crystalline form.  

 
Figure 1 : a) High resolution TEM micrograph of a Al2O3/MgO/MgB2/Au structure. b) Critical temperature of single crystalline 

(black) and textured (red) MgB2 thin films measured for various thicknesses. c) Variation of Gilbert damping for two MgB2/Ni80Fe20 

stacks, with (blue, empty symbols) and without (black, filled symbols) superconducting transition. 

References 
[1] J. Linder and J. W. A. Robinson, Nature Phys 11, 307 (2015). 

[2] C. Bell, S. Milikisyants, M. Huber, and J. Aarts, Phys. Rev. Lett. 100, 047002 (2008). 

[3] C. Zhang, Y. Wang, D. Wang, Y. Zhang, Z.-H. Liu, Q.-R. Feng, and Z.-Z. Gan, Journal of Applied Physics 114, 023903 

(2013). 

[4] M. Naito and K. Ueda, Supercond. Sci. Technol. 17, R1 (2004). 

[5] M. Müller, L. Liensberger, L. Flacke, H. Huebl, A. Kamra, W. Belzig, R. Gross, M. Weiler, and M. Althammer, Phys. Rev. 

Lett. 126, 087201 (2021).

a) b) c)



 
SYMPOSIUM 10. ORAL PRESENTATIONS 

Tunable martensitic transformation towards cryogenic temperature range in all-d-

metal Ni(Co)-Mn-Ti Heusler alloys 
Aun N. Khan1*, Álvaro Díaz-García 1, Luis M. Moreno-Ramírez1, Jia Yan Law1, Victorino Franco1 

1 Dpto. Física de la Materia Condensada. ICMS-CSIC. Universidad de Sevilla, P.O. Box 1065, Sevilla 

41080, Spain 
*akhan@us.es 

 

All-d-metal Ni(Co)-Mn-Ti Heusler alloys have recently gained popularity in the magnetocaloric community 

because of their intriguing functional and mechanical properties, especially that the type of elements used in 

their compositions can greatly improve performance: generally, Co substituting Ni allows for a significant 

magnetization change to occur during the magnetostructural transformation and stabilizes the austenitic phase 

while Fe substituting Mn decreases the entropy change of the transformation and improves the separation of 

martensitic and Curie transitions without lowering large magnetization difference between both phases [1]. 

Their properties are highly dependent on the synthesis route, microstructure, and composition [2], with the 

latter placing a lot of emphasis on ferromagnetic elements. According to the composition formula, Mn (anti-

ferromagnetic nature) accounts for a considerable portion of the total composition. It is always used in excess 

due to its ease of evaporation loss during fabrication because of its high vapor pressure but it has received the 

least research attention regarding its integral role in the alloy properties. In this work, we present a series of 

Ni35Co15Mn35+xTi15 alloys (x = 1.25, 2.5, 5, 10 wt.%), designated as Mn1.25, Mn2.5, Mn5 and Mn10, whose 

magnetostructural transformation temperatures are tuned to the cryogenic temperature range (see Mn10 alloy 

in Figure 1 whose transition temperature is at 120 K while cooling) while Curie transitions of austenite 

remained unaltered. Furthermore, these alloys show large isothermal entropy changes for moderate magnetic 

fields of 1.5 T, which increase with Mn content, saturating at 13.1 J kg-1 K-1 (Figure 1 (b)). The observed 

saturation is associated to the increasing magnetic contribution of the martensitic phase (related to a lower 

transition temperature), which reduces the magnetization change during the transformation.  
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Figure 1: Temperature dependence 

of (a) magnetization at 1 T and (b) 

the isothermal entropy change at 

moderate magnetic fields for the 

studied alloy series.
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Ternary Heusler alloys has demonstrated half-metallic ferromagnetic, antiferromagnetic and ferrimagnetic 

natures as well as topological insulating properties by achieving correct compositions out of over 2,500 

combinations [1],[2]. They have been used in magnetoresistive (MR) junctions as well as the other spintronic 

devices, including spin caloritronics and spin Hall effects. Recently, a topological insulator demonstrated to 

generate a spin-polarised electrical current with almost 60% conversion ratio [3]. Typically, such a topological 

insulator has been grown by molecular-beam epitaxy in an ultrahigh vacuum, which is not compatible for 

possible device applications. In this study, we used conventional sputtering for the deposition of Heusler-alloy 

film, which has theoretically predicted to become a topological insulator [4]. 

20-nm-thick polycrystalline Heusler-alloy thin films of CoCrFeAl, CoFeMnSi and FeCrTiAl were deposited 

on a thermally-oxidised Si substrate using a sputtering system. The base pressure was about 310-7 Pa and the 

Ar pressure during the deposition was 710-3 Pa. The films were typically grown at the rate of 0.06 nm/s. The 

compositions of the films were measured using energy dispersive X-ray spectroscopy and adjusted by adding 

supplemental pegs on the stoichiometric targets. The Heusler-alloy films were post-annealed at elevating 

temperatures between 300 and 500ºC for up to two hours in a tube furnace for their crystallisation. The films 

were then structurally and magnetically characteristed for their optimisation by X-ray diffraction and vibrating 

sample magnetometer, respectively. The optimised film capped with a 2-nm-thick Pt layer was patterned into 

a Hall bar with the wire width of 1 mm for spin Hall measurements with a conventional direct-current four-

terminal method with a sensing current of 50 µA. 

For the case of CoCrFeAl, the films annealed at 400ºC for two hours show a very subtle principle peak at 

44º in their XRD signals and exhibit clear ferromagnetic behaviour in their magnetisation curves. The 

saturation magnetisation is calculated to be 444 emu/cm3, which is almost 57% of the bulk and the generalised 

Slater-Pauling curve as previously reported [5].  This may be due to the lower ordering of our films (at 

least in their A2 phase). We anticipate further improvement in the magnetic properties by optimising the film 

ordering. Such a polycrystalline film can be useful for device implementation. 
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The complex interplay between structural, electronic and magnetic degrees of freedom in Mn-based 

magnetic Heusler compounds gives rise to a great variety of functional properties suitable for technological 

applications (energy conversion devices, sensors, actuators, spintronic components…). The adaptive lattice 

allows, by changing composition, the development of different crystallographic and magnetic structures, thus 

offering the opportunity to tune properties and effects.  

In this work, we show how to finely tune the magnetic properties of austenitic Ni-Mn-(In,Sn) Heusler 

compounds through changes in the composition, element substitution and control of atomic order [1-3]. In 

particular, we studied the Ni48Mn36In16-xSnx series as a test bench to understand the relation between atomic 

order, magnetic interactions and electronic features in off-stoichiometric NiMn-based Heusler compounds 

[1,2]. We combine bulk-sensitive magnetometry, neutron diffraction and 55Mn hyperfine-field nuclear 

magnetic resonance (NMR) experiments with first-principles calculations and Monte Carlo simulations to 

decouple and clarify the different contributions that define the magnetic structure of these compounds. The 

replacement of In with Sn leads to a decrease of the saturation magnetization, whereas the Curie temperature 

displays a non-monotonic variation (Fig. 1.a). First-principles calculations demonstrated that the unusual 

behaviour of the Curie temperature is due to the variation of the electronic band structure induced by the 

electronic doping of the compound. Whereas, NMR and neutron diffraction experiments revealed that the 

decrease of saturation magnetization is related to an effective decoupling of the two ferromagnetic sublattices 

containing Mn. The replacement of In with Sn causes the reduction of the inter-sublattice exchange interaction, 

resulting in the appearance of two distinct order temperatures for the two Mn sublattices and the complete loss 

of long-range magnetic order in one sublattice for the Sn end-member composition (Fig. 1.b).     
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Figure 1: (a) Curie temperature and saturation magnetization of Ni48Mn36In16-xSnx compounds as a function of the Sn at.% content. 

(b) Magnetic phase diagram of Ni48Mn36In16-xSnx compounds.  
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The data on magnetism and equilibria of the Sm–Fe–Ti phases available since the 1990s are insufficient for 

the ongoing efforts to develop new rare-earth-lean permanent magnets based on the tetragonal SmFe12-x-yCoxTiy 

compound of the ThMn12 type structure with x ≤ 2.8, 0.5 ≤  y ≤ 1 [1]. In this work, such data were systematically 

acquired for Fe-rich Sm–Fe–Ti alloys equilibrated at 1000 and 1100 °C, as well as for Sm–Fe0.8Co0.2–Ti alloys 

equilibrated at 1000, 1100 and 1200 °C. All ferromagnetic phases stable at these temperatures were 

characterized over an extended Ti range. An equilibrium between a liquid phase and the 1:12 phase, absent at 

1000 °C, does exist at 1100 and 1200 °C – with immediate implications for liquid-phase sintering of the new 

magnets. At 1200 °C, the monoclinic 3:29 phase is replaced with a hexagonal 2:17 phase of the Th2Ni17 type 

[2], which is Sm-depleted compared to the rhombohedral phase of the same nominal stoichiometry. Replacing 

20% of iron with cobalt does not significantly modify the phase equilibria. This replacement, however, 

dramatically affects the thermomagnetic properties of all ferromagnetic phases (see Figure), not only increasing 

the values of the Curie temperature, but also changing the sign of the Ti effect from positive (or zero for the 

1:12 phase) to negative. 
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Figure: Effect of phase Ti content on the Curie temperatures of ferromagnetic phases found in (a) Sm–Fe–Ti alloys equilibrated at 

1000–1100 °C and (b) Sm–Fe0.8Co0.2–Ti alloys equilibrated at 1000–1200 °C. Hexagonal Sm2(Fe,Co,Ti)17(H) phase was found only 

at 1200 °C, above the thermal decomposition of Sm3(Fe,Co,Ti)29 phase.
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The Ni50Mn50-xSnx (0 < x < 25) system is metastable and decomposes into ferromagnetic full-Heusler 

Ni2MnSn and antiferromagnetic tetragonal NiMn [1]. If this decomposition occurs in a magnetic field, it leads 

to ultra-hard ferromagnetic precipitates inside an antiferromagnetic matrix with coercive fields of 5T [2]. We 

performed structural and magnetic investigations on these precipitates using standard magnetometry, switching 

magnetization MFM (SM-MFM), and atom probe tomography (APT). We also investigated the matrix material 

NiMn and the closely related PdMn, in which an excess of about 2% of Ni or Pd leads to the emergence of 

strongly pinned magnetic moments after magnetic annealing. 
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Figure: (a) Ferromagnetic precipitates with a laminar structure in annealed Ni51Mn44Sn05 measured with APT. (b) Magnetic field 

dependent magnetization measurements of Ni51Mn44Sn05 at 400K after annealing for 6h at 650K in 14T and 0T.
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The concept of high-entropy alloys (HEAs) introduces a fundamentally novel strategy for exploring 

unknown regions in multicomponent phase diagrams and opens ways to new materials [1, 2]. Most of the 

reported works on HEAs were mainly focused on microstructure, phase formation and mechanical behavior. 

The magnetic properties, however, have only begun to be investigated. The complexity in the magnetic 

response arises from the locally varying exchange coupling between the elements of HEAs. Such interactions 

are influenced by different sintering routes, by the morphology and microstructure in bulk or powder, and are 

related to their magnetic properties even when the stoichiometries are identical. 

Here, we report the successful fabrication of nanocrystalline singe fcc phase CoCrFeNiGax (x = 0.5, 1.0) 

particles with good structural and compositional homogeneity by short-term high energy ball milling (HEBM) 

in planetary ball mills at room temperature. We find an enhanced solid solubility and a homogenous alloy 

formation compared to other non-equilibrium processes. The XRD, SEM/EDX, and TEM results showed that 

a fcc phase with refined microstructure of nanosized grains (~10 nm) could be obtained after 190 min of HEBM. 

Based on DSC results, the HEA powders have a thermal stability of up to 1273 K despite the low melting point 

of Ga (302.9K).  

Using these HEBM CoCrFeNiGax (x = 0.5, 1.0) powders we produced homogeneous nanocrystalline bulk 

HEAs, which was not possible starting with elemental powders of Co, Cr, Fe, Ni and Ga ingots in a direct 

Spark plasma sintering (SPS) process. SPS at 1073 K of the CoCrFeNiGa0.5 powder increased the crystallinity 

of the fcc phase, while for the equiatomic CoCrFeNiGa powder a partial transformation of fcc structure into a 

bcc one was observed. 3D local compositional mapping at atomic resolution by Atom probe tomography (APT) 

of CoCrFeNiGa0.5 HEA showed a truly homogeneous distribution of all elements (Fig. 1). 

 
Figure 1: Atom probe tomography of CoCrFeNiGa0.5 bulk HEA (a) a tip reconstruction with 1D concentration profiles across the 

cylinder (b) atom maps of Fe, Co, Cr, Ni and Ga. 

 

The nanocrystalline HEA CoCrFeNiGax (x = 0.5, 1.0) powders showed a paramagnetic behavior at room 

temperature with a Curie temperature (Tc) in the range of 130 K – 150 K. The SPS consolidation led to the 

enhancement of magnetic properties for the equiatomic CoCrFeNiGa HEA, and increased the Tc up to 735-750 

K, and saturation magnetization Ms (FM) by 10 times compared to the HEA powder, while the magnetic nature 

of CoCrFeNiGa0.5 bulk HEA alloy remains intact. 
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We study the occurrence of FCC and BCC structural phases and the magnetic and mechanical properties of 

the six-component high-entropy alloy series (MnFeCoNi)80Cu20-xZx (Z: Al, Ga). We find that the equiatomic 

five-component alloy MnFeCoNiCu is FCC and ferromagnetic with a Curie temperature lying close to room 

temperature. By partially replacing Cu with Al or Ga, the BCC structure emerges with 10 at% Al and 15 at% 

Ga. This brings along additional ferromagnetic interactions and stabilizes ferromagnetism in both phases 

leading to mixed ferromagnetic anisotropies and magnetic hardening. We estimate the magnetic moments in 

each phase by considering the phase fractions obtained from x-ray diffraction refinements and discuss the 

magnetic interactions in the multiphase alloys. The magnetic moments of these high-entropy alloys in the 

individual phases obey the Slater-Pauling rule in a region covering the valence electron concentration 

dependence of the magnetic moment of Heusler alloys. 
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The close-to-room-temperature phase transition from antiferromagnetic (AF) to ferromagnetic (FM) order 

in the FeRh alloy attracts a large interest for investigating the physics of coupled order parameters, as well as 

for its potential applications in magnetic recording, spintronics, and magnetocaloric cooling [1]. Experiments 

in epitaxial films confirmed the heterogeneous character of the transition, with typical AF/FM domain sizes of 

~500 nm and below during phase coexistence [2].  

Here, we explore the nature of phase coexistence in spatially confined FeRh systems, ranging from thin 

films to patterned and self-assembled nanostructures. We find that its presence and character are susceptible to 

parameters such as nucleations sites, lateral confinement, morphology, applied magnetic field, and strain.  

We firstly visualize phase separation in relatively thick (200 nm) epitaxial FeRh films using the reflectivity 

contrast in wide-field optical microscopy, where we find considerably large, micron-sized phase domains. 

Their size and shape are primarily influenced by elastic stresses in the film, resulting in preferential domain 

growth along the principal crystal axes of FeRh. The application of a sufficiently high magnetic field enables 

selecting the growth direction of the emerging phase domain during both heating and cooling (see Fig. 1a), 

where magnetic dipolar interactions in the FM phase fraction partly override the influence of elastic stress [3]. 

Furthermore, we investigate the phase transition properties of self-assembled FeRh nanostructures 

fabricated via solid-state dewetting, reaching lateral sizes of ~200 nm (see Fig 1b). While AF/FM phase 

separation in sub-micron patterned FeRh wires is supressed during cooling [4], we find that phase coexistence 

in self-assembled nanostructures disappears for both heating and cooling cycles, recovering the abrupt 

character of the transition [5]. We additionally discuss aspects such as the effect of nanostructure morphology, 

and the observation of very pronounced supercooling, reaching 150 K.  

 

Figure 1: (a) Optical microscopy images of a 200-nm-thick FeRh film at the phase-separated state during heating and cooling for 

different values of the applied magnetic field. Dark/light regions indicate FM/AF domains. (b) Room-temperature topography and 

magnetic force micrographs of self-assembled FeRh nanoislands on a MgO substrate.  
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We report results from an holistic approach for modelling both atomic ordering and the subsequent 

magnetocrystalline anisotropy energy (MAE) of magnetic materials with application to the design of novel, 

rare-earth-free permanent magnets. This computationally efficient technique allows for fast exploration of the 

materials design space and could open up a new route for materials discovery.  In the present work, we study 

the class of magnetic materials which chemically order into the L10 structure. It is known that such materials 

often have large MAE values, with prime examples being FePt and CoPt. However, materials such as these use 

component elements which have a high criticality.  Ab initio theory has previously confirmed that it is the 

tetragonal, L10 order that produces the high MAE values measured in these materials[1]. There is therefore a 

desire to discover new L10 materials which are made using more abundant elements, but which still retain 

desirable magnetic properties.  One such candidate material is L10-FeNi, found in meteoritic, tetrataenite 

samples. This material is known to have a high uniaxial anisotropy, but a low chemical ordering temperature 

and sluggish kinetics make it challenging to manufacture in a laboratory setting. 

 

Here, we consider introducing a third element into the Fe-Ni system at a low concentration to promote 

ordering tendencies and enhance its predicted MAE, studying systems with the general formula Fe50-xNi50-yXx+y 

for a variety of additives, examples including X=Pd, Co, Pt, Al. Crucially, our modelling enables us to predict 

the nature of any chemical order[2] and then go on to predict the MAE for a given system[1], using the same 

ab initio formalism for both aspects of the modelling approach. The ordering behaviour predicted on adding 

these dopants is rich and a variety of chemical orderings are obtained.  Interestingly, we find that it is often the 

addition of light elements such as Al which enhance the MAE the most. We are also able to study the impact 

of magnetic order on predicted atomic order and show that annealing samples in an applied magnetic field may 

enhance chemical ordering temperatures by altering the magnetic state of a material[3]. 
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Figure: Visualisation of the L10 structure, with the body-centred-tetragonal 

unit cell highlighted by dashed lines.
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Due to their nanolaminated structure, tunable chemistry, and high oxidation resistance, MAX phases (where 

M is an early transition metal, A is a main group element, and X is carbon or nitrogen) are interesting materials 

for a wide variety of applications. The partial substitution of M atoms is one of the ways to tailor their properties 

to specific applications. In this study, we grow (Cr1-xMnx)2GaC MAX phase films to fine-tune their magnetic 

response by stoichiometry variations for x = 0-1. High-quality epitaxial (Cr1-xMnx)2GaC MAX phase films 

(thickness 50 – 70 nm) are synthesized by pulsed laser deposition on rigid MgO(111), Al2O3(0001) and 

flexible muscovite KAl3Si3O10(OH)2(001) substrates using (Mn0.5Cr0.5)66Ga34, Mn66Ga34, Cr66Ga34 and C 

targets. Structural and morphological characterization reveals a strong competition between the (Cr1-

xMnx)2GaC MAX phase and (Cr1-xMnx)3GaC, (Cr1-xMnx)3Ga phases. We suppress the formation of side phases 

by variation of the growth temperature and the growth on seed layers.  

The flexibility of muscovite substrates allows tuning the magnetic properties via different external strains 

applied. The (Cr0.55Mn0.45)2GaC films under strain show a higher remanent and saturation magnetization. A 

delaminated (Cr0.55Mn0.45)2GaC(0001) film transferred on a tape reveals a complex magnetic behaviour likely 

caused by a superposition of different local strain configurations of the flexible tape. 

Vibrating sample magnetometry of the MAX phase reveals a general trend of increasing magnetization and 

ordering temperature with increasing Mn content. Nevertheless, for various (Cr1-xMnx)2GaC MAX phase films 

for given x, the ordering temperature may vary within a temperature range of 150 K. The observed experimental 

behaviour is explained by preferential local chemical order at M sites for Cr and Mn atoms as derived from 

first-principles calculations coupled with Monte Carlo simulation within the Heisenberg model. 
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Figure: (a) Magnetization of a (Cr0.5Mn0.5)2GaC MAX phase simulated for various degrees of chemical order at M-site as indicated in the 

inset. (b) Experimental magnetization curves for a series of thin film samples of (Cr1-xMnx)2GaC MAX phases.    
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Naturally Layered Perovskite structures with improper ferroelectricity such as the Ca3Mn2O7 allow 

exploring nonpolar rotations of oxygen octahedra and displacement of cation sites, resulting in 

noncentrosymmetry. Moreover, their high sensitivity to lattice distortions allows for the manipulation of 

acentricity through preparation as thin films over crystalline substrates, which enables tuning of lattice, electric, 

and magnetic interactions1,2. As such, five thin films of calcium manganese oxide with variable thicknesses 

(40 to 300 nm) were prepared by pulsed laser deposition over SrTiO3 substrates2 and their structural, dielectric 

and magnetic properties were characterized. The A21am ferroelectric phase was observed in the films, along 

with the orthorhombic Acaa phase. The X-ray diffraction results demonstrate that the thickness of the samples 

influences the preponderance of each phase. The magnetic properties show the presence of an 

antiferromagnetic (AFM) transition between 90 and 112 K (Figure). The AFM transition temperature was 

lower for thinner films and increases as the thickness of the films increases. For the thicker film, with around 

300 nm, an AFM transition at 112 K was found. This temperature is characteristic of the Ca3Mn2O7 

Ruddlesden-Popper phase in bulk. The films show hysteresis loops typical of antiferromagnetic materials. The 

dielectric properties of the thicker film present a different behavior when changing to the antiferromagnetic 

region Additionally, for the thicker thin film, the Kohlrausch-Williams-Watts stretched exponential parameter 

showed an abrupt decrease below ~110 K, near the AFM transition temperature. This indicates the presence of 

magnetoelectric interactions and magnetically induced enhancement of dipolar-correlations in the AFM phase. 

In this work, a study of the magnetic properties of the films produced and its correlation with the structure and 

dielectric properties will be discussed and presented. 
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Figure: Temperature dependence of the magnetization measured in Ca3Mn2O7 thin films with increasing thickness (from 40 to 300K 

- left to right in the graph) over SrTiO3 substrates and their corresponding AFM transition temperatures.
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Ferromagnetic Co-rich thin films were grown by Pulsed Laser Deposition (PLD) with a special nano-

morphology: the oblique-angle incidence of the plasma and the particular set-up during deposition allow the 

generation of films composed of tilted nano-sheets,  3.0-4.0 nm thick,  30-100 nm wide, and  200-300 nm 

long, with an inter-sheet distance of  0.9-1.2 nm. This nano-morphology conferred remarkable shape 

anisotropy to the samples in the direction perpendicular to the plane of incidence of the plasma during PLD, 

giving rise to large in-plane uniaxial magnetic and transport anisotropies [1-4]. The hysteresis loops showed 

an easy direction of magnetization in the longitudinal direction of the nano-sheets, with anisotropy fields  70 

kA/m, whereas the hard direction loops were anhysteretic. The resistance of the films behaved also 

anisotropically: (R⊥ – R||)/R|| = 33% for the Co–V films and 18% for the Co–Zn samples, with R⊥ being the 

resistance in the perpendicular direction of the nano-sheets and R|| the resistance in the parallel direction. The 

changes in nano-morphology caused by thermal treatments, and hence in their anisotropic properties, were 

studied and the origin of these anisotropic behaviors was established. The Co–V films increased their 

anisotropic properties after annealing at least up to 500 oC, while they vanished for annealed Co–Zn films. The 

dependence of the anisotropic resistance on temperature, transmission electron microscopy, and chemical 

analysis at the nano-scale, allowed to establish the nature and the activation energy spectra of the atomic 

relaxation processes during annealing. These spectra were associated to the changes induced in the nano-

morphology by thermal treatments.  
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Figure 1. Left: STM and STEM HAADF images of the surface and cross sections respectively of the nano-sheets forming the films 

and schematic 3D diagrams of the nano-sheet morphologies. Center: Chemical maps of the cross-sections of the as-deposited films. 

Right: Activation energy spectra of the processes occurring during thermal treatments, which affected the anisotropic resistance [3]. 
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The 3Q state – a three-dimensional spin structure on a two-dimensional lattice predicted about 20 years ago 

[1] – has been observed in a Mn monolayer on Re(0001) using spin-polarized scanning tunneling microscopy 

(SP-STM) [2]. The 3Q state is a superposition of three symmetry equivalent spin spirals with the same period 

and can be stabilized by higher-order exchange interactions (HOI) such as the biquadratic or four-spin 

interactions [1,2]. Recently, it has been suggested based on density functional theory (DFT) calculations that 

the 3Q state in Mn/Re(0001) is significantly distorted due to topological chiral magnetic interactions [3]. 

 Here, we show using DFT that the competition of biquadratic, four-spin, and topological chiral interactions 

can be tuned in Mn/Re(0001) by single atomic adlayers of Pd or Rh. Thereby, the frustration of HOI present 

in Mn/Re(0001) is lifted which results in the occurrence of the ideal 3Q state with tetrahedron angles between 

adjacent magnetic moments. SP-STM measurements on Pd/Mn/Re(0001) are shown in the figure below. Two 

Pd/Mn islands on adjacent Re terraces can be seen for which the structure, and thus also the magnetic state, are rotated 

by 180° with respect to each other. On the left island a stripe pattern is observed in the SP-STM image, while the 

right island exhibits a hexagonal pattern. SP-STM images of the 3Q state were calculated based on DFT (see 

figure below) using the spin-polarized generalization of the Tersoff-Hamann model [4]. The magnetic moment 

directions of Mn (red) and Pd (green) atoms are given in the figure by arrows. With the indicated tip 

magnetization estimated from the experiment (yellow arrow), these simulations are in excellent agreement with 

the experimental SP-STM images. Thus the experiments confirm the theoretically predicted ideal 3Q state in 

Pd/Mn/Re(0001) and SP-STM measurements of Rh/Mn/Re(0001) show a similar contrast.  
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Figure: SP-STM image of Pd/Mn/Re(0001). Two islands can be seen in the experimental image (center). The blue ellipses show a 

zoom of regions on the islands. SP-STM images calculated for the 3Q state based on DFT are shown for comparison to the left and 

right. The yellow arrows indicate the tip magnetization used for these calculations.
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Skyrmions and antiskyrmions are topologically protected spin structures with opposite vorticities [1]. While 

the former have been extensively researched over the past years in a variety of magnetic materials and systems, 

the latter were exclusive to materials with D2d-symmetry [2]. These magnetic spin textures are promising in 

realizing future spintronic devices and data storage technologies, Thus, their co-existence may show fascinating 

new physics and potential for novel spintronic devices. 

In a recent publication [3], we have shown that by using ferrimagnetic multilayers we can tune the magnetic 

properties of the system, such that we can stabilize dipolar skyrmions, type-II bublles, as well as first and 

second order antiskyrmions. In this conference contribution we aim to explain with our micromagnetic 

modelling the nucleation, stability, and annihilation of the dipolar-stabilized spin textures. We reveal a phase 

of magnetic parameters, in which the dipolar antiskyrmions can be stabilized, which agrees well with our 

experimental findings, where the spin objects are images using Lorentz Transmission Electron Microscopy 

(LTEM). Furthermore, we develop a novel approach where we combine magnetic alyers of different magnetic 

parameters to enrich the antiskyrmion phase by tuning the stripe domained region. 

Since the skyrmions and antiskyrmions in our numerical and experimental findings nucleate rather 

randomly, we show in a second study that skyrmions and antiskyrmions can be nucleated by making use of 

magnetic meta-materials situated on top of the skyrmionics layers. We show that magnetic vortices in 

nanodisks and antivortices in a square lattice, can lead to the nucleation of skyrmions and antiskyrmions, 

respectively. We investigate in great detail, under which circumstances this stabilization mechanism is reliable, 

and we demonstrate that the geometry of meta material can be tuned to tune the geometrical arrangement of 

skyrmions and antiskyrmions in the skyrmion layer [4]. 
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Figure: Magnetization states from the micromagnetic simulation of ferrimagnetic multilayers, where stripe domains are stable at 

vanishing fields in (a), the stripe start collapse at 50 mT out-of-plane field in (b), the skyrmions, antiskyrmions and type-II bubbles 

co-exist at 88mT in (c), and only skyrmions and antiskyrmions remain at 95 mT in (d).

https://arxiv.org/abs/2207.12260
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Mn2GaC heteroepitaxial  films belong to the MAX phase family of compounds, described as  Mn+1AXn, 

where M is a transition metal, A stands for an A-group element (mostly group 13 and 14), X denotes carbon 

or nitrogen and n can take the numbers 1, 2 or 3. This rich group of materials has recenty attracted a lot of 

research interest following the reports on their outstanding ceramic and metallic properties [1].  As an important 

extenstion of their functionalities, some compositions displaying magnetic interactions have been successfully 

synthesized [2]. Among those, the ternary compound Mn2GaC crystallizing in the hexagonal structure is the 

only MAX phase to contain a single M element, facilitating the investigation of its complex, temperature-

dependent magnetic structure.   

The nanolaminated structure of Mn2GaC is formed by stacks of ferromagnetically coupled Mn-C-Mn 

trilayers interleaved with non-magnetic Ga layers repetitively along the hexagonal c-axis. The theoretical 

studies on Mn2GaC indicate that the strongly coupled Mn-C-Mn trilayer can be regarded as a single 

“supermoment”, whereas the competing ferromagnetic (FM) and antiferromagnetic (AFM) interactions across 

the Ga layer result in a complex, temperature-depended magnetic structure, the nature of which has not been 

fully understood. To resolve some ambiguities resulting from the contradictory results reported in literature 

[3], we have undertaken a Nuclear Magnetic Resonance (NMR) study on a 100 nm film of Mn2GaC (0001) | 

MgO (111) .  

The NMR experiments have carried out at 4.2 K in zero-field (ZF) as well as in the external magnetic 

field (Bext) applied in the film plane. The 69,71Ga ZF NMR data yield large effective field at Ga (≈ 15.75 𝑇), 

which is due to the uncompensated magnetic moments from the nearest Mn neighbors. This result reveals a 

non-collinear magnetic structure in Mn2GaC. The ZF 55Mn NMR indicates the presence of magnetically non-

equivalent Mn-positions, where the average magnetic moment of Mn is found to be ≅ 2 𝜇𝐵/ Mn-atom. 

Furthermore the in-field NMR experiments unveil the continuous distribution of orientations of magnetic 

moments from 0° to 180°. This distribution represents the helical magnetic structure extending along the c-

axis (i.e. normal to the film plane) and consisiting of Mn supermoments lying in hexagonal base plane. The 

calculated pitch of the helix is incommensurate with the crystal lattice period. The helical structure deduced 

from the analysis of the NMR data can be explained by the presence of competing ferro-antiferro exchange 

interaction between supermoment layers.      
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Dilute ferromagnetic semiconductors, in particular (Ga,Mn)N predicted to have an exceptionally high 

Curie temperature (TC), have attained great research importance due to their unique ability to combine the 

properties of semiconductors and magnetic materials [1]. Moreover, GaN being a wide band gap 

semiconductor has been dominating the photonics [2] and high power electronics. So it is important to make 

an effort to understand the underling magnetic properties of (Ga,Mn)N.  

We report ferromagnetic resonance (FMR) studies of a series of (Ga,Mn)N layers grown by molecular 

beam epitaxy [3,4]. All investigated samples showed ferromagnetic signatures, as evidenced by SQUID 

magnetometry, with TC ranging from 3 to 12 K. A broad angularly dependent FMR signal appears only at 

higher temperatures, closer to and above TC, with intensities roughly scaling with magnetic susceptibility of 

the material, as shown in Fig, 1. However, apart from a very weak paramagnetic signal of Mn2+, no 

ferromagnetic resonance is observed below 

7 K, i.e., where such ferromagnetic features 

as the hysteresis of magnetization curves 

and the remnant moment are the strongest. 

We relate this counterintuitive lack of low 

temperature FMR signal to inhomogeneous 

broadening caused by non-uniform 

distribution of magnetic ions and thus 

inhomogeneities in coupling strengths 

influencing the local magnetic anisotropies 

of Mn3+ ions. 
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Fig.1 Comparison of magnetic susceptibilities determined by 

SQUID at fields of 1 and 10 kOe with that determined from 

FMR signal intensity at fields about 2 kOe. The inset shows the 

angular dependence of the resonance fields at 12 K 
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Dilute magnetic semiconductors have played a central role in the demonstrating and describing a strong and 

intricate influence of the sp-d exchange interactions upon effective mass states in semiconductors, paving the 

way for the rise of dilute ferromagnetic semiconductors [1] and magnetic topological insulators [2,3,4]. In 

recent works, the exchange splittings of magneto-optical spectra in Cd1-xMnxTe and Hg1-xMnxTe have been 

analyzed [5], and it has been shown that superexchange dominates in magnetic topological insulators [6].  

Here we analyze the interplay between magnetism and topology in the HgTe and CdTe doped with Cr and V 

by using density functional theory with functionals beyond the standard ones to correctly reproduce the 

topology and the band gap of these systems. 

We describe the electronic features of these systems, the spin splitting, the topology and the exchange 

couplings. 

We obtain that the coupling is ferromagnetic in the case of doping with V, unlike in the case of doping with 

Mn and Cr, where we find antiferromagnetic couplings. It is possible to get the quantum anomalous Hall phase 

in case of ferromagnetic topological insulators. Based on our results, the quantum anomalous Hall effect could 

be realized in HgTe doped with V.  

It is essential to consider the distortions produced by Jahn-Teller effect, especially in the case of doping with 

Cr. We find that the distorted structure favors a ferromagnetic ground state. 
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Multiferroics offer exciting features in terms of coupling between ferroelectric and ferromagnetic orderings. 

In this work, we present the structural, magnetic and magnetotransport results of Ge1−x−ySnxMnyTe epitaxial 

multiferroics with x = 0.03 – 0.14 and y = 0.11 – 0.35 over a broad range of temperature. The samples were 

grown via molecular beam epitaxy with thickness, t ~ 150 nm. From structural point of view, the layers 

maintain the rhombohedral crystal symmetry inherited from its host lattice, GeTe which is ferroelectric below 

T ~ 720 K. The ferroelectric polarization is well-maintained in doped layers even up to x ~ 2 and y ~ 0.15. 

Furthermore, for x = 0.03 and y = 0.11, the dc susceptibility, χ(T) manifests double-maxima in the zero-field-

cooled curves which might represent paramagnetic to ferromagnetic (T = 55 K) and ferromagnetic to an 

anticipated re-entrant spin-glass (T = 25 K) phase transition. From high magnetic field results, a negative to 

positive crossover in magnetoresistance is observed at T = 20 K with a weak (anti)-localization effect below 

about 50 K that vansihes at higher temperatures for the same sample. Additionally, we also present a modified 

scaling mechansim of anomalous Hall resistivity which displays a large magnitude, ρAH = 2.6 – 3 μΩcm at T 

= 4.3 K in the above mentioned doping range. The origin of scattering processes that induce such a large 

anomalous Hall resistivity and weak (anti)-localization effect is discussed. 
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In ferromagnetic thin films with moderate perpendicular magnetic anisotropy (PMA), the magnetic domain 

configuration transitions from planar to stripe-like domains above a critical thickness (tc) due to the competition 

between shape and perpendicular magnetic anisotropies [1]. Thin films with striped domains present unusual 

magnetic behaviors such as rotatable anisotropy[1] and abnormal temperature dependence of the coercive 

field[2]. The analysis of the magnetization reversal mechanism is essential to the understanding of these 

unusual behaviors.  

FePt films deposited at room temperature present a moderate PMA and, consequently, a transition in the 

domain configuration at tc=30 nm [2]. In this work, we present a detailed research of the magnetization 

switching mechanisms in FePt thin films through micromagnetic simulations and experiments. 

For the study, a series of thin films were grown by sputtering on silicon substrates with thickness varying 

between 10nm and 60nm in order to compare their magnetic properties below and over the critical value. The 

magnetic characterization of the samples was made through magnetometry measurements and magnetic force 

microscopy. Synchrotron x-ray diffraction and transmission electron microscopy experiments were used to 

analyze the effect of the strains induced by the substrate in the films structure. Finally, we complemented the 

analysis with micromagnetic simulations using 

Mumax3 [3].  

We found that below tc the reversal mechanism is 

well described by a two-phase model that combines 

coherent rotation with domain wall movement. For 

films with t> tc we observed that the magnetization 

within each stripe reverses by coherent rotation. 

Moreover, running simulations of the temporal 

evolution of the magnetization for different values of 

KPMA (Figure 1), allowed us to explain the origin of 

the abnormal temperature variation of the coercive 

field observed in thick films. The effect was associated 

to a change in the magnetization reversal process 

dynamic due to the variation of the PMA  by substrate-

induced strains.  
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Figure 1: (a) Simulated coercive field vs  magnetic anisotropy 

constant for a 60 nm FePt film. Simulated time evolution of the 

magnetic domain configuration after the application of H>Hc for 

(b) KPMA=0.9 Merg/cm3 and (c) KPMA=1.6 Merg/cm3 
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The discovery and engineering of new materials that fully satisfy the requirements for low energy 

consumption devices is a continuous challenge in spin electronics. Besides the need of a high spin polarization 

at the Fermi energy and a low Gilbert damping coefficient, obtaining the magnetization perpendicular to the 

films’ plane is one of the most important conditions to improve the efficiency of next generation devices. 

Perpendicular magnetic anisotropy increases the efficiency of the magnetization reversal by spin transfer torque 

[1], and opens the path to exploit new exciting and less energy consuming phenomena such as spin-orbit torque 

switching [2]. 

On the one hand, ferrimagnetic tetragonal Mn3G (G=Ga, Ge) Heusler compounds have attracted much 

attention in the last decade due to their strong magneto-crystalline anisotropy along their c-axis and small 

overall magnetic moments [3]. On the other hand, it has recently been demonstrated that epitaxial Co2MnZ 

(Z=Al, Si, Ga, Ge, Sn) Heusler compounds are half metal magnets with a spin gap in their electronic structure 

[4] and the lowest Gilbert damping values reported for conductive layers (< 5 × 10−4) [4]. For these reasons, 

Super-Lattices (SL) composed of those two types of materials represent excellent systems to combine small 

magnetic moments, full spin polarizations, reduced Gilbert damping values and perpendicular magnetic 

anisotropy, thus offering a new pathway for extremely efficient and stable spin torques devices. 

 
Figure: a) sketch of 

[(Mn3Ge)3nm/(Co2FeGe)t]5 SL stack b) 

normal incidence hysteresis loops of the 

SLs with different Co2FeGe thicknesses 

measured by X-ray Magnetic Circular 

Dichroism (XMCD) at Fe L2,3 edge. 

This has motivated the 

investigation of 

[(Mn3G)/(Co2YZ)]n SL which we 

will present. Samples were grown 

by molecular beam epitaxy at the 

Institut Jean Lamour (France) 

(figure a), and present an excellent structural quality from X-ray diffraction and transmission electron 

microscopy characterization. The magnetic properties were investigated using magneto-optical Kerr effect and 

magnetometry in combination with element specific X-ray magnetic circular dichroism measurements 

(BOREAS beamline, ALBA synchrotron). Perpendicular magnetic anisotropy is achieved, as presented in the 

figure b. Moreover, we observed a strong parallel magnetic coupling between the sublayers and, remarkably, 

the possibility of tuning magnetic properties like the anisotropy, coercive fields or total magnetic moments by 

adjusting the sublayers thicknesses. 
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Magnetic multilayers exhibiting strong perpendicular magnetic anisotropy (PMA) are an important material 

class for spintronic applications, where spin-polarized currents are used to change magnetic properties. An 

alternative, low-power approach to tuneable magnetic properties is offered by magneto-ionics, which is based 

on voltage-controllable electrochemical reactions, which affect magnetism in the electrode material [1].  

Here we apply the concept of hydrogen-based magneto-ionics [2] to Co/Pd multilayer stacks with PMA [3]. In 

particular, we utilize the ability of Pd to host large quantities of hydrogen in its crystal lattice to control the 

magnetic properties of the multilayer stack via electrochemical hydrogen-loading. The magnetic multilayers 

consist of [Co(0.4nm)/Pd(0.7nm)]x building blocks providing the strong PMA, and supporting Pd layers on top 

and bottom, which facilitate hydrogen loading into the stack. 

In order to probe magnetic properties upon electrochemical hydrogen-loading of the Co/Pd multilayers in an 

acidic electrolyte, an in situ electrochemical cell setup within a magneto-optical Kerr effect (MOKE) 

microscope is employed. This technique not only allows to acquire magnetization curves upon hydrogen-

loading in real time, but also provides insight into the magnetization processes and dynamics by monitoring 

the magnetic field- and time-dependent behaviour of magnetic domains.  

Our experiments demonstrate a controllable increase in coercivity in MOKE hystereis loops upon hydrogen-

loading up to ΔHc/Hc,0 =20%, which is reversible over multiple loading- and unloading cycles (see Figure 1). 

Importantly, by adjusting the hydrogen concentration via loading voltage, the coercivity can be tuned 

continuously between the maximum coercivity for the hydrogen-loaded multilayer stack and the minimum 

coercivity upon complete unloading. The domain wall velocity in the regime of thermally activated domain 

creep magnetization reversal is found to decrease by a factor of up to 45 upon hydrogen-loading, which is an 

indirect result of our observed increase in coercivity. We discuss the observed coercivity increase on the basis 

of a changing anisotropy energy and orbital occupation caused by hydrogen-loading, as predicted by density 

functional theory calculations [4]. Lastly, an outlook of magneto-ionics in PMA multilayers is provided. 
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Figure: Magneto-ionic control of [Co(0.4nm)/Pd(0.7nm)]3 multilayers via hydrogen loading. a) device structure, b) changes in 

coercivity upon several hydrogen-loading and -unloading cycles, c) schematic changes in the corresponding magnetic hysteresis 

loops in the hydrogen-loaded and -unloaded states.
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The ability to tune magnetic oxide phases via redox reactions across their heterointerfaces could lead 

to useful spintronic and memristive device applications. By applying a small electric field, oxidation/ reduction 

occurs at the heterointerface which leads to a reversible phase transition [1-2]. We present the magnetic 

switching of epitaxial (001) Fe3O4 thin films grown on TiO2-terminated (001) Nb:STO via pulsed laser 

deposition. Using magnetometry, we quantify the presence of the Verwey transition being an indicator of the 

oxygen content in the Fe3O4 films. We observe the disappearance of the Verwey transition with an applied 

positive electric field. This could be explained by oxygen diffusion through the interface which then leads to a 

reversible phase transition from Fe3O4(magnetite) to 𝛾-Fe2O3(maghemite). In the next step, using in-situ 

XMCD, we probe the cation proportion of Fe2+ and Fe3+ while applying electric field. Additionally, magnetic 

depth profiling is investigated by PNR. This enables us to better understand the details of the phase switching 

at the interface. Combining the in-situ XMCD, PNR ad SQUID measurement, the magnetic switching 

phenomenon can be explained by the change of oxygen content across the thin film and the intralayer. 

 
Figure: (a) Interfacial oxygen exchange through the active oxide interfaces motivates a reversible switching of complex oxide 

heterostructures via applied electric field; (b) In-situ zero filed cooling MT curves of 40 nm Fe3O4/Nb:SrTiO3 film before and during 

applied  ±6V. 
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The development of multiferroic materials with strong magnetoelectric coupling would allow creating low 

energy consumption devices where the magnetic response could be controllable by an electric field. The 

coexistence between magnetism and polar order — driven by the off-centering of the magnetic Mn4+ cation 

(d3) — has been observed in SrMnO3 perovskite compounds [1,2]. As the same cation is responsible for both 

the polar and magnetic orders, strong magnetoelectric coupling is expected. While in bulk SrMnO3 the Mn—

O—Mn superexchange magnetic interaction stabilizes the G type antiferromagnetic (AF) order, first-principles 

calculations suggest that different magnetic ground states may be accessible in SrMnO3 epitaxial films by 

tuning the biaxial strain exerted by the substrate [3,4]. For tensile stress, a rich phase diagram is inferred, in 

which a progressive increase in the strain magnitude induces a gradual transition from different types of AF 

orders to eventually a ferromagnetic (FM) order [3,4].   

Here, we study three fully strained 10 nm-thick SrMnO3 epitaxial films grown on (La,Sr)(Al,Ta)O3 (LSAT), 

SrTiO3 (STO), and DyScO3 (DSO) single-crystal substrates with mismatch values of +1.68%, +2.63%, and 

3.78%, respectively, in order to determine the strain-oxygen vacancies-magnetic phase diagram. Synchrotron-

based X-ray linear dichroism (XLD), X-ray magnetic circular dichroism (XMCD), and element-specific 

magnetic hysteresis loops, were performed in all samples around the L2,3 -Mn edges at low temperature and 

high magnetic field. Preliminary results show sizeable XMCD signals and a slight opening of the hysteresis 

loops in the case of the DSO and LSAT, suggesting the emergence of FM order in these strained systems (see 

Figure 1). Besides, the comparison of the experimental data with calculated reference spectra is also in progress 

to determine the evolution of the Mn3+/Mn4+ ratio as a function of the strain and its effect on both the local 

magnetic moment and the resulting magnetic order.  
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Figure 1: XMCD for the SrMnO3 thin film grown on DSO. (a) Magnetic field dependence. (b) Temperature dependence. Panels (c) 

and (d) depict inversion of the signal with opposed magnetic fields.
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Self-assembled vertically aligned nanocomposites (VANs), i.e., dense arrays of nanopillars embedded 

in a host matrix, have emerged as a novel playground for strain engineering approaches in nanostructures [1]. 

In contrast to thin films obtained by classical planar heteroepitaxy, VANs consist of two (or more) intertwined 

phases exhibiting strong coupling along vertical interfaces (Figure 1a). This allows for an efficient steering of 

the properties of ultrasmall magnetic nano-objects via magnetoelastic effects.   

 In the present work, we show how sequential pulsed laser deposition can be used to obtain nanometer-

sized wires and pillars consisting of Co-Ni alloys embedded in various oxide host matrices (Figure 1b). With 

a combined experimental-simulation approach, we shed light on the growth and self-assembly mechanisms of 

such metal-oxide VANs and illustrate the impact of the synthesis parameters on the final nanoarchitecture of 

these hybrid systems [2].  

 Special emphasis is put on the final strain state of the embedded metallic nanowires [3]. We show that 

under optimized conditions, huge out-of-plane dilations can be reached (>4%), which is evidenced with x-ray 

diffraction and transmission electron microscopy. In such samples, magnetoelastic effects become dominant 

and allow to enhance the uniaxial anisotropy of the nanowires leading to blocking temperatures exceeding 600 

K in the case of pillars with a diameter of 5 nm and high Co content. These data are eventually complemented 

with angular dependent x-ray magnetic circular dichroism (XMCD) measurements at the Co and Ni L2,3 edges. 

This allows to extract the value of the magnetic moment by applying sum rules and the anisotropy of the orbital 

moment, providing a microscopic interpretation of the observed effects [4]. 

 

 

 

 

 

 

 

 

 

Figure 1: (a) Schematics of a VAN highlighting the distinct contributions to magnetic anisotropy. (b) Cross-sectional TEM image of 

a CoNi/SrTiO3 composite thin film (adapted from [4]) 
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The research on hybrid systems combining dissimilar materials with artificial interfaces is among the major 

challenges of the nanotechnology during the last decades. Different functionalities may be engineered by 

combining dissimilar materials. To this regard, bilayers composed of a ferromagnetic (FM) layer interfaced 

with a transition-metal-oxide (TMO) layer can be considered as model hybrid systems V2O3 is an archetypical 

TMO system exhibiting a first-order metal insulator transition (MIT) when the temperature is decreased below 

TMIT= 170 K [1], from a paramagnetic metallic state to an antiferromagnetic (AFM) insulating phase, 

accompanied simultaneously by a structural phase transition [2]. FM/TMO bilayers could provided with an 

additional degree of freedom in order to control the FM properties at the interface exploting control exchange 

bias (EB) phenomena. Increase in coercivity is general, but very different interfacial exchange-coupling effects 

have been observed even in similar systems, ranging from moderate to negligible exchange bias field (HE) to 

dissimilar temperature effects. The discordant results are usually ascribed to uncontrolled parameters, namely 

dissimilar interfacial defects, structure, and thicknesses. 

Here we present detailed angular and temperature dependent magnetic and transport (simultaneous) 

characterizations of a Co/V2O3 bilayer across the MIT, where the Co layer has a well-defined uniaxial magnetic 

anisotropy at room temperature (Fig. a1 and Fig. b1). Vectorial-resolved magnetic measurements performed 

in the very same sample during warming after different field cooling (FC) procedures exhibit a strong 

dependence on the FC angle (FC) and the domain structure of the FM layer, while equal transport features [3]. 

Just after the FC, the low temperature (50 K) loops display strong interfacial exchange coupling effects (Fig.1a2 

and Fig.1b2), i.e., enhanced coercive field, clear negative exchange bias, and asymmetric magnetization 

reversal. Remarkably, up to a factor of two in HE value is found after different FC whereas the magnetization 

reversal analysis during warming reveals 35 K of variation in blocking temperature (TB). These observations 

can be explained within the random-field model for the interfacial exchange coupling with a fixed AFM domain 

structure in contact with a variable (angle-dependent) FM domain structure. The results highlight the 

importance of the domain structure and magnetization reversal of the FM layer (not previously considered) in 

the EB phenomena, with potential to tailor interfacial effects in future spintronic devices. 
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Modulation of magnetic properties through voltage-driven ion motion and redox processes, i.e., magneto-

ionics, is a unique approach to control magnetism with electric field for low-power memory and spintronic 

applications. So far, magneto-ionics has been achieved through direct electrical connections to the actuated 

thin films. Here we evidence that an alternative way to reach such control is possible in a wireless manner. 

Induced polarization in the material immersed in the electrolyte, without direct wire contact, promotes wireless 

bipolar electrochemistry, an alternative pathway to achieve voltage-driven control of magnetism based on the 

same electrochemical processes involved in direct-contact magneto-ionics [see Figure a)]. A significant 

tunability of magnetization is accomplished for 50-nm CoN thin films, including transitions between 

paramagnetic and ferromagnetic states (e.g., a magnetization increment from zero to over 200 emu cm−3). Such 

effects can be either volatile or non-volatile depending on electrochemical cell configurations [see Figure b) 

and c)]. These results represent a fundamental breakthrough that may inspire future device designs for 

applications in bioelectronics, catalysis, neuromorphic computing, or wireless communications. 
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Incentive of the study  

In recent years, additive manufacturing has become more and more relevant for producing magnetic materials due to 

higher demands for miniaturisation and complex-shaped magnet parts. Using laser powder bed fusion (LPBF), magnet 

parts of the Fe-Cr-Co system can be produced with notable shape accuracy. The chemical composition can be modified 

directly in the printing chamber with the in-situ alloying technique. With this novel method, complex alloys can be 

produced with a chemical composition accustomed to each specific application case. This study aimed to study the 

influence of the process conditions on the magnetic properties of selected 3D printed magnet parts.  

Description of the work  

Fe-Cr-Co is an Fe-Co based magnetic alloy, which obtains its hard- magnetic properties 

due to a spinodal decomposition of a solid- solution alpha phase with bcc crystal structure 

into a ferromagnetic Fe-Co phase and a paramagnetic Cr-Fe matrix. The phase 

transformation occurs during heat treatment at a given temperature in the presence of a 

high magnetic field. The LPBF process can have a considerable influence on 

microstructure (e.g. homogeneity and texture) and the influence of printing parameter on 

the magnetic properties has been demonstrated before. [1] Based on these results, further 

investigations have been conducted measuring samples with additional printing parameter 

and/or post processing conditions and further differences in magnetic properties have 

been observed here. To correlate the occurring changes in the magnetic properties to the 

changes in the microstructure upon using different process and post- process conditions, 

EBSD measurements have been performed as a core part of the study. Measurements 

have been performed both on samples prepared before and after the thermomagnetic 

treatments in order to gain a detailed insight on the separate roles of process and post 

process conditions on the microstructure with the aim to find a correlation between 

microstructure and magnetic properties. A special focus has been set on the texture 

evolution during the thermomagnetic treatment.  
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We present a comprehensive study of the structural evolution of thin film V2O3 across its structural phase transition (SPT) 

[1] and the magnetic response of epitaxial V2O3/Ni bilayers [2]. Scanning transmission electron microscopy (STEM) 

reveals the abruptness of the V2O3 interfaces with both the sapphire substrate and Ni layer. The results show that the 

V2O3 layer exhibits a symmetry-breaking effect in the form of anti-phase boundaries (Fig. 1). Temperature-dependent x-

ray diffraction and reflectivity measurements across the SPT reveal the transition to occur at a temperature of 135 K upon 

heating with an increase in layer thickness by 1.5% and a peak in roughness at the transition. Figure 1 shows the coercivity 

derived from hysteresis loops recorded as a function of temperature. A notable sharp strain-related decrease and a clear 

peak of enhanced coercivity are observed occurring at a temperature coinciding with the structural phase transition. This 

temperature range of enhanced coercivity corresponds well to the V2O3 phase coexistence.  

                    

Figure 1: (Left) Experimental high-angle annular dark-field-STEM image of the substrate/V2O3 interface. The inset shows 

schematically the geometry of the antiphase domains, indicated by white dashed line in the STEM image. (Right) Coercivity of the 

V2O3/Ni film extracted from magnetization loops recorded using low-temperature magneto-optical Kerr effect measurements as a 

function of increasing temperature after positive and negative field cooling (PFC/NFC) under an applied field of +/- 400 G along the 

easy axis.  
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We suggest a potential route for tuning atomic ordering in medium- and high-entropy alloys, by annealing 

samples in an applied magnetic field and thus altering the magnetic state. Controlling atomic order is critical 

for tuning materials properties, and our approach could open up new routes for discovery of novel materials. 

Specifically, the impact of magnetism on predicted atomic short-range order in Ni-based high-entropy alloys 

is studied using a first-principles, all-electron, Landau-type linear response theory, coupled with lattice-based 

atomistic modelling [1,2]. We perform two sets of linear-response calculations: one in which the paramagnetic 

state is modelled within the disordered local moment picture, and one in which systems are modelled in a 

magnetically ordered state. We show that the treatment of magnetism can have significant impact both on the 

predicted temperature of atomic ordering and also the nature of atomic order itself [3]. In CrCoNi, we find that 

the nature of atomic order changes from being L12-like when modelled in the paramagnetic state to MoPt2-like 

when modelled assuming the system has magnetically ordered. In CrFeCoNi, atomic correlations between Fe 

and the other elements present are dramatically strengthened when we switch from treating the system as 

magnetically disordered to magnetically ordered. Our results show it is necessary to consider the magnetic state 

when modelling multicomponent alloys containing mid- to late-3d elements, and we suggest that, potentially, 

there could be a variety of multicomponent alloy compositions containing 3d transition metals that will exhibit 

specific atomic ordering when thermally treated in an applied magnetic field. 
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IrO2 is one of the most promising materials for spin–current detection applications due to the high spin–

orbit coupling (SOC) of the Ir ions that makes possible an efficient conversion of pure spin-currents on charge-

currents via the so-called inverse spin Hall effect (ISHE) [1, 2]. In order to improve the performance of IrO2 

as spin detector doping with different elements appears as a natural route. Indeed, in the current quest for 

optimized spintronic materials, doping is one of the most feasible and commonly used methods to modify the 

electronic structure of the host compounds [3,4]. The different ionic size of the dopant may give rise to 

contraction/elongation of the lattice and/or distortions that can significantly change the electronic structure. 

Similarly, the dopant ions can induce relevant changes in the oxidation state of the host. In addition, when a 

magnetic ion is inserted in the lattice it can give rise to the appearance of magnetic ordering and Slater- insulator 

behaviors. The doping of IrO2 with 4+ ions, such as Sn4+ and Cr4+, has been reported to give rise to strong 

changes in its electronic and/or magnetic behavior [5,6]. On the other hand, the effect of increasing the 

oxidation state of Ir in IrO2 films has remained unexplored to date, even when in other iridium oxide series a 

larger SOC has been reported for  Ir5+ relative to Ir4+ [7].  Here, Ir1–xCoxO2 thin films have been prepared by 

reactive magnetron co–sputtering deposition. Composition, structure, oxidation state  and magnetic behavior 

have been analyzed. After annealing, an Ir1–xCoxO2 substitutional solid solution phase was achieved for a wide 

Co-doping range (0 ≤ x ≤ 0.6). In all the cases a rutile crystal structure was found even when no binary Co 

oxide crystallizes in this structure.  XAS spectra show that the oxidation state of cobalt is Co3+ and that this 

triggers an increase  in the oxidation state of Ir,  up to  5+ in the Ir0.6Co0.4O2 sample. By application of sum 

rules, a 13% increase in the SOC is found despite the fact that lattice shrinkage causes a detrimental bandwidth 

broadening. In addition, our work shows that the magnetic response of the doped films is very similar to that 

of the paramagnetic parent IrO2. No enhancement of the susceptibility is observed indicating a non-magnetic 

low spin Co3+ electronic configuration. This results indicate a route for further optimization of the performance 

of the IrO2 as spin current detectors. 
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The magnetic and magnetocaloric characteristics of Ho2Co2In alloy have been investigated. In sample two 

phases are present, which crystallize in cubic HoCo2, and unidentified HoCo1.5In0.33 structures, resp.. At 

temperatures T1 = 123 K and T2 = 34 K, the titled alloy exhibits ferromagnetic ordering and at T3 = 7 K it 

undergoes antiferromagnetic ordering. The latter transition is suppressed by applied magnetic field leading to 

an overall ferromagnetic behaviour. The ferromagnetic transitions are found to be second order in nature with 

negligible magnetic hysteresis. The magnetocaloric effect (MCE) is estimated from isothermal magnetization 

data using Maxwell's equations. The multiple magnetic transitions presented in the alloy, have lead to twin 

peaks in MCE with maximum relative cooling power (RCP) value of 595 J/kg, which is obtained for the applied 

magnetic field change of 0 - 9 T.  Additionally, alloy exhibits a maximum in magnetoresistance with magnitude 

of  -15 % at 123 K.  
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Figure: Temperature dependence of magnetic entropy change for magnetic field changes up to 9 T. 
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Interfaces play a crucial role in inducing various important magnetic properties in magnetic thin-film 

systems [1-2], such as perpendicular magnetic anisotropy (PMA) and Dzyaloshinskii-Moriya interaction. The 

source of these properties can be associated with the interfaces, which can be influenced by the appropriate 

selection of the ferromagnetic layer and its surroundings, as well as the quality of the ferromagnet interfaces. 

It should be noted that the interface-induced properties arise independently from both interfaces. Therefore, it 

is crucial to precisely engineer the interfaces, and ion bombardment provides a means to achieve such 

controlled modification. 

In this study, we investigated the modification of interfaces in a perpendicularly magnetized 

Ti(4nm)/Au(30nm)/Ir(30nm)/Co(0.8nm/)Pt(5nm) layered system induced by Ga+ ion bombardment with 

energies ranging from 5 to 30 keV and doses ranging from 1012 to 1015 Ga+/cm2. Our results from polar 

magneto-optical Kerr effect (P-MOKE) measurements showed that as the ion energy (Eion) was lowered, the 

spin reorientation transition (SRT) from PMA to easy plane anisotropy occurred for increasingly higher doses 

(D). This indicates there is progressively weaker ballistic mixing efficiency as the Eion is lowered. To explain 

these changes, Monte-Carlo simulations with the TRIDYN code were performed. The depth profile of Ir, Co, 

and Pt concentration distribution after bombardment for Eion=5, 8, 30 keV, and D corresponding to SRT (DSRT) 

are presented in Fig. 1. The DSRT values were determined from P-MOKE measurements performed after ion 

bombardment with different values of D and Eion. For such selected DSRT values, it can be expected that changes 

in concentration profiles caused by ion bombardment will be similar for different E values. However, as shown 

in Fig.1, these changes are similar only for the bottom (Ir/Co) interface. This result strongly suggests that the 

PMA of the studied layered films is mainly correlated with the structural modification of the lower interface. 

Our results show that appropriately selected ion bombardment parameters, such as ion energy and ion dose, 

allow enabling stronger modification of the upper interface, which can be used to tailor magnetic properties 

induced by the upper interface.  
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Figure 1: Concentration profiles of Ir/Co/Pt systems obtained by Monte-Carlo simulation of ion bombardment (TRIDYN code) for 

Ga+ ions with energies: 5 keV (solid line), 8 keV (dashed line), 30 keV (dash-dot line) and for dose where is achieved SRT (DSRT). 

The DSRT value was obtained from P-MOKE measurements. Black, red, and green lines indicate Pt, Co, and Ir concentration, 

respectively. 
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Vertically aligned nanocomposites (VAN) consist of arrays of nanometric pillars perpendicularly 

embedded within a thin film (Fig. 1(a)). Because of their size and shape, the nanopillars in a VAN exhibit 

enhanced sensitivity to interfaces and strong lattice coupling to the surrounding matrix. This makes 

magnetostrictive VANs an ideal candidate for the study of magnetostriction [1] and allows the design of novel 

functional hybrid films where the magnetic properties of the pillars can be steered by playing with the strain 

state of the matrix. 

In this work, we explore a photostrictive-magnetic model system consisting of spinel CoFe2O4 (CFO) 

pillars coupled to a light-responsive SrRuO3 (SRO) photostrictive perovskite matrix [2,3]. While light-induced 

effects in these systems have been evidenced, a detailed understanding of the underlying processes, as well as 

a quantitative description of the timescales relevant to photostrictive expansion and magnetization control are 

currently lacking. However, such information is of crucial importance for the development of ultrafast hybrid 

devices, where femtosecond optical pulses can be used to manipulate the magnetization of nanometer-sized 

magnetic structures.  

As a first step towards future time-resolved studies, we present a systematic investigation of deposition 

parameters on the final nanoarchitecture and magnetic properties of the thin films and their optimization for 

future femtomagnetism investigations. All samples have been synthesized by pulsed laser deposition under 

growth conditions optimized for epitaxy on SrTiO3 substrates. Using X-ray diffraction and transmission 

electron microscopy, we have shown that the obtained nanopillars are approximately 5-10 nm in diameter with 

variable height (Fig. 1(b)) and compressively strained in the out-of-plane direction, inducing perpendicular 

magnetization, which makes them amenable to light-induced anisotropy control via optically induced matrix 

lattice dilation.   

 

 

 

 

 

Figure 1: 

Schematics of a VAN (substrate: black, matrix: blue) highlighting contributions to magnetic anisotropy (a) (reproduced from [1]). 

Cross-sectional TEM image of one of our CFO-SRO VANs. Moiré patterns are observed at nanopillar locations, two of which are 

highlighted by dashed rectangles (b).   
Acknowledgements 

We acknowledge support from ANR, contract No. ANR-21-CE09-0042. 

References 

[1] M. Hennes, D. Demaille, G. Patriarche, T. Tran, Y. Zheng, F. Vidal, MRS Bulletin 46, 136–141 (2021). 

[2] H.-J. Liu, L.-Y. Chen, Q. He, C.-W. Liang, Y.-Z. Chen et al. ACS Nano 6, 8 (2012), 6952–6959. 

[3] T.-C. Wei, H.-P. Wang, H.-J. Liu, T.-S. Tsai, J.-J. Ke et al. Nature Communications 8, (2017) 15018.

https://link.springer.com/article/10.1557/s43577-021-00029-z
https://link.springer.com/article/10.1557/s43577-021-00029-z
https://link.springer.com/article/10.1557/s43577-021-00029-z
https://link.springer.com/article/10.1557/s43577-021-00029-z
https://link.springer.com/article/10.1557/s43577-021-00029-z
https://pubs.acs.org/doi/10.1021/nn301976p
https://pubs.acs.org/doi/10.1021/nn301976p
https://pubs.acs.org/doi/10.1021/nn301976p
https://pubs.acs.org/doi/10.1021/nn301976p
https://www.nature.com/articles/ncomms15108
https://www.nature.com/articles/ncomms15108
https://www.nature.com/articles/ncomms15108
https://www.nature.com/articles/ncomms15108
https://www.nature.com/articles/ncomms15108


 
SYMPOSIUM 10. POSTERS 

Intrinsic Magnetic Properties of ThMn12 - type Sm-Fe-Co-V Alloys 
D. Benea1*, V. Pop1, R. Hirian1 and J. Minar2 

 
1 Faculty of Physics, Babeş-Bolyai University,Cluj-Napoca, Romania 

2New Technologies–Research Center, University of West Bohemia, Pilsen, Czech Republic 

*diana.benea@ubbcluj.ro 

 

The present study shows the theoretical calculations on intrinsic properties of SmFe12-x-yCoxVy (x, y = 0,1,2) alloys, 

including some of the most promising permanent magnets between the 1:12 alloys. The theoretical investigations are 

based on the Korringa-Kohn-Rostoker (KKR) band structure method, using the Local Spin Density Approximation 

(LSDA) with Hubbard-U correction (LSDA+U)[1]. The calculated magnetic moments, magneto-crystalline anisotropies 

and Curie temperatures for the stable SmFe12-xVx (x=1,2) and quasi-stable SmFe10Co2 magnetic alloys are compared with 

available experimental and theoretical data [2,3] in order to show the reliability of the present theoretical approach.  

Afterwards, the intrinsic magnetic properties of the hypothetical SmFe10CoV alloy are evaluated. This 1:12 alloy is 

expected to be stable, due to V content exceeding the minimum required to stabilize the phase (y = 1), being also 

susceptible to maintain some of excellent intrinsic properties of the SmFe10Co2 alloy. Relatively high values of saturation 

magnetization (1.30 T) and magnetocrystalline anisotropy (9.35 MJ/m3) have been obtained, whilst a Curie temperature 

of 945 K is predicted by mean-field approach (MFA) for this SmFe10CoV alloy. These theoretical results recommend the 

SmFe10CoV alloy as a valuable candidate for permanent magnets applications.  
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During the last years, multiferroic (MF) heterostructures have been extensively studied because of the 

possibility of playing with both ferromagnetic (FM) (break in time-reversal symmetry) and ferroelectric (FE) 

(break in space-inversion symmetry) degrees of freedom via direct and converse magnetoelectric (CME) 

coupling effects [1,2]. This offers a wealth of opportunities for technological implementations, specifically, in 

case of CME i.e., modifying the FM response with an external stimulus, for instance an applied bias [3] or via 

fully optical means [4]. Despite of comprehensive research efforts in this field, a wide number of parameters 

playing a role in both FM and FE components of the heterostructure, and how they induce modifications on 

their counterpart, leaves room for further implementations, exploiting characteristics up to now neglected. 

 

In this framework, here we report the possibility of tailoring the magnetic properties of a FM/FE 

heterostructure by thermal annealing treatments, having deposited Fe thin films on (1-x)Pb(Mg1/3Nb2/3)O3-

xPbTiO3 (PMN-PT, x = 40) FE substrate, by exploiting the structural transitions of the latter. FE structural 

modifications were observed via X-ray diffraction (XRD), showing an increase of in-plane FE domains after 

annealing above PMN-PT first order phase transition (Fig. 1a). Magneto-Optic Kerr effect (MOKE) and X-ray 

Circular Dichroism (XMCD) measurements revealed how these FE structural modifications affect the magnetic 

anisotropy of Fe thin film. While as-grown sample displayed a FM isotropic response, thermally induced FE 

structural changes led to anisotropies after annealing (Fig. 1b,c), in combination with modifications of Fe 

dichroic signal. A detailed analysis of the structural modifications taking place in the complex PMN-PT 

morphotropic regime helped understanding the origin of such changes.  

This work paves the way to further explore FE thermal treatments as an additional lever in tuning and 

maximizing CME coupling in MF heterostructures. 

 
Figure1: a) XRD 2θ-ω scan, b,c) MOKE before (b) and after (c) annealing of PMN-PT/Fe heterostructure. 
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Magnetic Heusler alloys have been a topic of growing interest in recent years, specifically due to their potential 

applications in the field of spintronics. These materials, which have the form X2YZ, where X and Y are transition 

metals and Z is a lighter element, consist of four interpenetrating face-centered cubic lattices. The Heusler alloy 

V2FeAl has not before been studied experimentally, but a number of different theoretical papers have been published, 

predicting several structural and magnetic configurations [1][2][3]. The two possible fully-ordered crystal structures of 

V2FeAl, L21 and XA-type, are shown in the figure below. We have grown V2FeAl both in bulk and in thin-film form. 

Arc-melted ingots were found to crystallise in the partially-disordered B2 structure. Thin-film samples were prepared 

by magnetron-sputtering from high-purity V and FeAl targets onto single-crystal MgO (001) substrates. Analysis of X-

ray diffraction patterns showed that there two distinct structures were being formed with differing integrated peak 

intensity ratios of the (002) to (004) reflections. Comparing these ratios to those predicted by structure factors, we 

associate these two structures with the L21 and XA-types. SQUID magnetometry shows that the bulk ingot is a Pauli 

paramagnet, whereas both types of thin-films were surprisingly found to be magnetically-ordered at room temperature.  

The L21 structured films show saturation magnetizations of approximately 0.9 µB/f.u. and 1.1 μB/f.u. at 300K and 5K 

respectively, whereas the XA-type films showed magnetizations of approximately 0.10 μB/f.u. and 0.15 μB/f.u. at 300K 

and 5K respectively. It is evident that disorder has an important effect on the magnetic properties of these systems, 

which we relate to the electrical transport properties of thin films.  
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Figure: Possible fully-ordered crystal 

structure of V2FeAl; L21 (left) and 

XA-type (right).
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Mangetic multilayers consisting of Cobalt-based magnetic materials such as cobalt-iron-boron (CoFeB) and 

the full Heusler alloy of cobalt-manganese-gallium (Co2MnGa) have excellent magnetic properties and high 

perpendicular magnetic anisotropy (PMA) at low film thicknesses.  These characteristics make them ideal for 

integrating in magnetic tunnel junctions (MTJs) based devices for various technological applications such as   

magnetic sensors, storage devices, and read heads [1,2]. However, fabricating MTJs with specific 

characteristics can be challenging due to the high dependence of the magnetic properties on individual film 

thicknesses and interfaces. To address this challenge, we investigate the effect of Argon and Neon ion 

irradiation on the PMA of CoFeB and Co2MnGa Heusler alloy. Ion irradiation is a versatile post-growth 

modification tool that induces structural disorders in the material's lattice that enables altering the magnetic 

properties by varying fluence, energy, and ion current density of the beam  [3,4]. The ion irradiation introduces 

several structural defects in the lattice which allows tunning of interface mixing and magnetic properties of 

materials that effect PMA in the stack [5]. 

In this study, we use a low-energy ion implanter to irradiate the materials with 30 keV 20Ne+ and 40Ar+ beams 

at normal incidence and ambient temperature [6]. The irradiation fluence ranges from 1×10¹³ to 1×10¹⁵ ions.cm-

². We perform Monte Carlo based simulations using SRIM and SDTRIMSP to obtain depth profiles and 

estimate the displacements per atom (DPA) caused by the irradiation.Our results show that ion irradiation 

reduces the magnetic layer's anisotropy in the out-of-plane direction for both CoFeB and Co2MnGa stacks. We 

observe a 30% decrease in Co2MnGa thin films' anisotropy on Ar+ irradiation at a low fluence of 10¹³ ions.cm-

², attributed to Co2MnGa/MgO interface mixing. A similar trend is observed in ion-irradiated CoFeB films, 

and simulations confirm the effect of interfacial intermixing. We also demonstrate that the enhanced PMA of 

Co2MnGa can effectively be tuned using ion irradiation, making it a promising candidate for MTJ applications. 

Our results suggest that the DPA provides a very good estimate of interface intermixing. We will present 

detailed experimental results obtained from MOKE and SQUID magnetometer, supported by TRIM and 

SDTRIMSP simulations, at the conference. 
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The design of more effective and power-efficient magnetic memories requires the development of methods 

for magnetization switching driven by currents rather than magnetic fields. In comparison to the more widely 

used ferromagnets, ferrimagnets have a number of benefits, such as a small net magnetization and ultra-fast 

magnetization dynamics at the compensation temperature, at which the net magnetization vanishes [1, 2, 3]. In 

order to employ ferrimagnets in future spintronic devices, a thorough knowledge of the domain structure and 

its temperature evolution close to the compensation temperature is crucial. 

We have investigated the temperature evolution of the magnetic domains of different ferrimagnetic systems: 

thin Fe/Gd and Gd/Fe bilayers and FeGd alloy ultrathin films grown on W(110). For this purpose, XAS spectra 

and XMCD images at the Fe L2,3-edge and Gd M4,5-edge, as well as XPS measurements of the Fe 3p, W 4f and 

Gd 4f core levels were performed using synchrotron-based PEEM. Based on these results, the chemical 

composition and the temperature evolution of the magnetic domain structure were determined. We have 

monitored the magnetization of the Gd and Fe sublattices and the evolution of the magnetic domain structure 

as a function of temperature across the Curie temperature (see Figure). 
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Non-equilibrium methods in the preparation of tetragonally distorted iron proved to be successful for the 

formation of α''-Fe16N2 and α'-Fe8N metastable phases in thin films [1]. For these structures and the analogous 

in the Fe-B and Fe-C systems [2, 3], the light atoms are found to be in interstitial positions, but it is no easy 

task to make them stable and to achieve a high enough interstitials solubility to allow the formation of a large 

volume ratio of these phases [4, 5]. With the prospect of overcoming these limitations for the formation of iron 

films with high magnetocrystalline anisotropy and increased average magnetic moment of the iron atoms, a 

cooling stage for a molecular beam epitaxy (MBE) deposition system is employed. This method of decreasing 

the kinetic energy of the evaporated atoms impinging on cold (down to -150 °C) substrates represents a novel 

non-equilibrium approach in the preparation of this material.  

Preliminary work on an MBE deposition system provided us with reliable benchmark. The 30 nm thick Fe 

films grown on MgO (100) substrates have a strong preferential orientation, and their saturation magnetization 

(μ0MS) value is in agreement to the well-known 2.15 T of iron [6]. To validate and compare our results for the 

new approach, ion-implantation will be used as a secondary non-equilibrium method. For samples prepared 

under optimised conditions, different annealing procedures will be tested and compared to those employed for 

the films grown with the novel approach. This comparison will allow for a deeper understanding of the material 

synthesised on the cooling stage and to confirm the effectiveness of this method. 
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The continually increasing global energy consumption and the growing awareness for sustainability and 

renerwable energy resources are accompanied with a rising demand for high performance rare earth based 

permanent magnets (REPMs). State of the art REPMs are based on combinations of rare-earth and transition 

metals. Especially for applications under severe working conditions, REPMs based on Sm and Co possess 

remarkable performance characteristics due to their high Curie temperature and thus their elevated maximum 

operating temperature as well as an enhanced corrosion resistance. Conventionally, these SmCo-based REPMs 

are manufactured using powder metallurgical techniques, which include manufacturing steps like powder 

refinement via milling, green compact formation with simultaneous magnetic field alignment as well as 

subsequent sintering and annealing processes. [1, 2] 

Figure 1: SEM images of the formed microstructure after (a) powder compaction (b) 10 rotations and (c) 50 rotations at 250°C as 

well as their corresponding X-ray patterns ((d) – (f)). (g) The formed microstructure has a massive influence on the achieved magnetic 

properties.  

A novel approach to manufacture REPMs based on intermetallic SmCo-phases (e.g. Sm2Co17, SmCo5) is 

presented in this study by using high pressure torsion (HPT), a method of severe plastic deformation. 

Processing by HPT possesses the opportunity of simultaneous powder compaction, grain refinement, formation 

of metastable phases as well as strain induced phase transformation just in a single processing step. Herein, we 

describe the evolution of the emerging microstructures due to HPT-deformation. For the microstructural 

characterization of the HPT-processed specimens, scanning electron microscopy (SEM) is used, while strain 

induced phase transformations are monitored by synchrotron high energy X-ray scattering techniques. The 

chosen deformation parameters (e.g. deformation temperature, applied strain) have a strong influence on the 

formed microstructure (Fig 1 (a) – (c)) and furthermore on the present phases after deformation (Fig. 1 (d) – 

(f)). Grain refinements down to the nanometer range and concurrent phase transformations have a severe impact 

on the achievable magnetic properties, which are determined by SQUID magnetometry (Fig. 1 (g)). Subsequent 

annealing treatments further influence microstructural features. Beside the reduction of defect density, a grain 

boundary tuning is apparent, fostering the magnetic properties of intermetallic SmCo-phases. 
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Ni50Mn45X5 (X: Al, Ga, In Sn, Sb), when annealed around 650 - 750 K, decomposes and results in the formation 

of 2-5 nm full-Heusler cubic ferromagnetic Ni50Mn25X25 precipitates embedded coherently in an 

antiferromagnetic tetragonal Ni50Mn50 matrix. When the annealing takes place in a magnetic-field, the spins at 

the interface become strongly pinned in the direction of the annealing field and give rise to the mono-polar 

magnetic behavior of shell-ferromagnetic effect. The precipitates acquire a coercivity exceeding 15 T and they 

comprise at most about 10 % of the material so that the overall magnetization remains low, at most about 8 

Am2kg-1. Instead of dealing with isolated precipitates in a matrix, we can sandwich a 5-nm Ni50Mn25Sn25 film 

between Ni50Mn50 layers so as to have spread the 'precipitate' over two dimensions as a film in order to increase 

the size of the magnetization. We prepare Ni50Mn50/Ni50Mn25Sn25/Ni50Mn50 multilayered films by flash 

evaporation. Comparison of the magnetic properties of as-prepared and field-annealed multilayered films show 

that strong interfacial pinning can also be attained in the field-annealed case. The initially incoherent interface 

acquires coherence due to the stabilized structures of the Heusler and Ni50Mn50 layers, and the spins at the 

interface become strongly pinned in the direction of the applied magnetic field leading to a quasi-two-

dimensional magnet.  
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The functionality of ferromagnetic shape memory alloys (FSMA) is related to the martensitic and magnetic 

order-disorder transformations; both, the martensitic (TM) and Curie (Tc) temperatures, may be tailored by 

doping the alloys with other elements (to change the electronic concentration, e/a) or by suitable thermal 

treatments (to change the atomic order). So that, alloys with concomitant or sequential structural and magnetic 

phase transition may be obtained. These are accompanied by sharp change of magnetization as well as 

electronic structure, which provide the attractive multifunctional potential for both fundamental science and 

technological applications of these class of materials. The Magnetocaloric Effect around room temperature is 

an environmentally friendly alternative to conventional refrigeration and the most significant effect occurs at 

temperatures near magnetic transitions, and strongly depends on the type of transition being highest for first-

order transitions [1, 2]. Recent studies have shown that the entropy change associated to the martensitic 

transformation in FSMA increase as the temperature difference between Tc and TM decreases [3, 4].  

In the present work we investigate the martensitic transformation and magnetic properties of Heusler 

intermetallic compound Ni52Fe20Ga23Co3Al2 prepared as melt spun ribbons subjected to different thermal 

treatments. X-ray diffraction, differential scanning calorimetry, magnetocaloric and magnetoresistive effects 

evaluations have been performed. The results highlight the role of concomitant or sequential structural and 

magnetic phase transitions. 

 

Acknowledgements  

This work was supported by project 35PFE/2021, funded by the Romanian Ministry of Research, Innovation 

and Digitization. 

References   

[1] V. K. Pecharsky, K. A. Gschneidner Jr., Phys. Rev. Lett. 78,  (1997) 4494. 

[2] V. Franco, J.S. Blázquez, J.J. Ipus, J.Y. Law, L.M. Moreno-Ramírez, A. Conde, Prog. Mater. Sci. 93  

(2018) 112–232. 

[3] Recarte V, Pérez-Landazábal J I, Gómez-Polo C, Cesari E, Dutkiewicz J, Appl. Phys. Lett. 88 (2006)  

132503. 

[4] A. Planes, L.Mañosa, M. Acet, J. Phys.: Condens. Matter 21 (2009) 233201. (29pp). 

 



 
SYMPOSIUM 10. POSTERS 

Studying strain effects on the magnetism of iron oxide thin films on BaTiO3 

single crystal substrates.  
Darla Mare1*, Nico Dix1, Martí Gich1 

1 Institut de Ciència de Materials de Barcelona (ICMAB-CSIC), Bellaterra 08193, Barcelona, Spain. 
*dmare@icmab.es 

 

Stabilizing complex ferroic oxides on piezoelectric substrates is appealing from a fundamental point of view 

to study the mutual control of electric and magnetic properties (magnetoelectric effect). It also opens the 

possibility of indirectly probing the influence of strain on magnetic films at structural phase transitions of the 

substrate. This has been mainly explored in the case of barium titanate (BaTiO3) [1,2,3]. In this system, the 

single crystal substrates act as the active mechanical part during the transition and deform the magnetic films 

thanks to their tight chemical bonding, making it an effective tool for determining mechanical coupling. 

 Here we report our investigation on the strain-induced magnetic response in two iron oxides, cubic 

magnetite (Fe3O4, Fd-3m) [3] and metastable orthorhombic epsilon iron oxide (ε-Fe2O3, Pna21) [4]. The 

magnetic properties of these iron oxides are quite contrasting due to their respective crystal structures. While 

magnetite presents a cubic anisotropy with easy magnetization along the <111> crystal directions, the latter 

has a substantial uniaxial anisotropy along the [100] axis. Both phases were epitaxially stabilized by pulsed 

laser deposition on BaTiO3 (111) substrates. The spinel phase grows with (LLL) texture, while epsilon iron 

oxide has out-of-plane (00L) texture, together with the formation of three distinct in-plane domains similar to 

the films grown on SrTiO3 (111) substrates [5]. The magnetic properties of the thin films were studied with a 

SQUID magnetometer. We analyzed M(H) hysteresis loops to determine saturation magnetization, coercivity, 

and remanent magnetization for two perpendicular in-plane substrate directions ([1-10] and [11-2]) and the 

out-of-plane direction. The influence of the structural phase transitions of BaTiO3 around 190 K (rhombohedral 

to orthorhombic) and 270 K (orthorhombic to tetragonal) is revised by a combined M(T) and M(H, T) approach. 

Epsilon iron oxide only shows a small sizable change of the magnetization at the orthorhombic to the 

rhombohedral phase transition of BaTiO3 (Figure 1a). In contrast, for the magnetite, abrupt jumps (Figure 1b) 

are found for both transitions within the studied temperature range, with variations of the magnetization up to 

40%. We discuss these differences considering the crystal structure, magnetic domain geometry, and 

measurement direction. The findings point towards a robust magnetization against deformation of the hard 

magnetic epsilon iron oxide, despite structural deformations suggesting a rather large magnetostructural 

response [4]. In contrast, the softer magnetite is more suitable for strain-tuned magneto-electric devices. 
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Figure 1: a) Magnetization response of the epsilon iron oxide with temperature dependence while applying an external field of 600 

Oe. b) Magnetization response of the magnetite thin film with temperature dependence while applying an external field of 500 Oe.
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Permanent magnets play a vital role in numerous applications and are crucial for advancing sustainable 

energy[1]. The most well-known compounds Nd2Fe14B, SmCo5, and Sm2Co17 combine a large energy 

density, high Curie temperature (TC), and a large magnetocrystalline anisotropy (MCA). SmCo5 magnets are 

well-known for their exceptional uniaxial magnetic anisotropy (K1=17.2 MJ/m3) and high (BH)max values[2]. 

In the same family, Sm2Co17-type of alloys are excellent candidates for high-temperature applications due to 

their strong combination of high (BH)max and TC. As a result of their significance, researchers have turned 

their attention towards comprehensively understanding the hysteresis behavior of these materials[3]. 

Thin films of Sm-Co are excellent candidates for creating model structures that enable precise control over 

the nanostructure, allowing for the investigation of the specific impact of individual defects on magnetic 

properties. Recently, we have discovered a novel phase decomposition regime in molecular beam epitaxy 

(MBE) grown thin films, resulting in the coexistence of SmCo5 and Sm2Co17 at the nanoscale, in a range of 

few nanometers[4].  

In the present work, we have investigated how the substitution of copper affects the magnetic properties of 

SmCo5 thin films synthesized by MBE. A series of thin films with varying concentrations of Cu, were grown 

on Al2O3 (0001) substrates and pre-characterized by X-ray diffraction (XRD) and superconducting quantum 

interference device (SQUID) magnetometer. We have observed that Cu at the Co3g sites not only stabilizes 

the formation of the SmCo5 structure, but also enhances magnetic anisotropy and coercivity.   

Density functional theory (DFT) calculations show that Sm(Co4Cu3g)5 has a higher single-ion anisotropy than 

pure SmCo5. Furthermore, X-ray magnetic circular dichroism (XMCD) measurement indicates that Cu 

substitution causes an increasing decoupling of the Sm 4f and Co 3d moments. Scanning transmission 

electron microscopy (STEM) confirms that the primary phase formation is SmCo5, and also identifies 

nanoscale inhomogeneities in the Cu and Co distribution. Through the utilization of advanced 

characterization and modeling techniques on thin film model systems, this study provides insight into the 

relationship between the intrinsic and extrinsic factors contributing to magnetic hysteresis in rare earth-based 

magnets. 

Acknowledgments 

We acknowledge the financial support from the Deutsche Forschungsgemeinschaft (DFG) in the framework of the CRC/TRR270 

(Project ID. 405553726), projects A02, A03, A05, B05, and Z01/02. JPP acknowledges DFG for the funding under project 

429646908. The authors acknowledge Janghyun Jo for experimental help and Lea Risters for FIB sample preparation. This 

research used resources of the Advanced Light Source, which is a DOE Office of Science User Facility under contract no. DE-

AC02-05CH11231. 

References 

[1] O. Gutfleisch et al., Adv. Mater. 23 (2011) 821. 

[2] K. J. Strnat & R. M. W. Strnat, J. Magn. Magn. Mater. 36 (1991) 100. 

[3] H. Sepehri-Amin, Acta Mat. 126 (2017) 1-10. 

[4] S. Sharma et al., ACS Appl. Mater. Interfaces 13 (2021) 32415.

mailto:*georgia.gkouzia@tu-darmstadt.de


 
SYMPOSIUM 10. POSTERS 

Electric field control of magnetization reversal in FeGa/PMN-PT 

G. Pradhana, F. Celegatoa, L. Mikuličkováb, A. Magnia, G. Barreraa, M. Coїssona, P. Tibertoa 

a Istituto Nazionale di Ricerca Metrologica (INRIM), Strada delle Cacce 91, 10135, Torino, Italy 

b Thin film Technological Service, s.r.o., Prague, Czech Republic 
*p.tiberto@imrim.it 

 

The recent era of information technology devices largely focusses on energy and cost efficiency. Magnetoelectric 

(ME) materials possess huge potential to be used in these technologies due to their coupling between magnetization and 

electric-field induced strain which therefore consumes less power and significantly reduces heat losses [1,2]. The 

application of voltage generates strain at the interface and this strain transfer to the magnetic layer from the piezoelectric 

layer induces change in magnetic anisotropy which has been shown to be important in switching patterned structures 

from a multi-domain magnetized state to a flux closure vortex one [3]. 

In the framework of multiferroic heterostructures and their interfacial magnetoelectric interplay, here we 

propose to investigate the properties of FeGa/PMN-PT heterostructures using magnetometers and magnetic 

imaging techniques. FeGa thin films have been deposited by sputtering on PMN-PT substrates. The study of 

magnetic domains using Magneto-Optic Kerr effect (MOKE) revealed the presence of in-plane magnetic 

domains in the samples. Under the application of voltage, a change in magnetic hysteresis shape is observed 

as represented in Figure 1. The hysteresis curve at the tensile state (pink curve) has the highest magnetic 

remanence (Mr) and coercive field (Hc). The corresponding domain images with domain walls pointing along 

x, are shown in Figure 1(b). The hysteresis has the lowest Mr and Hc at the compressive state (orange curve) 

and new the magnetic domain walls starts appearing at an angle of 45o w.r.t x. Further, when the field is 

decreased towards negative polarization saturation (-10 kV/cm), the strain decreases again generating a tensile 

strain along x. The Mr and Hc values increases and the domain structures shown in Figure 1(e) become similar 

to ones recorded at 10 kV/cm. In order to better understand the effect of applying a voltage to PMT-PT substrate 

on the overall magnetisation process, the time evolution of remanent magnetization has been acquired by a 

vibrating sample magnetometer (VSM) after applying an electrical field of 10 kV/cm. 
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Figure 1: (a) represents the in-plane magnetic hysteresis loop for Fe70Ga30/PMN-PT (001) sample. The pink, blue, orange and green 

curves represent to the hysteresis recorded under applied field of 10 kV/cm, 0 kV/cm, -2 kV/cm and -10 kV/cm, respectively. The 

plot of strain as a function of electric field is shown in the inset. The magnetic domains near coercivity for the corresponding curves 

are shown by (b), (c), (d) and (e), respectively.
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     In complex oxides, controlled oxygen release/uptake can induce changes of the crystal structure and of the 

magnetic and electrical properties [1-2]. Consequently, a systematic control of their oxygen stoichiometry 

might enable potential applications in information technology, solid oxide fuel cells and catalysts. Previously, 

the oxygen off-stoichiometry in La0.7Sr0.3MnO3−δ (LSMO) thin films on SrTiO3 (STO) substrates has been 

investigated employing Al-assisted vacuum annealing. The gradual deoxygenation during annealing induces a 

topotactic phase transition from the as-prepared Perovskite (PV, ABO3) phase to a layered oxygen-vacancy-

ordered Brownmillerite (BM, ABO2.5) phase (Figure 1 (a)). Recently, we employed ionic liquid gating (ILG) 

and realized a ferromagnetic to antiferromagnetic transition (Figure 1 (e)). The “plateau”-like feature in XRD 

and the S-shape MH curve indicate the existence of subsystems after gating (Figure 1 (c) (d)). After gating at 

higher voltages, an additional hydrogen content inserted into the lattice with an atomic percent of ca. 30% is 

evidenced (Figure 1(f)). Our results demonstrate the tuning of film physical properties via a dual ionic transfer 

process by ILG, i.e. oxygen vacancy formation and hydrogen insertion. 

 

Figure 1: (a) XRD pattern of the 200nm as-prepared and annealed LSMO films. The PV phase under expansion is defined as “E-PV” 

phase. The newly emerged intermediate phase is labeled as “inter”. (b) Schematics of the ILG process. (c) XRD pattern of the 40nm 

as-prepared and ILG-treated LSMO films. (d) Hysteresis loops of the as-prepared and ILG-treated LSMO films, measured at 10K. 

(e) Magnetization vs. temperature zero-field cooling (ZFC) curves of the as-prepared and ILG-treated LSMO films, measured at 

10mT. (f) Hydrogen content depth profiles of ILG-treated LSMO films, measured by nuclear reaction analysis. 
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Electrically detected ferromagnetic resonance signals are originated by the radiofrequency electric field, the 

spin currents induced by the excitation fields, and their interaction with the ferromagnetic material or adjacent 

nonmagnetic layers. In this work, we study spin rectification effects in NiFe/Ru/NiFe/NM synthetic 

antiferromagnets at the saturated, non-collinear and antiparallel magnetic states. The change in the 

magnetization orientation at these states allows us to study the angle dependence of spin rectification 

phenomena by only changing the applied field [1]. This approach avoids the need of changing the sample 

orientation within the experiment for this kind of studies. Our results show large planar Hall effect contributions 

to the measured spin rectified voltage with interesting features in the non-collinear and antiparallel states, which 

bring new possibilities for device design and applications [2]. The results improve the understanding of 

electrically detected ferromagnetic resonance signals, not only for synthetic antiferromagnets, but also for other 

samples where the signals arising from the anisotropic magneto resistance effect and the inverse spin Hall 

effect are superimposed. 
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One of the most active and successful investigation field is the development of innovative multilayers 

exploiting interfacial interactions [1,2]. Typically, for thicknesses above a critical value there appear uncoupled 

regions that independently switch their magnetization. Nevertheless, for applications such as exchange-biased 

systems or spring magnets it is needed a coherent magnetization reversal. Although the exact value of the 

critical thickness depends on the considered magnetic interaction, fundamental magnetic parameters as the 

exchange correlation length, and the magnetic anisotropy play an important role. In this work, we show how 

in a magnetostrictive bilayer structure comprised of two materials with magnetostriction constants of opposite 

sign, the magnetic switching is affected by the magnetoelastic coupling. Since magnetoelasticity is not an 

interfacial interaction, the mechanical strain promoted by the applied magnetic field affects the layers as a 

whole. The net effect is a coherent reversal of the magnetization of the two layers regardless of their thickness. 

This behavior has been studied in bilayers with different thicknesses ratio comprised of Ni90Fe10, negative 

magnetostriction, and Fe70Ga30 positive magnetostriction (Figure 1). These results demonstrate the possibility 

of using this physical mechanism to beat the critical limit thickness imposed in other interfacially coupled 

magnetic systems opening new ways to develop applications in the fields of energy or spintronics. 
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Figure 1. Left: Schematic view of a NiFe/Fe bilayer showing the expected mechanical deformation due to the magnetization process 

promoted by the applied magnetic field. Right: hysteresis loops for Ni90Fe10 and Fe70Ga30 single layers together with the hysteresis 

loops of different NiFe/FeGa bilayers in which the Ni90Fe10 is 500 nm and Fe70Ga30 varies from 300 nm to 500 nm.
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Behaviour of magnetic systems in external fields has become an intensively studied topic.  Controlling 

magnetism with electric fields could be a key for developing future energy-efficient devices.  Recently, it was 

demonstrated that external electric field can significantly modify material properties such as magnetic 

moments, x-ray spectra or lifetimes of magnons in thin films and that this effect is strongly influenced by the 

substrate [1,2].  We push this research further by examining how external electric field influences dynamic 

magnetic properties, in particular, the spin wave stiffness and the Gilbert damping.  We monitor how this effect 

depends on the choice of the magnetic material and on the choice of the substrate. 
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Magnetoelastic resonance (MER) sensors are usually made of amorphous ribbon-shaped ferromagnetic alloys. 

The operation of these sensors is based on the strong coupling between the magnetic and mechanical properties 

of these materials, which allows their mechanical excitation by the 

application of an alternating magnetic field, and the corresponding 

detection of the induced magnetic changes. The phenomenon of 

magnetomechanical resonance occurs in these materials at specific 

frequencies of excitation, and is highly sensitive to different external 

parameters, which, together with its wireless operation, has driven the 

development of a large number of detection devices based on this effect 

[1]. Nevertheless, although these soft magnetic materials present excellent 

mechanical and magnetic properties, they suffer magnetic relaxation 

under the application of the bias magnetic field [2, 3], an issue which is 

not usually addressed in the literature concerning the application of such 

materials as sensors. We have observed that the time-dependence of the 

magnetization (and other magnetic related properties) associated with this 

relaxation, affects the resonance signal of the sensor and thus its 

resonance frequency, the parameter most commonly used for sensing 

(Fig. 1). To unveil such phenomenon, in the present work, the influence 

of this relaxation behavior was studied at room temperature, for an 

amorphous ferromagnetic ribbon of composition  Fe73Cr5Si10B12 

performing as the main element of a MER sensor [4]. The magnetic 

relaxation was observed by monitoring the evolution, under constant bias 

field, of the magnetoelastic resonance signal (Fig. 1a), and in particular, 

the value of the resonance frequency 𝑓𝑟 (Fig. 1b), which is the parameter 

commonly used in the magnetoelastic detection. The relaxation was 

studied under different bias field values (𝐻 = 4, 7.8 and 10 Oe) and 

different amplitudes of the excitation field (ℎ = 20, 42, 100 and 180 

mOe). The study has revealed that the relaxation has a considerable effect 

on the sensor signal, producing changes of the resonance frequency up to 

several hundreds of Hz in a time interval of 2000 seconds, but it is very sensitive to the conditions of the 

experiment. The amplitude of the excitation magnetic field (h) turned out to be a key factor on this 

phenomenon, since larger excitation amplitudes (h ≥ 100 mOe) reduce considerably its effect, decreasing the 

relaxation time (𝜏) and reducing the temporal variation of 𝑓𝑟 experience by the sensor. In addition, the effect 

of this relaxation on the sensor performance was evaluated for an experimental case of real-time monitoring of 

a precipitation reaction. An approach based on the relaxation modelization is proposed to rectify this effect and 

thus improve the sensitivity of the sensor. Besides, we have found that these measurements of magnetic 

relaxation through magnetoelastic resonance can provide a novel, simple and accurate method for the study of 

magnetic relaxation processes in these materials.  
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Figure 1: (a) Changes produced in the 

resonance signal of the sensor due to magnetic 

relaxation under a constant bias field. (b) 

Temporal evolution of the resonance 

frequency of the sensor under constant bias 

field of 𝑯 = 𝟒 Oe and different excitation 

amplitudes 𝒉. 
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Perovskite half-metallic manganites hold promise for spintronic applications, but are not yet available in today 

devices because of the lack of control of their magnetotransport properties. The reason for this relies on the complexity 

of the physical scenarios governing the interplay between a wide variety of coupled interactions. Different 

magnetoresistance (MR) contributions, such as colossal, Lorentz, spin-dependent scattering at grainboundaries, 

domain-walls and other magnetic inhomogeneities, typically hide the switchable anisotropic magnetoresistance 

(AMR) that is more amenable for technological applications. In addition, the mess can be even greater if each 

contribution presents different evolutions with temperature. Disentangling the origin of MR in manganites requires 

hence clear cut experiments to isolate the various contributions. 

 

The most efficient way to investigate transport phenomena is to measure the field-driven magnetization and MR 

loops simultaneously in engineering epitaxial La1−𝑥 Sr𝑥MnO3 (LSMO) films grown on top of vicinal (001)-oriented 

SrTiO3 (STO) single crystal substrates [1]. We present a detailed characterization of both magnetic and transport 

features at different applied field angles (H), in the whole angular range, and in a broad temperature (T) range, from 

400K to 100 K [2]. In general, the engineered epitaxial LSMO films display a wide variety of both magnetic and 

magnetoresistive behaviors which are related to each other. The data give direct views on the angular and temperature 

dependence of magnetoresistance and  magnetization reversal pathways, from which characteristic axes, remanences, 

critical fields, domain wall types, effective magnetic symmetry, and MR contributions are obtained [3]. At a given 

temperature, MR display isotropic collosal magnetoresistance (CMR) and anisotropic magnetoresistance(AMR) 

contributions. The later originates from competing magnetic anisotropy terms: uniaxial KU (growth-induced) and 

biaxial K2 (magnetocrystalline). The isotropic (linear) behavior of CMR is better identified at large fields while the 

AMR contribution is at low fields. Similar trends of the CMR linear factor and the resistance with temperature are 

found. AMR shows asymmetric (and clear hysteretic) behaviour at low T, that becomes more evident as T decreases, 

which may be associated with the increasingly remarkable biaxial contribution. These findings have a strong impact 

on the real applications of manganite based devices for the high-resolution low field magnetic sensors and spintronics. 
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Mn5Ge3 and Mn5Si3 alloys crystallizes in the same hexagonal D88 structure (P63/mcm space group) (see 

inset of Fig.1a). In both compounds, the manganese atoms are located in two different crystallographic sites, 

so-called MnI and MnII, corresponding to the Wyckoff positions 4(d) and 6(g), respectively. Despite these 

similarities, their magnetic behaviour is very different. Mn5Ge3 is strongly ferromagnetic with a Curie 

temperature of 296 K, while Mn5Si3 is a complex antiferromagnet with a temperature- and field-dependent 

magnetic structure. The two compounds can be alloyed over the whole Ge-Si concentration range, which makes 

this system ideal to study the transition occurring from a ferromagnetic state (Mn5Ge3) to an antiferromagnetic 

state (Mn5Si3). 

In this context, we present here the epitaxial growth of Mn5(SixGe1-x)3 thin films on Ge(111) substrate by 

Molecular Beam Epitaxy using a codeposition technique. Their structural properties have been thoroughly 

characterized using reflection high-energy electron diffraction, x-ray diffraction, atomic force microscopy and 

transmission electron microscopy while the magnetic properties have been investigated using vibration sample 

magnetometry (VSM) and 55Mn Nuclear Magnetic Resonance (NMR) which acts as a very sensitive local 

probe of the Mn atoms environment.  

Upon silicon substitution, two correlated effects are readily visible: i) the decrease of the lattice parameters 

(Fig. 1) and (ii) a diminution of the Mn magnetic moment on both Mn sites as evidenced by the shift towards 

lower frequencies in the NMR spectra. This is confirmed by the decrease of the average magnetic moment 

measured by VSM. The thorough analysis of the structural and magnetic data suggests a steady substitution of 

Ge by Si atoms as the alloy is enriched in Si until a concentration threshold of x~0.6. A higher Si concentration 

drives a drastic change in the thin films magnetic behaviour. NMR local probe indicate that the Si substitution 

mainly affects the MnII atoms local environment. 

 
Figure 1: Dependence of the lattice parameters a and c and their ratio as a function of the silicon content x in Mn5(SixGe1-x)3 
epitaxial thin films. Inset: unit cell of the Mn5Si3-type structure. 
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Fe 100-xGax is a magnetic alloy whose properties, such as magnetostriction or anomalous Nernst effect, are 

strongly linked to crystal structure and doping, and coexistence of multiple crystalline phases. These factors 

can significantly affect the performance of the alloy. Magnetostriction is directly tied to magnetoelastic (ME) 

stress, but the stiffness elastic constants for this family of alloys also play an important role. The ME stresses 

B1 and B2 are crucial in determining the anisotropies induced by external strains in thin films. In this study, we 

present measurements of both coefficients for Fe100-xGax epitaxial films with thicknesses below 50 nm and 

compositions of x = 21, 28, and 33 at room temperature using the cantilever method [1]. Our measurements 

indicate that both irreducible coefficients exhibit bulk-like values. Specifically, B1 takes the largest value in 

modulus for films with x = 21 while B2 is positive for x = 21 and negative for the other compositions. 

Interestingly, we observe no significant variation in B1 and B2, which extends previous observations in thicker 

films [2]. To investigate possible local structural changes associated with Ga concentration and film thickness, 

we conducted X-ray absorption fine structure experiments (XAFS). The results show that there are no 

appreciable structural changes with changing thickness. However, we do observe a significant increase in the 

static disorder of the Ga environment next-nearest-neighbors distribution as x increases from 21 to 28 and 33.  
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Figure. Left: ME stresses as a function of the angle between the applied field and the cantilver beam. Right: ME stress coefficients 

as function of the FeGa film thickness and Ga atomic content x.
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One of the thermoelectric effects that is currently attracting a considerable interest because of its potential for 

energy harvesting is the anomalous Nernst effect (ANE). ANE is a thermomagnetic phenomenon with potential 

applications in thermal energy harvesting. Our aim is to study and increase the ANE coefficient of materials 

and record the power density generated by the ANE by using flexible substrates in order to increase the number 

of applications it may be used. 

Therefore, we make use of a micrometer-sized Hall bar device consisting of [Co0.5nm/Pt0.5nm]10 sputtered 

multilayers, which present a high ANE coefficient and thermopower (∼1 μV/K), low electrical resistivity, and 

perpendicular magnetic anisotropy (PMA) when grown on a SiNx/Si substrate. Furthermore, flexible substrates 

(like polymide, acetate…) allow to analyze the effect strain has in the properties of the samples. This way, the 

devices shown in this work, are composed by magnetic multilayers with high PMA exposed to in-plane thermal 

gradient. VSM and VF-MFM are other experimental techniques employed to accomplish the magnetic 

characterization. Additionally, a MATLAB software will be developed to measure Seebeck and Hall effects 

too in order to fully characterize the manufactured devices.  

We believe that this design may find uses in harvesting wasted energy, e.g., in electronic devices. 

References 

[1] S. Hashimoto et al. J. Appl. Phys. 66 (1989) 4909. 

[2] M. Mizuguchi et al. Sci. Technol. Adv. Mater., 20 (2019) 262−275. 

[3] F. Zhang et al. J. Appl. Phys., 110 (2011) 033921. 

[4] G. Lopez-Polin et al. ACS Appl. Energy Mater., 5 (9) (2022) 11835-11843. 

[5] G. Dai et al. Appl. Phys. Lett., 100 (2012) 122407. 

 

 

 
Figure: Description of the image Scheme of the device and ANE measurement used technique, and hysteresis loops for Fe81Ga19/ 

PET obtained under various external strains using different measuring configurations [5].
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The ferrimagnetic insulator Y3Fe5O12 (YIG) is a model material that exhibits low magnetic damping, 

making it promising for applications in magnonic devices with ultrafast magnetization dynamics. Furthermore, 

its optical attributes, particularly a large Faraday rotation, can be used to fabricate optical valves or devices. 

Due to these interesting properties YIG thin films have been extensively investigated and have also been 

integrated into countless heterostructures, combined with topological insulators and heavy metals, among other 

materials. For example, YIG/Pt systems allow efficient spin-charge conversion and pure detection of spin-

current effects owing to their unique properties [1]. 

In order to obtain a  thorough characterization of the magnetic anisotropy  of  pure epitaxial YIG, thin films 

grown by PLD have been prepared on sGGG substrate. The magnetic characterization was performed by FMR 

measurements in the range from 4 to 40 GHz and temperatures between 5K and 300K. In Fig. 1, the temperature 

dependence of the effective field for a 60nm-YIG/sGGG thin film is shown. The effective field, Heff, derived 

from the resonance field of the spectra is related to the magnetic anisotropy of the films by the foolwing 

expression Heff = 4πMs – 2K/Ms where K is the magnetic anisotropy constant and Ms the saturation 

magnetization.  The effective field, Heff, decreases up to 25% at temperatures above 100K. We analyze the 

temperature dependence of the magnetic anisotropy and the magnetization [2] of YIG thin films in terms of 

magnetoelastic effects. 
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Figure 1: Temperature dependence of the effective field, Heff  for 60nm-YIG on sGGG substrate.
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Magnetocrystalline anisotropy(MCA) plays an important role in high-density data storage because it can be 

used to control the orientation of magnetic domains within the storage medium. By controlling the orientation 

of the magnetic domains, it is possible to create stable, long-lived magnetic patterns that can be used to 

represent digital information. In this regard, the adsorption of nonmagnetic organic molecules on ferromagnetic 

materials offers an opportunity to tune their magnetic properties for promising applications in data storage 

devices. In the present work, we report the manipulation of the MCA of Co slabs through the adsorption of 

small molecules, such as benzene, cot, etc. We have used Density Functional Theory and the magnetic force 

theorem to calculate magnetic anisotropy. The results indicate that molecular adsorption tends to favor 

perpendicular MCA at surfaces by reducing the in-plane MCA of the slab. Further, we analyze our results 

considering a simple model based on 2nd-order perturbation theory to explain the modification of MCA due 

to molecular adsorption in a qualitative way. A detailed analysis of various atom-resolved quantities from DFT 

calculations demonstrates that the underlying physical mechanism is the metal-molecule interfacial 

hybridization, and, in particular, it is related to the chemical bond between the molecular pz and the surface dz
2 

orbitals. Generalizing the same argument, we also show that the complex molecules C60 and Alq3 deposited on 

fcc-Co induce a similar modification of the in-plane MCA, and we related the results to recent experimental 

observations. 
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The development of devices relying on spin phenomena requires of an ideal spin polarized electron source. 

This can be achieved by taking advantage of half-metallic full Heusler alloy thin films. Fe3Si presents 

ferromagnetic behavior up to 840 K and it is characterized by a soft magnetism, with coercive fields in the 

order of few mT, and a low damping constant, which make it a great alternative for common ferromagnetic 

electrodes as permalloy for the study of spin based phenomena [1,2]. However, its implementation requires a 

controlled growth of stoichiometric films with large activation volumes. Moreover, its half metallic behaviour 

is surrogated to structural properties thus the preparation of high quality films as well as a thoughtful 

characterization of their structural properties becomes mandatory. [3]. In this work, we report on the growth of 

epitaxial Fe3Si ultra-thin films by pulsed laser deposition on SrTiO3(001) substrates, analyzing the effect of 

deposition temperature in the structural, morphological and magnetic properties of the deposited films. We 

conclude that optimal compromise between phase purity and interface quality is obtained at 200 ºC, obtaining 

the best magnetic response under this condition [4].  
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Figure: Longitudinal magnetic optical Kerr effect (L-MOKE) characterization of Fe3Si(20 nm)/SrTiO3(001) stacks deposited by 

PLD and high magnification STEM-HAADF image of the layer of interest (Fe3Si) proving epitaxial growth. 
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Chromium-rich Cr-V alloys exhibit three phases: Paramagnetic phase (P) above Néel temperature (TN), a 

transverse polarization spin-density-wave (SDW) phase (AF1) below T and above the spin-flip temperature 

(TSF), and a longitudinal polarization SDW phase (AF2) below TSF. In the paramagnetic phase, Cr exhibit a 

Pauli susceptibility with slight temperature dependence [1]. Otherwise, the introduction of small amounts of V 

in Cr not only changes T, but also induced a Curie-Weiss behavior (CW) that we have associated to local 

magnetic moments. This behavior is limited up to 0.67%V and magnetic fields of 15 kOe [2,3] . This behavior 

was also observed for different Cr alloys. In magnetic susceptibility as a function of temperature using zero 

field-cooling (ZFC) and field-cooling  (FC) protocol is observed that in ZFC measurements the local moments 

only appears in paramagnetic phase. Otherwise, in FC measurments this behvaior is is not only observed in the 

paramagnetic phase, but also in the AF1 phase, exhibiting  a strong magnetic irreversibility. The origin of local 

magnetic moments has been associated with the establishment of local spin-density waves (LSDW) around V 

impurities. In this work, we presented an investigation of the effects of local magnetic moments in 

antiferromagnetic phases in Cr-x at.% V alloys (x=0, 0.1, 0.2, 0.4 and 0.67). Results show that presence of 

LSDW induces a strong magnetic anisotropy in long-range order of SDW in AF1 phase. 
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Figure: Magnetic susceptibility of function of temperature for Cr-0.2 at.%V with different magnetic fields using ZFC and FC 

protocol  (a) H= 0.2 kOe, (b) 0.5 kOe, (c) 1.0 kOe, and (d) 15 kOe
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The microfabrication of functional parts is opening the path to new and innovative applications (e.g., micro-

electro-mechanical systems, MEMS) in key high-tech sectors such as electronics, aerospace and medical [1]. 

Combining lithography and electrochemistry allows for manufacturing unique functional components with 

complex shapes and tunable properties accompanied by high dimensional and replication accuracies [2,3]. 

Additional advantages of the combination of these technologies are the possibility of fabricating parts with a 

high aspect ratio, smooth surface finish, and with parallel side walls with flank angles really close to 90º [3,4]. 

In this work FeCo(V) micrometer size parts with complex shapes were manufactured by an optimized 

combination of lithography and electrodeposition. This process allowed to engineer the shape of the parts and 

their magnetic performance by tuning the growth parameters, e.g., electrolyte stoichiometry and 

electrodeposition voltage and duty cycle (Fig. 1). FeCo-based alloys have been used to obtain functional soft 

ferromagnetic parts showing a low coercivity (50 Oe) accompanied by a high saturation magnetization (1300 

emu/cm3) (Fig. 1b). Doping the Fe65Co35 alloy with vanadium (1.5 at.%) has enhanced the finishing quality of 

the fabricated parts (Fig. 1c). Optimization of the process has allowed for obtaining parts with a high aspect 

ratio (>1:20), complex contours, and micrometer accuracy. The developed approach enables the fabrication of 

hundreds of units per run (see inset in Fig. 1b), thus opening the path to an industrially scalable process with a 

drastic reduction of the unit cost of each component. 
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Figure 1: (a) Top view Scanning Electron Microscopy (SEM) image of an array of micrometer size cubes made of photoresist by 

lithography. Inset shows a FeCoV cube grown by electrodeposition on the lithographed molds in (a). (b) Room temperature hysteresis 

loop measured by VSM for the electrodeposited FeCoV alloy showing its soft ferromagnetic behaviour. Inset in (b) shows a 

representative array of FeCoV parts grown by electrodeposition into the photoresist molds used for the magnetic characterization. 

(c) SEM image of an array of FeCoV parts with complex shape after the selective chemical removal of the photoresist. Inset in (c) 

shows a close view of a single FeCoV part after mold removal.
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 In the last years, the specific properties of ferromagnetic microwires have been intensively investigated in 

order to develop metastructures known as electromagnetic absorber with negative values of the dielectric 

permittivity, ε, and magnetic permeability, µ, for high frequency shielding applications [1-3] 

The aim of this paper is to report our lastest experimental and theoretical results on the left-handed properties 

of FeCuNbSiB nanocrystaline magnetic microwires, arranged in parallel configurations, as free-standing 

systems, in order to develop new metastructures for GHz shielding applications.  

Fe73.5Cu1Nb3Si13.5B9 (at.%) microwires with diameters of 60 μm were obtained by cold-drawing process, 

by successive reductions of the diameter of an amorphous microwire with the initial diameter of 130 μm, 

prepared by in-rotating-water spinning method. 

The nanocrystalline structure of the FeCuNbSiB amorphous microwires was induced by annealing at 500oC 

for 1 h. The nanocrytalline microwires with length of L = 0.8 cm, were fixed in parallel arrangement at different 

inter-microwire distance, (d = 1 mm, and, respectively, d = 3 mm), on a dielectric holder. The left-handed 

characteristics of the free standing FeCuNbSiB - based metastructure have been studied using a X-band 

microwave guide connected to the emission-reception ports of a Vector Network Analyzer (VNA) in the 

frequency range 8.2 ÷ 12.4 GHz The left-handed characteristics of the metastructure were computed using the 

measured reflection and the transmission coefficients of the VNA, as imput terms for theoretical calculations 

the magnetic permeability, and of the dielectric permittivity, respectively, of the metastructures through the 

Nicolson-Ross-Weir (NRW) analytical method [4]. External d.c. magnetic fields, H, in the range of 0 to 32 

kA/m were applied parallel to the long axis of the microwires.  

Experimental results shown that in the absence of the external magnetic field, the metastructures with the 

inter-microwire distance of d = 1 mm present a microwave absorption window of about 2 GHz, while the 

metastructures with the inter-microwire distance of d = 3 mm present a microwave absorption window of about 

3 GHz. Both absorption windows have the central frequency at about 9.7 GHz. In the presence of the maximun 

magnetic field, the width of the absorption window is slightly increased with about 1 GHz and the central 

frequencies are shifted to higher frequencies with about 200 MHz for both type of metastructures. 

The negative values of the real term of the magnetic permeability, and of the dielectric permittivity, 

respectively, of the metastructures obtained by theoretical calculations through the NRW analytical method 

confirms the existence of left-handed behavior of the developed metastructures in the frequency range 8.2 ÷ 

12.4 GHz.  

The variation of the interwire distance proves to be a useful tool to obtain metastructures with suitable left-

handed characteristics for GHz applications. The properties of such metastructures are found dependent on 

their geometrical parameters and also on the intrinsic properties of the used microwires, offering flexibility for 

achieving different engineering requirements. 
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Since the discovery of all-optical switching (AOS) in rare-earth transition-metal (RE-TM) systems, these materials 

have been proposed to be used in future computational applications, e.g., as novel data storage devices [1]. Yet, the 

deterministic manipulation of the magnetization on the nanometer scale via ultra-short laser pulses remains a challenge 

[2, 3]. In this work, we explore the ability to modify the AOS property of GdFe thin films using He-ion irradiation with 

the aim to reduce the switching area down to the nanoscale. Using focused 30-kV He-ion irradiation allows us to modify 

the magnetic properties on spatial scales of ~10 nm without changing the film’s topography [4, 5].  

In agreement with literature [5], we find a reduction of the perpendicular magnetic anisotropy (PMA) after ion 

irradiation until the magnetizations turns fully in-plane for sufficiently high doses. In addition, we observe that the laser 

fluence range suitable for triggering AOS reduces in the ion-irradiated GdFe films and, finally, the AOS ability disappears 

above a composition-dependent dose threshold. Still, this threshold dose is insufficient to turn the magnetization in-plane.  

In our GdFe films, we create islands with 80 nm width by irradiating grid lines of square lattices with an He-ion dose 

which entirely quenches the PMA. The untreated magnetic islands are imaged using scanning X-ray microscopy (STXM) 

at the MAXYMUS beamline located at the BESSY II synchrotron-radiation source. In this microscope, photoexcitation 

is provided by a 1030-nm infrared laser with 10–15 ps pulse duration. While AOS is not supported by this pulse length, 

we demonstrate that heat assisted magnetization switching of individual islands can be achieved using ps laser pulses 

(Fig. (a)). Statistical analysis of magnetization patterns after several applied laser pulses indicates a spatial dependence 

of the islands’ switching behavior (cf. Fig. (b)) for which we account lateral material inhomogeneities as already reported 

by Liu et al. [3] on lengths scales of 80 nm and above. Further, we observe a clustering of islands with same magnetization 

direction supposedly to be a result of a transient coupling of the islands during laser-induced heating.  In conclusion, He-

ion patterning allows to create magnetic islands that can be addressed with laser excitation, providing a promising 

platform to achieve deterministic AOS on the nanoscale. 
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Figure: (a) Normalized out-of-plane magnetization pattern after applying a single ~15 ps laser pulse on a He-irradiated grid. (b) 

Averaged island out-of-plane magnetization for 20 applied laser pulses. Each square represents a single 80 nm island. All 

magnetization patterns are extracted from STXM data.

(b) (a) 

2 µm  
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 The relationship between the multipolar magnetic expansion of conical-helical (CH) magnetic textures 

stabilized by Dzyaloshinskii-Moriya interaction (DMI) and the magnetoelectric effect is theoretically 

investigated. These magnetic textures correspond to non-collinear magnetization orderings in the form of a 

spiral that can be useful to give rise to a magnetoelectric effect. Such CH textures are formed due to the 

competition between magnetic interactions such as dipolar, Zeeman, anisotropy, symmetric and antisymmetric 

exchange (or DMI) [1]. The textures are characterized by a pitch vector (𝑞) which defines the direction and 

period of the texture and by a cone angle (𝜃) that sets the inclination of the magnetization with respect to 𝑞. 

The physical system corresponds to a square ferromagnetic film of side 𝐿 and thickness 𝑑 where all the 

interaction previously mentioned are considered. On the other hand, the magnetoelectric effect corresponds to 

the coupling between the magnetic (ferroelectric) order with electric (magnetic) fields and has been reported 

in spiral-type magnetic structures [2-3]. This effect is modeled through the magnetoelectric tensor related to 

the magnetic multipolar expansion, which gives rise to monopolar, toroidal and quadrupole terms [3-4], where 

the toroidal moment is closely linked to the magnetoelectric response. Analytical results of these terms are 

presented as a function of the different types of DMI: bulk and interfacial. For instance, by reducing the bias 

field from saturation, one can go from zero toroidal moments for the uniform magnetization state to a nonzero 

toroidal moment when the conical-helix state is reached by reducing the field. The toroidal moment for the 

bulk case was found to have an oscillatory behavior concerning to the size of the system and is always zero 

when 𝐿 = 𝑛𝜆, where 𝐿 is the film side, 𝑛 is an integer, and λ is the period of the texture (Figure 1). These 

results pave the way to explore other types of textures and coupling with electric fields and their effect on 

magnetic order. 

Figure 1: Toroidal moments (x-component) 

for bulk DMI as a function of the system size 

(𝐿) for: (a) Three magnetization cone angles 

for a fixed DMI constant (D), pitch vector (𝑞) 

and texture period (𝜆). For 𝜃 = 0 (saturated 

state) the toroidal moment is zero. (b) Three 

values of the DMI constant, which changes 

the modulus of the pitch vector and the 

texture periods which phase shift between 

curves. The other components (y, z) are zero 

for the bulk case. 
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The exchange-bias (EB) effect is most commonly observed in ferromagnetic/antiferromagnetic (FM/AFM) 

bilayers, after cooling down below the blocking temperature of the antiferromagnet in the presence of an 

external magnetic field and the exchange coupling to the ferromagnet. The effect was discovered by Meiklejohn 

and Bean in 1956 in CoO/Co nanoparticles and has become an essential ingredient of spin valve giant 

magnetoresistance (GMR) and tunnelling magnetoresistance (TMR) devices [1-3]. The effect is based on the 

presence of uncompensated spins of the AFM at the FM/AFM interface which couple to the FM spins. More 

advanced models consider the formation of interfacial domain walls (iDW) in the FM or AFM layer [4-5]. 

Exchange bias effects have also been observed in ferrimagnetic/ferromagnetic (FI/FM) and FI/FI bilayers [6-

9]. For example, TbFe/[Co/Pt]N heterostructures have been shown to exhibit exchange bias of up to 8 kOe [9]. 

Amorphous sputtered TbFe thin films have been intensively studied due to their extraordinary magnetic 

properties such as high magnetostriction and the existence of a compensation temperature for certain 

compositions [10]. Sputtered thin films of TbFe show perpendicular magnetic anisotropy (PMA) at 

compositions around 25 at% of Tb and 75 at% of Fe [11]. More recently studies of TbFe have focussed on its 

applications in spintronic devices [12-13]. [Co/Pt]N multilayers show PMA for Co layers thinner than 14Å 

[14]. Therefore, TbFe /[Co/Pt]N multilayers can potentially replace the traditional FM/AFM pinned layer of a 

GMR or TMR device. The PMA of the heterostructure would be beneficial for realization of perpendicular 

GMR and TMR devices which are potentially packed more densely than traditional GMR and TMR devices 

with in-plane magnetic anisotropy [3,15].  

A related but less studied system are TbFe/[Co/Pd]N heterostructures. [Co/Pd]N layers show PMA for Co 

layers thinner than 8Å [14]. We present investigations of the interfacial exchange coupling in the 

TbFe/[Co/Pd]N system for different TbFe compositions and varying thickness of FI and FM layers. The 

heterostructures were prepared by DC magnetron sputtering from elemental targets onto Si(001) wafers in an 

UHV chamber. The TbFe alloy was prepared by co-sputtering from elemental targets. The chemical 

composition of the films was measured using EDX in a Zeiss Leo 1550 SEM. The microstructure was 

characterized by X-ray diffraction. The interfacial exchange interaction and the magnetization reversal 

processes are studied by characterizing the heterostructures using vibrating sample magnetometry (VSM), 

polar-MOKE, and vector-MOKE methods. 
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Ferrimagnetic iron garnets are promising materials for various applications, such as magneto-optical (MO) 

isolators, spintronic and spin wave devices. Terbium iron garnet grows on (111) gadolinium gallium garnet 

substrate under compressive strain, that induces perpendicular magnetic anisotropy (PMA), which is a desired 

property for various applications. The performance of particular device based on this material usually depends 

on the thickness of the layer. However, the desired PMA may not be retained in the whole layer above certain 

thicknesses [1].  

To determine the state of the strain in the 264 nm thick TbIG layer, we measured spectral dependence of 

polar MO Kerr effect (MOKE) hysteresis loops in the range from 1.4 to 4.5 eV. The measurement showed, that 

the hysteresis loops are composed of two contributions (Fig. 1) in the whole spectral range, which represent 

the PMA bottom layer, and top layer with relaxed strain. Using the Yeh formalism [2] [3], we obtained the 

spectral dependence of the off-diagonal elements of permitivity tensor from the saturated state at a magentic 

field of 1 T. Subsequently, using Yeh formalism again, we separately calculated the magneto-optical response 

of the strained and relaxed layers (Fig. 2). By matching the position of the spectral peaks, we estimated the 

thicknesses of the strained and relaxed layers to be 160 nm and 104 nm, respectively. The strain relaxation was 

further confirmed by the X-ray reciprocal space mapping (RSM) measurement (Fig. 3). The results show that 

the strain relaxation in thicker TbIG films may cause a magnetic anisotropy separation and field dependent 

MOKE spectroscopy is a robust and sensitive technique for probing the quality of the films. 
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Figure 1: MOKE hysteris 

loop modelledof 264 nm 

TbIG modeled as a sum of 

two hysteresis loops of a 

strained and relaxed layers. 

Figure 2: MOKE spectra of 

the strained and relaxed 

layers and modeled spectra 

using Yeh formalism. 

Figure 3: RSM measurement 

showing a film strain relaxation. 
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Nanostructured multiferroic thin films constructed by combining magnetostrictive and piezoelectric 

materials have attracted much scientific and technological interest [1, 2]. In addition to possessing 

ferroelectricity and ferromagnetism in each individual phase, they are shown to exhibit stress-mediated 

coupling between their magnetic and electric properties, called the magnetoelectric effect. Nevertheless, the 

dynamical magnetic-electric properties have been poorly explored in nanoscopic bilayer magnetostrictive-

piezoelectric composite systems. Also, their integration into current silicon technology would further increase 

their applicability. Barium titanate (BaTiO3 - BTO) is a ferroelectric material with good piezoelectric, 

pyroelectric, and electro-optical properties. Cobalt ferrite (CoFe2O4 - CFO) presents a high magnetocrystalline 

anisotropy and magnetostriction, making it suitable for application in magnetoelectric composite thin films. 

Here, bilayer composite thin films, composed of a BaTiO3 layer deposited over a CoFe2O4 film, have been 

prepared by laser ablation on highly doped conductive Si (001) substrates. Their structural, dielectric, and 

magnetic properties were characterized. The X-ray diffraction and Raman spectroscopy measurements 

performed at room temperature show the presence of the tetragonal ferroelectric structure of BaTiO3 and the 

cubic spinel structure of CoFe2O4. The SEM micrographs show dense films, with cobalt ferrite and barium 

titanate layer thicknesses in the range of 80 nm and 150 – 470 nm for CoFe2O4 and BaTiO3, respectively. Their 

dielectric properties were characterized by impedance spectroscopy. The magnetic properties were measured 

using a SQUID magnetometer. A thickness and interfacial strain-dependent magnetization behaviour was 

observed. To obtain the relaxation times and activation energies, the electrical permittivity was fitted, using 

appropriate models for the behaviour of the polarization and including a conductivity contribution. As such, 

here, the magnetic and dielectric behaviour of the films will be discussed and presented. 
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Figure: Temperature-dependent hysteresis loops measured in the CoFe2O4\BaTiO3 bilayer thin film with layer thicknesses of 80 and 

150 nm, respectively.
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Using external electric fields allows controlling the interfacial Dzyaloshinskii-Moriya interaction (DMI), 

which opens the way to the realization of spintronic devices with a tuneable DMI. In addition, the 

magnetocrystalline anisotropy energy (MAE) changes as function of electric field intensity. Graphene (Gr) on 

ferromagnetic/heavy metals (FM/HM) structures has been proposed for the exploration of novel spin-orbitronic 

devices as they possess a perpendicular magnetic anisotropy (MA) as well as a sizeable DMI. Experiments 

reveal that DMI at the Gr/Co interface compensates the spin-orbit coupling induced DMI at the Co/HM 

interface [1]. Hence, these structures are susceptible to electric fields.  

Here, we study the influence of electric fields on Gr/Co/HM structures by using density functional theory 

(DFT) as implemented in the FLEUR-code [2]. Sandwiching Gr/Co/HM(111) films with different FM and HM 

thickness between two electrodes of opposite polarity, self-consistent spin-spiral calculations were performed 

with these boundary conditions shown schematically in the figure below. The spin-orbit effects were 

considered in first order perturbation theory for the DMI and self-consistently for the MAE. We analyse the 

influence of the polar oxide BeO on Gr/Co/Pt(111) film within the electric field. We find that the external field 

gives us control of of spin-orbit induced quantities, in particular variations of the DMI up to 30% can be 

achieved. 
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Nanocrystalline and amorphous magnetic materials [1] due to their soft magnetic properties, are critical 

elements in key technologies e.g. sensor and transformer cores, magnetic shielding and EMI suppression. 

Thermal treatments are standard protocols applied in these materials for improving their magnetic properties. 

However, these thermal treatments can also degrade their magnetic response due to the modification of their 

structure, i.e. crystallization, generation and precipitation of different phases. The degradation of their magnetic 

properties is evidenced by the substantial modification of their hysteresis loops. These changes may include a 

reduction of the magnetization and increasing of the coercive field. Nevertheless, the hysteresis loops provide 

limited qualitative information about the nature of the modifications. First Order Reversal Curves (FORC) 

technique that provides valuable information about the type and intensity of the magnetic interactions and, thus 

complementary data about the nature of the magnetic phases of the material [2],[3]. 

In this work we have measured and analysed first magnetization curves, hysteresis loops and FORC of joule 

annealed (Ar atmosphere) nanocrystalline Vitroperm (Fe73.5Si15.5B7Nb3Cu1) [4] and laser annealed Metglass 

2826MB (Fe40Ni38Mo4B18) [5] ribbons. Some of the obtained FORC diagrams are shown in the Figure 1. 

Depending on the applied annealing conditions Vitroperm FORC diagram show interactions compatible with 

the precipitation of FeSi and complex intermetallic phases [4]. For laser annealed Metglass sample, its FORC 

diagram exhibit a pseudo-single domain distribution pointing-out the crystallization of the material. 
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Figure: FORC distributions of: a) 7 A, 60 s in 10 mbar Ar atmosphere Vitroperm b) 7 A, 60 s in 20 mbar Ar atmosphere Vitroperm 

c) laser annealed Metglass
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Thermomechanical processing by high pressure torsion (HPT), a severe plastic deformation method, allows 

the successful synthesis of novel bulk nanocomposites consisting of FeNi-NiO or Ni-NiO. Such phase 

combinations, where FeNi or Ni is used as ferromagnetic phase and NiO as antiferromagnetic phase, have been 

predominantly studied in thin films to investigate the magnetic phenomenon of exchange bias (Heb). The origin 

of Heb is related to a coupling of spins over the phase interface between the ferromagnetic and 

antiferromagnetic phases, whereas the achieved Heb depends strongly on the FM phase dimensions with a Heb 

~1/x behaviour. As a consequence, the phenomenon of Heb is limited to the nanometre regime and vanishes 

for too large ferromagnetic phase dimensions [1,2].  

HPT deformation at elevated temperatures (thermomechanical processing) proved to be the key to obtaining 

homogeneous bulk nanocomposites. Additionally, the influence of prior ball milling (BM) was studied. X-ray 

diffraction investigations detected nanocrystalline grain size of the ferromagnetic and antiferromagnetic 

phases. The obtained bulk nanocomposites extend the magnetic characterisation of Heb from 2D to 3D 

structures and allow an insight in this novel permanent magnetic material. A tailoring of the Heb was 

demonstrated for the Fe10Ni40NiO50 composition through the application of strain. The steady increase of Heb 

with applied strain was correlated to the evolving microstructure The influence of NiO content on the 

deformation process was analysed for the Ni-NiO combination. A strong dependence of the microstructure and 

magnetic properties on the NiO content could be confirmed, reaching a maximum for the Ni50NiO50 

composition (Fig. 1). 
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Figure 1: a) Microstructure for various Ni-NiO nanocomposites at similar applied strain. b) Schematic of  a HPT half disc. Regions 

of measurements are highlighted. c) Magnetic hysteresis loops of the nanocomposites depicted in a).
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The studies of glass-coated magnetic microwires fabricated by the Taylor-Ulitovsky [1] technique has 

attracted much attention due to their cheap fabrication costs and excellent soft magnetic properties. These 

properties include the appearance of the giant magnetoimpedance effect GMI, high magnetic field sensibility, 

magnetic bistability and fast domain wall propagation potentially suitable for the development of the robust 

magnetic memories and a strong dependence of magnetic properties on  applied stress. The magnetic properties 

of this microwires family is strongly related to the internal stresses distribution due to the fabrication technique 

involving rapid melt quenching, producing internal stresses within the metallic core, the glass-coating and the 

interface between them. This interactions along with applied stresses and relaxations generated by annealing 

has been proved to affect significantly the domain structure and magnetic anisotropy and the magnetostriction 

coefficient 𝜆𝑠 of glass-coated microwires. Accordingly, the tunability of magnetic properties makes glass-

coated magnetic microwires a perfect candidate for their integration in health monitorization devices for 

structures under high applied stresses. 

In this work we studied the variation in the value of 𝜆𝑠  in as-prepared and annealed at different temperatures 

Co-rich (𝜆𝑠~0) and Fe-rich (𝜆𝑠 > 0) [2] microwires with applied stress. This is done by measuring the 

coercitive field Hc while applying longitudinal stress and the λs–value by Small-angle magnetization rotation 

method in several samples previously annealed at different temperatures. 
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Figure: Coercitive field evolution with applied stress of a) a Co-rich microwire (𝑑𝑐𝑜𝑟𝑒 = 17.5 𝜇𝑚, 𝐷𝑤𝑖𝑟𝑒 = 22.2 𝜇𝑚) b) and Fe-rich 

microwire (𝑑𝑐𝑜𝑟𝑒 = 15.9 𝜇𝑚, 𝐷𝑤𝑖𝑟𝑒 = 24.5 𝜇𝑚).
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We have studied the interplay between the microstructural and magnetic properties of rapidly solidified 

Pr2Fe17 and Nd2Fe17 melt-spun ribbons. XRD analyses confirm that the main phase in samples exhibits the 

rhombohedral Th2Zn17-type crystalline structure [1], which coexists with a small amount of impurity α-Fe 

phase (~ 1-4 % wt.). SEM and HRTEM analyses reveal that the Pr2Fe17 and Nd2Fe17 ribbons are composed by 

nanograins, with mean sizes of 15 and 13 nm, agglomerated to form averaged in size nanoparticles of 70 and 

40 nm, respectively. Nanocrystallites are surrounded by a poorly crystalline intergranular phase which causes 

the presence of two successive magnetic transitions in the low-field thermomagnetic M(T) curves at 290, 323 

K and 326, 350 K for Pr2Fe17 and Nd2Fe17 ribbons, respectively. The temperature of the low temperature 

transition corresponds with the reported for bulk 2:17 crystalline phases, according to previous studies [2], 

while the higher temperature transitions are related to the poorly crystalline phases. This phase separation at 

the nanoscale, which is indicative of a significant atomic disorder, is also responsible for the broadening in the 

temperature region of the second-order ferro-to-paramagnetic transition. The latter, causes a remarkable 

increase of the full-width at the half-maximum of the magnetic entropy change curve ∆SM(T), in comparison 

with the reported for bulk alloys [3], which becomes table-like in shape (see Fig.1). 
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Figure 1. ∆SM(T) curves for magnetic field changes of 2 and 5 T for Pr2Fe17 and Nd2Fe17 melt-spun ribbons. 
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Magnetic thin films of FeCo alloy with a thickness of about 1 nm are currently being used in spintronic devices, such 

as magnetic tunnel junctions and spin valves [1,2]. In this work,  we present the experimental and computational results 

for Fe0.75Co0.25 films in the thickness range from zero to two nanometers, surrounded by gold layers. We found a strong 

contribution of surface magnetic anisotropy to effective magnetic anisotropy in the Au/Fe0.75Co0.25/Au system. Although 

the saturation magnetization of the Fe0.75Co0.25 alloy is one of the largest known, the surface contribution to the magnetic 

anisotropy is strong enough to overcome the shape magnetic anisotropy, as we observed a rectangular hysteresis loop in 

the out-of-plane configuration. The theoretical model developed within the framework of density functional theory allows 

for a 1:1 atomic scale representation of the considered FeCo layer thickness range and an unambiguous representation of 

its chemical composition [3]. Based on the calculations, we determined the details of the geometry of the system, 

magnetic moments, magnetocrystalline anisotropy energies, the thickness ranges of the occurrence of perpendicular 

magnetic anisotropy, as well as the effect of film thickness and the presence of a substrate and cap layers on the direction 

of the magnetization easy axis. Calculations reveal an irregular oscillatory dependence of magnetic anisotropy with a 

change in FeCo layer thickness every single atomic monolayer starting from one monolayer, nevertheless averaging over 

several thickness values leads to a close to linear dependence of magnetic anisotropy on thickness similar to the 

experimental results, see Figure 1. Although extrapolation of the calculation result also suggests a transition to 

perpendicular magnetic anisotropy for the thinnest layers, the theoretical relationship is shifted downward, most likely 

due to the infinitely periodic character of the model (no shape anisotropy).  

Figure 1: (a, b) The experimental and calculated dependence of the product of effective magnetic anisotropy constant and film 

thickness (Keff t) on film thickness (t) for the Fe0.75Co0.25 thin films. (c) The exemplary computational model of Au/Fe0.75Co0.25/Au 

heterostructure with about 2 nm thickness of FeCo central layer. 
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Magnetoelectric (ME) materials have received much attention in recent years for their fundamental 

properties and application potential. The ME effect describes the coupling between ferro- or antiferromagnetic 

order with dielectric or ferroelectric polarization in solids. The research interest has focused overwhelmingly 

on the control of the magnetization by electric fields [1]. By comparison, much less work has been devoted to 

the inverse ME effect, especially at the nanoscale. In our work, we combine piezoelectric and magnetostrictive 

or piezomagnetic materials (layers), in which the ME coupling occurs indirectly via stress and voltages can be 

generated as a response to magnetization changes. 

Among magnetostrictive phases, CoFe2O4 (CFO) stands out because of its high magnetostrictionas well as 

a finite piezomagnetic coefficient [2]. For ME applications, we have combined CFO with Ba-substituted PZT 

[(Ba0.1Pb0.9)(Zr0.52Ti0.48)O3] (BPZT) as the piezoelectric material in bilayers with nm thickness. The bilayer 

stacks have been deposited by pulsed laser deposition (PLD) on (1 1 1)-oriented Pt (70nm) bottom electrode 

(BE) and Si/SiO2 (400nm) substrates. Chemical mechanical polishing (CMP) was performed to reduce the 

BPZT roughness by an order of magnitude to < 1nm [F. Luciano et al. (2023) - unpublished]. Subsequently, 

50 nm thick CFO was deposited on both as deposited (AD) BPZT and after CMP. The properties of CFO on 

BPZT were then compared to CFO deposited directly on a Pt BE. The deposition parameters have been 

controlled to obtain optimized crystalline structure, magnetic properties, and stoichiometry. 

Vibrating sample magnetometry analysis has been used to access the hysteresis loop and to measure the 

saturation magnetization (Ms) [Fig. 1a] for all CFO layers (AD BPZT, on CMPed BPZT, on Pt). Values of 

MsAD = 80KA/m, MsCMP = 65KA/m, and MsPt =125KA/m, were obtained. The lower saturation magnetization 

for CFO on BPZT can be linked to the (poly)crystalline structure of CFO as measured by x-ray diffraction 

analysis [Fig. 1b]. The results show that CFO deposited on Pt follows the same (1 1 1) orientation of the BE, 

which is not the case on BPZT. Further optimization is ongoing to improve the CFO quality on BPZT, e.g. by 

using (oxide) interlayers to improve crystallinity. Additionally, an compositional depth profiling by time-of-

flight secondary ion mass spectrometry of CFO/BPZT bilayer and x-ray photoelectron spectroscopy found 

negligible intermixing of CFO and BPZT and indicated that the layers had the expected stoichiometry. The 

analysis of ferroelectric and piezoelectric properties of the BPZT layer after CFO deposition showed no 

deterioration, rendering this stack a good candidate to assess the (inverse) ME coupling. 
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Figure 1: Magnetic hysteresis loop (M-H) (a) and XRD spectrum  (b) of CoFe2O4 deposited on BPZT and Pt 
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The presence of two magnetic sublattices in ferrimagnetic RE-TM films (RE-rare earth, e.g., Tb, TM - 

transition metal, e.g., Co) allows the magnetic properties to be tuned by changes to their composition (e.g. 

magnetization, coercivity, as well as compensation and Curie temperatures). Here, we demonstrate that the 

addition of a Co underlayer constitutes a convenient method to manipulate magnetic properties of Tb-Co 

alloy films.  

This talk describes studies of several Co/Tb-Co bilayer systems deposited by magnetron sputtering. The Tb-

Co alloy layers were prepared with mutually perpendicular gradients of Tb concentration (16 ≤ cTb ≤ 59 at. 

%) and thickness (3 ≤ talloy ≤ 10 nm) as described in Ref. [1]. The Co thicknesses (tCo) were kept uniform (tCo 

= 0.5, 1.0, 2.0, 4.0 nm). The magnetic characterization of samples was performed using PMOKE 

magnetometry. 

The measurements were used to determine the range of parameters (tCo, talloy, cTb) for which this system has 

Perpendicular Magnetic Anisotropy and exhibit simultaneous magnetization reversal of the Co and the alloy 

layers. We demonstrate that the switching fields of the bilayers can be tailored by appropriate choice of tCo. 

The addition of the Co underlayer shifts the concentration for which the Tb and Co sublattices in the alloy are 

compensated at room temperature towards higher cTb. Surprisingly, at higher cTb, a second transition point 

occurs where the Co sublattice dominates. This transition is found for cTb ⪎ 40% , for which we expected 

that Tb-Co layers are paramagnetic at room temperature [2]. To understand this type of transition we 

performed atomistic simulations on Vampire [3]. These simulations show that, in Co/Tb-Co bilayers, a small 

part of the Tb-Co layer exhibits spontaneous magnetization close to the Co/Tb-Co interface. This indicates 

that the newly observed transition results from the spin polarization of the paramagnetic Tb-Co layer because 

of a proximity effect which causes the system to behaves as a ferrimagnet with Co domination.  
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In metallic ferromagnets, the exchange interaction shapes both their magnetic and electron-transport 

properties. Late developments in computational physics [1, 2] have attempted to expand on the earlier 

modelling [3, 4] of such phenomena, but incomplete understanding and characterization of the complex 

interplay between the electron and magnetic systems makes progress difficult. In our study we take an 

experimental approach to these problems by combining two different temperature dependent measurements in 

single-crystalline MgO/Fe1−xVx/MgO thin films: spectroscopy of exchange spin wave modes through 

broadband ferromagnetic resonance (FMR) and magnetoresistance measurements at high magnetic fields.  

For the first experiment [Figure 1 (a)], we build upon the characterization of MgO/Fe/MgO films [5] to 

probe inhomogeneous magnetization dynamics and extract the spin-wave exchange stiffness D as a function 

of temperature (5K-400K). We observe that D follows a polynomial law ([Figure 1(c)]) that agrees well with 

a model of magnon mass renormalization produced by both electron and magnon interactions, as expected in 

itinerant ferromagnets.  

The second experiment [Figure 1 (b)] measures the longitudinal magnetoresistance as function of applied 

magnetic field and temperature (300-400K). We observe a decrease of the resistivity due to the reduction of 

the magnon magnetoresistance component by the application of large magnetic fields [6]. We fit this 

magnetoresistance with a model that takes into account the exchange mediated electron-magnon scattering [3]. 

From this analysis, we also estimate D as a function of temperature, and we observe that it has a different 

temperature dependence compared ([Figure 1(c)]) to our result from magnetization dynamics. 

Finally, we argue that our former result is a more accurate description of the spin-wave exchange stiffness 

of the system. We ascribe the disagreement between the two results to the crudeness of our transport model. 

We suggest that this could be improved using temperature dependent exchange coupling constants Jij(T) 

between the i, j=s, d electron bands. 

 
Figure 1: a) Broadband FMR spectra for a 20nm thick Fe94V6 film at 300 K. b) Longitudinal magnetoresistance as a function of 

applied magnetic field and temperature. c) Extracted spin-wave exchange stiffness as function of temperature. 
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Among magnetic materials near equiatomic FeRh alloys, with their temperature driven antiferromagnetic 

(AF) to ferromagnetic (FM) hysteretic transition near room temperature were studied long ago in bulk form. 

In the recent years they have aroused a renewed interest as thin films with particular focus on their AF nature 

at room temperature, the electrical detection of their magnetic state, and their giant magneto-caloric effect 

(MCE) [1]. FeRh is also a good candidate to investigate laser-assisted transient or irreversible phase transition. 

Most experiments have used ultrashort excitation/detection schemes either all optical [2], or with optical pump 

and X-rays or photoemission probe [3]. However, at short time scale electron, spin and phonon dynamics are 

entangled whereas at much longer timescale (µs range) only thermal effects are at play.  

We investigate the AF-FM transition using a modulated reflectance experiment [4], taking advantage of the 

4% reflectivity difference between the AF and FM phases. In the optical microscopy setup the pump beam 

(532 nm laser with square modulation at 100 kHz) and the probe beam (488 nm laser) are focused on the same 

spot. Two components (at f0=0 (CW) and f1=100 kHz) of the reflected probe are detected while the temperature 

is scanned across the transition. The f0 reflectance shows the modification of the hysteresis cycle with 

increasing pump power. The average transition temperature shifts by 2.2°C per mW of pump power (Fig.(a)), 

consistently with the thermal conductivities of the two phases, which are determined in this work, while the 

hysteresis loop shape is strongly affected. Under pump heating the nucleation of the FM phase occurs at lower 

temperature whereas the FM-to-AF transition is hardly affected (Fig.(a)). At about 4 mW of pump power 

hysteresis reduces, and eventually disappears, which is not the result of irreversible damage since removing 

the pump restores the initial cycle. This on-demand suppression of the hysteresis while maintaining the AF and 

FM reflectance (hence the magnetization in the FM phase) might be of great use for magneto-calorics. The f1 

signal varies linearly with pump power in the in pure FM and AF phases where it can be ascribed to 

thermoreflectance only (dashed curves in (c,e)). In the mixed AF-FM phase it shows a strongly non-linear 

behavior with pump power. We show that it is consistent with breathing FM domains at the modulation 

frequency. The AF-FM domain wall velocity, smaller than 1 m/s, can then be estimated, which opens new 

insight for the yet little investigated AF-FM interfaces. 
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Figure: (a) Transition and nucleation temperatures, f0 

(b,d) and f1 (c,e) reflectance and fits for different pump 

powers 
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FeRh is a room-temperature antiferromagnet (AF) which undergoes a spectacular first order transition to a 

ferromagnetic (FM) state, with a large 0.7 % volume increase. Discovered almost 90 years ago, it is generating 

renewed interest for spintronics and magnetocaloric energy-harvesting applications, but also for fundamental 

studies of laser-triggered phase changes [1]. Films are generally grown over lattice-matched non-piezoelectric 

substrates (MgO and Al2O3), and more rarely on piezoelectric but brittle  materials (PZT or PMN-PT), an 

interesting approach to control the magnetic phase via static strain [2].  Here we show that we can grow FeRh 

over a piezoelectric substrate, GaAs, with which we excite Rayleigh surface acoustic waves (SAWs). 

Combined with the good static and dynamic magnetic properties of the polycrystalline FeRh layer deposited, 

this new system is appealing to excite ferromagnetic resonance remotely using magnetoacoustics [3]. 

Using magnetron sputtering, we grow FeRh(270nm)/Ta(100nm)/GaAs(001) films using a graded 

composition approach (Fig. a). This yields in a single growth a series of samples of varying Rh concentration 

(#1->5 in Fig. b), among which a few will always present the right Fe/Rh stoichiometry for room-temperature 

AF behavior, independently of the history of the target. Using optical microscopy [4], we show that AF and 

FM domains coexist on a very small scale, below our ~µm microscopy resolution. Static hysteresis cycles show 

a coercivity close to that encountered in epitaxial MgO, with a similar increase upon cooling down from the 

FM to the mixed AF/FM phase. Ferromagnetic resonance evidences a very weak magnetic anisotropy, fairly 

large linewidths, and a hysteretic low-field microwave absorption often found in thick metallic compounds. 

Finally, we deposit transducers on either side of a FeRh/GaAs mesa in order to excite SAWs (Fig. c). Their 

group velocity is measured by the transit time  of the acoustic signal transmitted through the FeRh. The 

average dispersion Vg versus fSAW is reproduced decently by calculations based on elastic constants determined 

by anharmonic phonon DFT calculations (Fig. d), but not relative values of velocities in the AF and FM phases. 
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Figures: (a-

b) A piece of Rh on a Fe target faces a non-rotating sample holder, inducing a gradient of Rh concentration (samples #1->5) 

from which an evolution from FM to AF room-temperature behaviour is obtained (dashed line in VSM magnetometry curves in 

b). (c) Interdigitated transducers excited by a pulsed rf signal generate SAWs. The velocity is estimated in the AF and FM phases 

by measuring the delay of the acoustic signal with respect to the electromagnetic (EM) leak signal,  and compared to calculations 

using first-principles-determined elastic constants of FeRh.
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Currently, the permanent magnet market is dominated by Nd-Fe-B based magnets, which are critically 

dependent on the rare earth elements Nd / Pr / Dy / Tb. At the same time there is a significant imbalance in the 

rare earth element market due to the fact that while Nd and Pr represented 75% of the REE market value, they 

represented only 20% of the volume. On the other hand, La and Ce represented around 70% of the volume but 

only 8% of the value [1]. Therefore, due to the high price and low supply of Nd, many researchers have tried 

to replace it using low-priced rare earth metals such as Ce or La [2, 3]. On the other hand, the extraction and 

separation of rare earths are processes that lead to environmental pollution [4]. Replacing of Nd, by Misch-

metal (MM), can lead to a balanced use of rare earth elements, reduce the price of the magnet,  and reduce 

environmental pollution. However, the total replacement of Nd with MM leads to the degradation of Curie 

temperature (Tc), saturation magnetization (Ms), coercivity (Hc) and as a result the energy product (BH)max 

of MM-Fe-B alloys, which still remains superior to hard ferrites, making of these alloys a potential candidate 

for filling the energy gap between ferrites and NdFeB type magnets. But of course there are continuous 

concerns about improving their magnetic properties. 

In this work, we report the effect of Fe substitution by medium-high melting point elements such as Si, Ti, 

and Ta on the hard magnetic properties of MM16Fe76-xCo2MxB6 ribbons, where M= Si, Ti, Ta, and 0<x<2. The 

structure, magnetic properties, exchange interactions and phase transition temperatures of annealed MM16Fe76-

xCo2MxB6 ribbons were investigated methodically. It is found that the addition of a critical amount of: (i) Si, 

has the effect of refining the microstructure, decreasing the lattice constants of the 2:14:1 phase increasing the 

anisotropy field and exchange interaction between Fe atoms, resulting in improved coercivity, remanence, and 

the Curie temperature, (ii) Ti, increases the coercivity by suppressing the formation of the α-Fe phase, inhibiting 

grain growth and forming pinning centers, however, at the same time the remanence decreases slightly, (iii) 

Ta, refines the grains and reduces the volume fraction of non-magnetic phases, as a result the coercivity, 

remanence and (BH)max) of the alloys are improved, however the Curie temperature remains unchanged. The 

saturation magnetization decreased for all types of additions used in this study.  

The optimized magnetic properties of: (i) coercivity Hc=8.7 kOe, remanence magnetization Mr=81 emu/g, 

(BH)max= 12.33 MGOe and Curie temperature Tc= 254 ºC were obtained for the MM16Fe75Co2Si1B6 ribbons,  

(ii) coercivity Hc=9.8 kOe, remanence magnetization Mr=72 emu/g and (BH)max= 10.23 MGOe were obtained 

for the MM16Fe74.5Co2Ti1.5B6 ribbons, and  (iii) coercivity Hc=9.1 kOe, remanence magnetization Mr=83 

emu/g and (BH)max= 12.84 MGOe were obtained for the MM16Fe75.4Co2Ta0.6B6 ribbons. This work shows that 

the magnetic properties of MM-FeCo-M-B alloys can be improved by optimizing the addition element (M) 

content. 
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We report here the direct imaging of the magnetic response of a 4.8 nm La0.9Ba0.1MnO3 film to the voltage 

applied across a 5 nm BaTiO3 film in a BaTiO3/La0.9Ba0.1MnO3 multiferroic heterostructure using x-ray 

photoemission electron microscopy (XPEEM). The samples were grown by molecular beam epitaxy and are 

found to be atomically smooth, as determined by reflection high energy electron diffraction (RHEED) and 

atomic force microscopy. Specifically, we have written square ferroelectric patterns on the BaTiO3 layer with 

an atomic force microscope in contact mode by applying a voltage to the tip ranging between -8 V and +8V 

and measured the change in magnetic contrast through the X-ray circular dichroic effect imaged at the Mn L-

edge with high spatial lateral resolution using XPEEM. We find an increase in the magnetic contrast when 

going from negative to positive writing voltages, as shown in Fig. 1 for measurements taken at 80 K, consistent 

with the presence of a magnetoelectric effect through changes in the hole carrier density. Temperature 

dependent measurements show a decrease in the Curie temperature in the areas where positive voltage above 

+7 V was applied corresponding to hole depletion state, in agreement with our expectations. The magnetic 

contrast of  the written areas are also compared with SQUID magnetometry results, showing the typical 

behaviour of accumulation and depletion state of manganite for the two  polarization of the BaTiO3. Our results 

are the first direct imaging of magnetoelectric coupling in such multiferroic heterostructure. 
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Figure1: XMCD images collected at 80 K at Mn L3 (left) and L2 edge (right), showing inversed magnetic contrast as expected 

because of the opposite sign of the XMCD for the two edges. The black squares to the top left image are damaged areas (applied 

voltage of -7, -8 V), while the grey ones marked by a red dotted square correspond to applied voltages of +8 and +7 V.
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The increasingly wide range of applications for rare earth permanent magnets (REPMs) has a direct 

influence on the growing global market of REPMs [1]. At present, strong research activity is thus focused on 

finding viable alternatives to rare earth (RE) elements -based permanent magnets, [2] which can allow their 

replacement at least in those applications where high performances are not strictly required. 

To balance the utilization of RE resources and develop Misch Metal (MM) -Fe -B permanent magnets with 

a high performance/cost ratio, the role of the effect of Hf addition on the microstructure, magnetic properties, 

and thermal stability of MM14Fe80–xHfxB6 (x=0–3.0) ribbons melt-spun and annealed was investigated. It has 

been confirmed that the hard magnetic properties of MM-Fe-B magnets can be effectively enhanced by the 

addition of Hf. Magnetic characterization using a vibrating sample magnetometer (VSM) showed that the 

addition of nonmagnetic Hf had a significant role in improving the magnetic properties at room temperature. 

The coercivity Hc of the optimally processed ribbons increased monotonically  with increasing Hf content, 

from 3.85 kOe for x=0 to 5.7 kOe for x=3.0. Unlike the coercivity, the remanence Mr increased first with Hf 

addition, from 25 emu/g up to 37 emu/g at x=1.5, and then decreased with further Hf addition. The maximum 

energy product (BH)max behaved similarly, increasing from 6.5 MOe to a maximum of 7.45 MOe at x=2. 

Structural and morphological studies using X-ray powder diffraction (XRD) and scanning electron microscopy 

(SEM) had shown a significant microstructure refinement with Hf addition. The grain refinement and 

microstructure uniformity are essential for improving the magnetic properties of MM14Fe80–xHfxB6 alloy. This 

paper may shed light on the further development of MM-based magnets and offer a feasible way for using rare 

earth resources efficiently. 
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In this work, monocrystalline Fe-Co based ferromagnetic alloys have been obtained as powders using the 

mechanical alloying technique. Fe-Co based alloys can be used in actuators, transformer cores and sensors 

amongst other possible applications. These alloys are also candidates to be used in soft-hard composites to 

develop spring magnets. However, general applications usually require the formation of nanocrystalline 

structures within the alloy as this will improve their soft magnetic behavior [1]. 

The morphology of the Fe-Co based powders obtained by mechanical alloying was analyzed by scanning 

electron microscopy, and the composition was determined by using the energy dispersive X-ray spectroscopy 

detector. The studied samples were prepared using milling times from 10 to 50 h, both without and with the 

addition of cyclohexane as a process control agent. It was observed a reduction in the particle size by increasing 

the milling time, being the process more efficient when using cyclohexane (i.e., both the mean particle size and 

the particle size distribution were further reduced for the same milling time). For a milling time of 50 h the 

mean particle size was 1-2 µm (using cyclohexane) and in the range between 5-15 µm (with no cyclohexane). 

For all the samples a composition of Fe65Co35 was confirmed.  

The magnetic analysis of the Fe-Co based alloys has been performed by vibrating sample magnetometry. 

Its magnetically soft behavior at room temperature has been verified in hysteresis cycle measurements. The 

saturation magnetization (Ms) values are in the 208-230 A·m2·kg-1 interval and the coercivity (Hc) in the 50-

80·10-4 T range. 

Concerning the microstructure, the X-ray diffraction patterns analysis confirms the formation of a 

nanocrystalline Fe-rich bcc solid solution. The thermal analysis (differential scanning calorimetry) show broad 

exothermal processes beginning at about 200 ºC linked to the structural relaxation of the microstrain induced 

during milling. At high tamperatures (~575ºC) an exothermic peak appears, corresponding to the crystalline 

growth of the nanocrystalline phase. These results are comparable to those obtained in previous studies for Fe-

Co-Nb based [2] and Finemet-like [3] alloys. 
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Mn-Al alloys with Mn content between 50 and 60 at.% and the minor addition of a third element (e.g., C, 

Ni or Tb) are promising candidates for technological applications due to their interesting combination of 

magnetic properties, mechanical strength and resistance to corrosion [1,2]. The only ferromagnetic phase of 

the Mn-Al system is the -phase, which together with an optimized content of other phases (i.e., β-phase and 

Mn3AlC carbides), tuned grain size and induced strain allow for obtaining tailored magnetic properties [2-4].  

In this work, Mn-Al alloys have been produced by mechanical alloying (as powders) and by melt-spinning 

(as ribbons). Mechanical alloying favors the formation of a nanostructured crystalline phase with a high density 

of crystallographic defects as dislocations. Meanwhile, melt-spinning allows for the production of amorphous 

alloys. In order to obtain Mn-Al-based alloys with an optimized crystallographic structure, it is required a 

subsequent thermal treatment, being one option the  heating up to 1000 – 1100 ºC, followed by quenching and, 

finally an annealing at 500 – 550 ºC. The parameters of the thermal treatments carried out in the Mn-Al system 

play a key role for obtaining the desired crystallographic phases in the resulting material. The cooling rate is 

crucial as quenching with a fast cooling rate originates the formation of the -phase, intermediate quenching 

rate the formation of the -MnAl phase, and a slow cooling rate promotes the decomposition of the metastable 

-phase into the more stable phases such as the β- and γ2-phases, originating multiphase samples.  

Calorimetric mesaurements (by differential scanning calorimetry) confirms that Mn-Al alloys with Co, V 

or C addition show on heating the formation of the desired -phase, at temperatures close to 500 ºC. It has been 

also found that an exothermic process appears at lower temperatures, indicating the previous formation of the 

intermediate and metastable ’-phase. The optimization of the processing conditions (for both mechanical 

alloying and melt-spinning) and the compositions is under development. The approach consisting in using the 

proposed scalable fabrication tecniques opens a new path for the preparation of novel Mn-Al-based alloys with 

tailored magnetic properties. 
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Materials with antiferromagnetic exchange have been extensively studied due to their potential applications 

in spintronics and related industry. As utilization of compensated antiferromagnets poses a challenge due to 

their low interaction with external magnetic fields, ferrimagnetic materials utilize the advantages of both 

ferromagnets and antiferromagnets and stand a bridging point for both material classes. It has been shown that 

rare earth-transition metal ferrimagnets in forms of thin films and multilayers can be of importance in the field 

of magneto-optical recording, as all-optical switching was observed in such systems (e.g. GdFeCo and CoTb) 

[1, 2]. Studying and optimizing the material parameters of ferrimagnetic multilayer systems is therefore an 

interesting topic with application potential. One of the advantages of materials with antiferromagnetic coupling 

is the higher frequency of magnetic resonance, which can lead to faster magnetic response in devices [3]. 

Ferrimagnets consisting of several elements in the form of compound or individually coupled layers exhibit 

the so-called magnetic compensation temperature. As the magnetic moments in the individual sublattices have 

different thermo-magnetic dependence, the net magnetisation of the system is strongly temperature dependent 

and exhibits a point of zero net magnetic moment. This temperature is called the magnetization compensation 

temperature TMC. The effect of magnetic imprinting was shown in the vicinity of TMC and therefore studying 

the physical effects (e.g. domain wall velocity) at that temperature is of interest [4]. It has been shown that the 

compensation temperature is dependent on the material composition and the level of intermixing of elements 

in a compound material [5]. Our previous investigation (unpublished data at the date of submission) has 

revealed that the magnetic parameters in a multilayer system of Pt/Co can be affected by introducing a buffer 

layer which changed the interface roughness. The coercivity of the multilayer was modified proportionally to 

the roughness without changing the saturation magnetization. Therefore, we concluded that the buffer layer 

can be used to prepare a material with desired coercivity.  

Here, we present results on introducing the same buffer layer to a Co/Tb multilayer system. While the 

different thicknesses of the Au buffer layer result in a different interface roughness, the magnetization 

compensation temperature of Au(y = 0-20 nm)/Pt(5)/[Co(0.7)/Tb(x = 0.6-1.0 nm)]×6/Au(5) model system is 

shifted. Higher interface roughness results in a higher compensation temperature with good correlation. 

Therefore, the conclude that interface engineering can be used to prepare ferrimagnetic multilayer materials 

with desired magnetic parameters for further development of devices. 
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Figure 1. Left: Schematic of the investigated multilayer system. Right: Magnetization compensation temperature TMC in dependence 

on Tb layer thickness and the thickness of the Au buffer layer.
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Ultrathin films of the hole-doped perovskite manganite La2/3Sr1/3MnO3 (LSMO) attract interest due to 

their unique combination of physical properties. LSMO is ferromagnetic at room temperature (TC = 370 K [1]), 

it exhibits colossal magnetoresistance [2], and is almost fully spin polarized [3], which makes it an auspicious 

candidate for novel applications in the field of spintronics. 

In this poster presentation we demonstrate the possibility of growing textured LSMO thin films on Si 

substrates using pulsed laser deposition. Their magneto-optical and optical properties are comparable to high 

quality epitaxial layers on bulk SrTiO3 (STO). Successful growth of LSMO on (100) Si substrate is achieved 

via two-dimensional nanosheet (NS) seed layer of Ca2Nb3O10 (CNO), which induces epitaxial stabilization of 

the layers. Investigated samples on NS exhibit larger Curie temperature and lower magnetic moment than the 

samples on STO with same thickness. This indicates almost full strain relaxation, since the strain induces 

suppression of TC, and was confirmed by XRD measurements. 

Optical and magneto-optical properties of the samples are presented along with the spectral 

dependencies of the full permittivity tensor deduced from the measurements. Optical response of the LSMO/NS 

layers is comparable to epitaxial layers, indicating similar electronic structure and therefore confirms fully 

developed perovskite structure. The thickness dependent spectra of magneto-optical polar Kerr rotation at room 

temperature in the field of 1T can be seen in the figure 1. Since magneto-optical phenomena are very sensitive 

to magnetic moment, electronic structure and interfaces, the thickness-dependent measurements allowed us to 

investigate subtle changes in the permittivity as a result of the onset and evolution of magnetic order in ultrathin 

layers of this material. 
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Figure 1: Polar magneto-optical Kerr rotation spectra of textured LSMO thin films with varying thicknesses on silicon with a 

CNO seed layer.
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Electrodeposited nanowires (NWs) are quickly emerging as a useful platform for the development of 

multiple applications, going from next-generation information technologies or sensors [1] to nanocomposite 

magnetic materials profiting from the complementary properties of the coexisting phases. In all of these use 

cases, a proper understanding of the magnetization reversal processes and the magnetic interactions between 

the NWs is needed (e.g., to optimize memory writing in NWs-based magnetic memories or to enhance the 

magnetic performance of multifunctional materials under operation conditions).  

In this work, FeNi NWs with a well-controlled mean diameter of 40 nm and a different Fe:Ni ratio were 

synthesized by electrodeposition into nanoporous anodized aluminum oxide membranes (see inset in Fig. 1b). 

The goal of this study was to assess the magnetization reversal mode and the magnetic interactions between 

adjacent NWs in an array configuration, in order to gain an in-deep understanding of the magnetic phenomena 

controlling the behavior of these systems. For this purpose, a combined experimental and modelling approach 

(Fig. 1a) has been developed based in previous results [2] . It was found that all the arrays of FeNi NWs under 

study follow a magnetization reversal process dominated by transverse domain wall reversal. Additionally, 

evidence was found for the enhancement of magnetostatic interactions between the NWs as the Fe content 

increased. To advance further in the understanding of these magnetic interactions, First-Order Reversal Curve  

(FORC) analysis was carried out. Enlarged magnetic interactions between the NWs with increasing the Fe 

content was confirmed by FORC, thus allowing to establish analogies with well-known magnetic systems. In 

particular, the FORC diagram obtained for the Fe0.24Ni0.76 NWs (Fig. 1b) shows limited interactions and similar 

characteristics to that of comercial magnetic memories [3], while the diagram for the Fe0.80Ni0.20 NWs (Fig. 

1c) shows the same configuration as those corresponding to highly-interacting magnetic systems [4].  
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Figure 1: a) Angular coercivity measurements and model fits for the array of Fe0.24Ni0.76 NWs; FORC diagrams for b) the array of 

Fe0.24Ni0.76 NWs and c) the the array of Fe0.80Ni0.20 NWs. Inset in a) shows a scheme of the applied magnetic field (H) with an angle 

(θ) to the NWs longitudinal axis. Inset in b) shows a cross-section SEM image of the FeNi NWs embedded in the alumina membrane.
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Abstract: Ferromagnetic shape memory alloys (FSMAs) are mostly off-stoichiometric Heusler type metals 

that have attracted attention due to their potential in applications as giant magnetic field induced strain effect 

(MFIS), which is linked to the reorientation of the martensitic microstructure. Rapid solidification of these 

alloys via melt-spinning allows to obtain homogeneous, chemically ordered and single phase polycrystalline 

ribbons of FSMAs [1]. In this work, Ni49.8Mn28.5-xGa21.7(Fe, Co)x melt-spun ribbons were prepared by melt-

spinning technique. The effect of the substitution of Mn by additions of Fe (1 at.%) and Co (1.5 and 2 at.%) on 

the crystal structure, microstructure and magnetic properties of heat treated ribbons was studied. Melt-spun 

ribbons were heat-treated at 1313 K and cooled at different rates. The crystalline phases and the microstructure 

of the rapidly and slow-cooled ribbons were analyzed by X-ray diffraction patterns and SEM-EDX, 

respectively. Thermomagnetic measurements at different applied magnetic fields were recorded using a 

vibrating sample magnetometer. These results evidenced an ideal microstructure for MFIS applications. 

 

Keywords:NiMnGa Heusler alloys, Ferromagnetic shape memory alloy, melt spun ribbons, magnetic field 

induced strain 
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Mn4N has an fcc Mn structure with N in the body center interstitial position. It is a ferrimagnet with a non-

collinear spin structure. The two Mn sublattices (1a corner sites and 3c face center sites) couple anti-

ferromagnetically but unequal and opposite net sublattice magnetisations yield a resultant along the [111] 

direction in bulk form. The 3c moments have components at 120° to each other in the (111) plane [1]. When 

grown as a thin film on a (100) MgO substrate, Mn4N adopts a (001) orientation with a small tetragonal 

distortion (c/a=0.99) and exhibits perpendicular magnetic anisotropy [2]. Y. He et al. [3] proposed a possible 

magnetic structure based on the known spin arrangements of bulk Mn3ZN compounds, considering appropriate 

exchange interactions between different Mn sites. The material has potential for ferrimagnetic spintronics. 

The properties of Mn4N films depend sensitively on the deposition parameters, including substrate 

temperature, sputtering gas and chamber pressure. Our Mn4N films were deposited on (100) MgO substrates 

by RF reactive magnetron sputtering at 440°C in a 1:20 N2:Ar atmosphere. The structure of the films is 

particularly sensitive to the growth pressure. Figure 1 (a) shows a section of the XRD patterns of films grown 

at 2 mTorr and 10 mTorr with the (002) Mn4N peaks indicated. The out-of-plane c-parameters are 3.852 and 

3.863 Å respectively. In the 2 mTorr films we observed an impurity phase with 2θ close to 40.4° which is 

absent in the 10 mTorr films and associated with the (002) peak of MnO. The top right insert shows how this 

peak disappears as chamber pressure increases. The insert in the bottom right shows how the variation in c of 

the Mn4N films is not linear with pressure. Crystallite sizes in the 2 mTorr and 10 mTorr films were determined 

as 23.7 and 14.4 nm from the Scherrer formula.  

The purer 10 mTorr films show smaller saturation magnetisation and higher coercivity compared to the 2 

mTorr films. Figure 1 (b) shows that they have lower remanence and the hysteresis loop measured by SQUID 

is wasp-waisted but that measured by anomalous Hall effect (AHE), intriguingly, is not, Fig. 1 (c). Furthermore 

the loop becomes increasingly wasp-waisted when the substrate is tilted with respect to the applied field. An 

explanation of these interesting results in terms of the domain state magnetisation will be presented.  
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Magnetic tunnel junction (MTJ) based memories have seen a tremendous effort the last 10 years to bring 

them into production. Since 2019, spin transfer torque (STT) magnetic random access memory (MRAM) is in 

volume production at major foundries [1]. While this is in many aspects an important milestone for magnetic 

memories, this first applications is somewhat limited to embedded flash replacement at Nxx node. The R&D 

focus is currently shifting towards enabling MRAM as a (partial) last level cache (LLC) replacement 

specification. This is expected to make full use of MRAM’s advantage: high endurance, CMOS voltage 

compatibility at advanced nodes and high read/write speeed.  

Key to achieving LLC functionality are a high read/write speed well below 5ns, an ‘unlimited’ endurance 

while keeping switching current low and a high bit-density. Here as well STT devices are a potential candidate 

as being the most mature, but more advanced concepts such as spin orbit torque (SOT) MRAM or even voltage 

controlled (VC) MRAM display significant advantage in terms of write speed and/or power compared to STT. 

Over the last 5 years, we have made several advances in demonstrating SOT-MRAM functionality on 300mm 

integrated platform. Despite the progress, there remains several challenges along the way. 

In this presentation, we will review the state-of-the-art of MRAM technologies and position them from an 

application standpoint. We will also review the key challenges that remains ahead, drawing a particular 

emphasis at where fundamental progress and understanding remains to be achieved. 
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Conventional electronics relies on deterministic operation of computing hardware and stochastic behavior 

is attempted to be reduced as low as possible. Contrary to this perception, in 1981, R. P. Feynmann gave a 

suggestion of unconventional computing paradigm in which probabilistic behavior of physical system is 

effectively used in computing hardware, so-called the probabilistic computing [1]. Probabilistic bit (p-bit) is a 

fundamental unit of the probabilistic computer and stochastic magnetic tunnel junction is proposed to be used 

as a promising ingredient for the p-bit [2].  

In this talk, I will show some proof-of-concepts of the spintronic probabilistic computers and describe how 

the computer can be constructed from the stochastic magnetic tunnel junction and how it solves 

computationally hard problems [3-5]. I will also discuss the physics governing the probabilistic behavior of the 

stochastic magnetic tunnel junction and strategy to develop the devices for high-performance probabilistic 

computers [6-10]. 
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Spintronic phenomena could potentially lead to devices with lower energy consumption than current 

electronics, but in order to make this technology more competitive, a faster reversal of the magnetic cell should 

be achieved. Current spintronics devices are based upon the utilization of spin-transfer torque [1,2], but the 

switching speed of this mechanism is limited by an incubation time and the maximum current density 

applicable before the breakdown of the device. On the other hand, spin-orbit torque (SOT) offers a substantial 

improvement in terms of speed and also a low energy consumption [3]. SOT has been studied thoroughly down 

to the ns scale and somewhat at the sub-ns scale [3], but the ps scale remains to this day largely unexplored 

[4,5], and the mechanisms at play during reversal are still unclear. Here we show the SOT switching of various 

ferromagnetic and ferrimagnetic materials induced by picosecond pulses (see MOKE images of GdCo 

switching due to single ps pulses in Figure 1), along with the first critical current and energy characterization 

done at this time scale. 

 

References 

[1] D J. C. Slonczewski, Journal of Magnetism and Magnetic Materials 159, L1–L7 (1996). 

[2] L. Berger, Phys. Rev. B 54, 9353–9358 (1996). 

[3] Grimaldi et al., Nature Nanotechnology 15, 111-117 (2020) 

[4] K. Jhuria et al., Nature Electronics 3, 680–686 (2020) 

[5] Debanjan et al., under submission 

 

 
Figure 1: Switching of a CoGd ferrimagnet by single 5-8 ps-wide SOT pulses for different configurations of current (I) and external 

in-plane magnetic field (Hx).
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All optical switching (AOS) of a magnetic tunnel junction provides an energy efficient way to enable writing 

at speeds 3 orders of magnitude faster than electrical alternative methods based on spin torque methods, 

providing a possible path for THz frequency memory operation. Using [Tb/Co] multilayers is particularly 

interesting, because their large perpendicular magnetic anisotropy would allow data retention at sub-20nm 

sizes, while integration into magnetic tunnel junction has already been proven. This work reports successful 

magnetization reversal driven by femtosecond light pulses on a [Tb/Co] based storage layer, on a perpendicular 

magnetic tunnel with a bottom reference electrode junction after patterning to sub-100nm lateral dimensions. 

It is possible to observe toggle switching between low and high resistance states, corresponding to parallel and 

anti-parallel alignment of the two electrodes, after each 50fs long laser pulse applied on the device. Nano-

fabricated MTJ devices have diameters down to 80nm with TMR values up to 74%. A systematic study of the 

switching probability is compared to AOS experiments on continuous films. It was possible to demonstrate 

that full amplitude and reliable toggle switching can be achieved for specific Tb and Co multilayer 

compositions, with a Tb thickness ranging from 0.6 to 0.9nm, and 1.2 to 1.5nm for Co. No external field is 

required for the reversal, however an in-plane field of ~20Oe or an out-of-plane field of ~50Oe is sufficient to 

shift switching threshold fluences. Surprisingly, at film level for laser fluences higher than 11mJ/cm², 

concentric rings start appearing with opposite magnetic directions, indicating that a precessional reversal 

mechanism is taking place. Furthermore the fluences required to reverse and stabilize a given number of rings 

does not depend on the duration of the laser pulses investigated. Both these aspects are of great interest for the 

application as a large fluence operation window with high resilience to pulse length variability are expected. 

These results pave the way towards the development of a nanoscale ultra-fast and energy-efficient memory 

that exploits all-optically-switching. 

 

Figure: a) Top SEM view of the magnetic tunnel junction b) schematic illustration of All-optical “writing” 

and electrical reading of AOS-MTJ c) SEM image of an individual magnetic tunnel junction cell d) AOS field-

free toggle switching between P and AP states. 
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The spin-transfer-torque magnetic random-access memory is one of the most promising non-volatile memory 

technologies. In addition to non-volatility, it offers a quasi-infinite write endurance, high speed and moderate 

write power consumption. While holding a promise for high density, challenges in its fabrication towards very 

small nodes are acute, related to the need to define a hard mask with a large vertical aspect ratio [1, 2]. Starting 

from the definition of the hard-mask (HM), with a pillar etched using Reactive Ion Etching (RIE), to the Ion 

Beam Etching (IBE) to reach very small dimensions, the shape of the pillar has an impact on the magnetic and 

electrical properties of the MTJ. To reduce the diameter to values equal or below the ones from the EBL it is 

necessary to use IBE at a grazing angle to reduce the pillar diameter. As the stack is etched faster than the HM, 

eventually the base diameter can be smaller than the HM diameter, leading to faller or tilted pillars, limiting 

the device yield. In this work we present an alternative route to fabricate very small node magnetic tunnel 

junctions (MTJ), using a Pt hard mask electroplated inside nano-vias created with EBL. For this study, we use 

a typical MTJ stack SiO2 | Ta (22) | FeCoB(0.8) | Pt(8) | SyAF | W(0.2) | FeCoB(1) | MgO(1.25) | FeCoB(1.5) 

| W(2) | Ta(2) | Pt(5) (nominal thicknesses in nm), where the SyAF is composed of Co|Pt multilayers spaced 

by a thin 0.9 nm Ru layer. The RxA of the device is estimated using CIPT (current in-plane tunneling) to be 

around 8 Ω ⋅ μm 
2. On top of the stack, 2% PMMA is coated with a thickness of around 220 nm, in which nano-

vias with different nominal sizes are defined with EBL. Then, the Pt is electroplated within the vias above the 

Pt-capped MTJ stack which is used as electrode. Filling the vias with 100nm thick Pt pillars takes about 7 s 

(inset of Figure 1). After PMMA stripping, no significant increase in the vias diameter is observed (Figure 2). 

IBE then allows to achieve sub-20 nm diameter with large TMR values (Figure 2). We achieve 100% STT 

switching without applied magnetic field in these devices, confirming the viability of the electrodeposited Pt 

as a HM wih no aggressive trimming for the lateral downsizing of MTJ technology.  

 

 

Figure 1: SEM measurements after etching and 

light trimming of the MTJ. The inset shows the 

current density as a function of the deposition 

time.  

Figure 2: Dispersion of the electric diameter for 

each initial nominal diameter defined by EBL in 

the nano-via. Colormap shows the TMR of the 

fabricated device (from 50% to 130%). 
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The efficient generation of spin currents is critical to numerous low-energy electronic devices, including the 

attojoule logic gate and spin orbit torque magnetoresistive random access memory (SOT-MRAM). Efforts to 

identify materials that act as good spin current sources have focused primarily on crystalline systems. In this 

talk, it will be shown that amorphous materials are potential candidates to generate spin currents. First, the talk 

will examine the anomalous Hall angle (AHA) in a series of ferromagnetic amorphous transition metal thin 

films MxY1-x (M=Fe, Co; Y=Si, Ge; x=0.40-0.71). It will be shown that the AHA (=xy/xx) is as large as 5%, 

which is substantial even for crystalline systems. In the amorphous materials it was found that the AHA 

increases with increasing Hall conductivity (xy). This trend, which is opposite to that which occurs in 

crystalline systems, is attributed to low xx, while xy and M remain high. [1] The talk will then report 

observation of a large spin-orbit torque in an amorphous non-magnetic FexSi1-x/cobalt bilayer via spin-torque 

ferromagnetic resonance and harmonic Hall measurements. The origins of this SOT will be discussed. [2] 
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Reducing the zero-field offset is crucial for precise field measurements as a small offset allows for a higher 

amplification and less parasitic effects from temperature and mechanical stress. In this work we present a 

device that can be used to measure in-plane magnetic fields with an out of plane sensitive sensor and 

compensate the respective offsets. The device employs a modulated spin-orbit-torque (SOT) to reduce the 

offset. The sensor is sensitive to in-plane fields parallel to the bias current direction (Ixx in Fig. 1b). Depending 

on whether a positive or negative current is applied in the heavy metal layer (HM), the damping like spin-orbit 

torque results in a positive or negative Mz component of ferromagnetic layer (FM), respectively. This out of 

plane Mz component is proportional to the external B field (Bext) and it is measured via the anomalous Hall 

effect (Vxy). The signal is obtained by subtracting the measured Mz components of the two opposing current 

directions  (see Fig. 2). We are able to reproduce the observed characteristic with a single spin model in contrast 

to previous work, where out of plane polarization of the FM and domain wall motion was observed [1]. It is 

shown that bias fields applied orthogonal to the sensitive direction do not affect the offset or the sensitivity as 

long as they are smaller than the linear range of the sensor. 

 

Figure 1: Current induced SOT. a) The Hall cross consists of a ferro magnetic layer on top of a heavy metal layer. b) The SOT current 

(Ixx) induces a torque on the magnetization of the ferromagnetic layer which can be described by an dampinglike (BDL) and the 

fieldlike (BFL) effective field. 

 

 
Figure 2: a) Measurement of an external Bx field. a) Flipping the current direction changes the sign of the signal, but the offset stays 

the same. b) Simulation of the normalized z-magnetization (mz) with a single spin model. 
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Recent theories have shown that orbital moments play a pivotal role in current-induced effects in 

transitional-metal thin films [1-2]. In particular, electric currents in 3d elements can generate a substantial non-

equilibrium orbital accumulation that is comparable to or even larger than the spin accumulation caused by the 

spin Hall effect and the Rashba-Edelstein effect in 4d and 5d elements. The orbital accumulation can exert 

spin-orbit torques on ferromagnets and lead to magnetoresistance effects in multi-layered samples [3-5]. 

Here, we present room-temperature measurements of the orbital Hanle magnetoresistance in single Mn 

layers with variable thickness. We show that magnetic fields orthogonal to the orbital accumulation cause a 

modulation of the longitudinal and transverse resistances of the order of 6.5∙10-5 and 2∙10-5, respectively, which 

is comparable in magnitude to the spin Hall and Hanle magnetoresistance measured in Pt-based 

heterostructures [6]. The dependence of the Hanle magnetoresistance on the thickness of Mn and the magnetic 

field allows us to estimate an orbital relaxation time of 1.5 ps and a diffusion length of the order of 2 nm. In 

addition, the combination of a large Hanle magnetoresistance with a vanishingly-small spin Hall 

magnetoresistance in BiYIG/Mn confirms the orbital origin of the observed effects because orbital moments 

do not interact with the magnetization. 

Our findings reveal that current-induced orbital moments can be responsible for magnetoresistance effects 

as large as those determined by spin moments, and provide a tool to investigate the orbital physics. 
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Figure: Hanle magnetoresistance in single layers of Mn. Dependence of the longitudinal resistance of a Mn(9 nm) Hall bar device 

on a magnetic field oriented along three orthogonal directions; the electric current flows along x, and z is the direction normal to the 

sample plane.
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In the field of spin-orbitronics, recent works [1] demonstrated experimentally a significant magnetic torque 

in light elements which may be only explained by considering the occurrence of an orbital angular momentum 

current and then its conversion into spin current through spin-orbit coupling. Large orbital currents have been 

indeed predicted to be generated at interface between Cu and CuOx by orbital Rashba-Edelstein effect [2]. In 

this work, we quantify the current-induced torques by harmonic Hall voltage measurements on 

Co(2)/Pt(t)/Cu*(3) (Cu* corresponding to a naturally oxidized copper layer) and for comparison Co(2)/Pt(t), 

Co(2)/Pt(t)/AlOx(1). We extract the amplitude of damping-like torque exerted on the magnetization (see Fig. 

1a) in systems Co(2)/Pt(t)/Cu*(3) compared to the reference systems Co(2)/Pt(t) and Co(2)/Pt(t)/AlOx(1). In 

the system including a Cu/CuOx interface (namely Cu*(3)), we observe a noteworthy enhancement of the 

torque up to two fold for 4 nm Pt (Fig. 1a). Assuming an orbital current generation in the top Cu/CuOx interface, 

such an increase can be interpreted through the existence of a large orbital-to-spin conversion as well as a 

diffusion of the orbital current through the Pt layer. Then we further characterize the spin Hall 

magnetoresistance measurements (Fig. 1b) on Co(2)/Pt(t)/Cu*(3) as well as on Co(2)/Pt(t), with also an 

increase about a factor 2.  

Recently, similar behaviour showing an increase of the torque have been found in the case of an insulating 

garnet film covered by Pt/Cu* either using harmonic Hall measurement [3] or ferromagnetic resonance [4]. 

The Pt thickness for which the maximum of the torque stands is shifted compared to our Co/Pt/Cu*. To 

understand this difference, we have measured the Co thickness dependence of the effective torque in Co(t)/Pt(3-

4)/Cu*(3) in order to differentiate the orbital and spin currents thanks to their different critical length scales. 

Finally, we also characterize some pure orbital torque contribution in Co(t)/Cu*(3) as well as in spin-pumping 

measurements.  

 

Fig. 1: Pt thickness dependence of a) the normalized damping-like torque evaluated by harmonic Hall voltage measurements b) the 

spin Hall magnetoresistance. 
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The demand for faster, smaller and more power-efficient devices is increasing while conventional memories 

such as static random-access memory (SRAM) and dynamic RAM (DRAM) are reaching their scaling limits. 

Magnetic RAM (MRAM) is a non-volatile alternative which will be a next generation memory for consumer 

applications of spintronics. Spin orbit torque (SOT) MRAM is promising for high-speed (<1 ns) applications 

such as Last Level Cache memories. In SOT MRAM, a spin-polarised current is generated via the spin Hall 

effect in a heavy metal (HM). Diffusion of this spin current into a neighbouring magnetic free layer (FL) exerts 

a torque, reversing the layer’s magnetic orientation. The bottleneck for SOT MRAM is the write efficiency; 

spin polarisation is lost at the HM/FL interface. To increase this efficiency, a spin transparent metal oxide, such 

as NiO, CoO, Fe2O3 [1-3], can be added at the interface of the HM/FL. W. Lin et al. [3] have shown a 10 times 

increase in the spin current transport after introducing a 1 nm NiO layer. Furthermore, several studies have 

reported a decrease in the spin backflow and memory loss after an insertion of 10-20 Å of NiO at the HM/FL 

interface [4,5]. 

In this work, a thin (5-20 Å) NiO layer is added at a Pt(40 Å)/Co(10 Å) interface in order to study the effect 

on the damping-like (DL) SOT efficiency; the percentage of write current contributing to magnetic switching 

[4]. Additionally, a sample with a 200 Å NiO interlayer is included to investigate if antiferromagnetic ordering 

is required [3,5]. The magnetic tunnel junctions (MTJ) consists of a seed layer, Pt/NiO/Co and a capping layer 

and are deposited by magnetron sputtering. These are shown to be crystalline, as confirmed by transmission 

electron microscopy (TEM) (figure 1A). 

The magnetic properties were measured before and after annealing. After deposition, perpendicular 

magnetic anisotropy (PMA) is observerd only in the samples with 5 Å and 20 Å of NiO. After annealing for 5 

minutes at 350 °C, all samples have a PMA. This is seen to increase depending on the temperature, in addition 

to an increase in the Ms and Hc with respect to the reference, as shown in figure 1B. Figure 1C shows the DL 

SOT efficiency of the NiO samples as measured by the second harmonic method [6]. The efficiency depends 

on the NiO thickness, increasing from 6.5 % (no NiO) to 26 % (15 Å NiO, 350 °C anneal). This shows that 

NiO is a promising material to improve the write energy. In the full work, the reason for this improvement will 

be explored. 

 
 

Figure 1: A) TEM analysis of the MTJs with 15 Å NiO shows crystalline layers. B) The OOP hysteresis loops of the 15 Å NiO 

samples with different annealing temperatures and ‘Ref’ stands for the reference Pt/Co sample. C) The DL SOT efficiencies 

depending on the annealing temperatures and NiO thickness measured by the second harmonic method. 
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Since the discovery in 1996 by Beaurepaire et al. that a femtosecond laser pulse can quench the 

magnetization in nickel thin films within less than a picosecond [1], the field of femtomagnetism has attracted 

thriving interest. Ultrafast demagnetization, as one of the most key issues, has been the subject of intense 

research for more than twenty years. In the last decade, a new model based on superdiffusive spin transport has 

been mentioned, which couples the fields of ultrafast spin dynamics and stationary spin transport [2]. It has 

been demonstrated that laser excited spin-polarized hot electrons can transport angular momentum to 

neighboring FM layers, thus changing the orientation and magnitude of magnetization [3]. 

The discovery of synthetic antiferromagnetic (SAF) materials is well suited to explore the possible 

magnetization switching and their mechanisms by the laser excited spin-polarized hot electrons in an 

antiferromagnetic coupled system [4]. The SAF structure can switch the magnetization between parallel and 

antiparallel under the regulation of the external magnetic field. This unique structure serves as a promising 

approach for the designing of spin current-controlled spintronic devices. 

To uncover the effect of spin-polarized hot-electrons generated by laser excitation on magnetization 

switching in SAF, we have carried out a systematic study of a [Pt/Co]4/Ru/[Co/Pt]4 based SAF structure by 

using the time-resolved magneto-optical Kerr effect (TRMOKE). The optically induced changes in the 

magnetization of the sample were recorded by measuring the transient changes in the polar Kerr rotation. We 

have experimentally observed that the evidence of spin-polarized hot electrons will assist the magnetization 

switching of the lower ferromagnetic layer at low pump fluences of less than 1.60 mJ cm-2. This phenomenon 

highly depends on the relative orientation of magnetization between the layers. Additionally, the strong thermal 

stability of the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interaction effectively prevents further 

degradation of the switching field at pump fluence above 1.60 mJ cm-2.  

Our discovery provides fundamental insight into the effect of spin-polarized hot electrons on magnetization 

switching and is relevant for identifying the role of the interface in ultrafast spin dynamics. We demonstrated 

that it is possible to regulate the magnetization of the individual ferromagnetic layer in an antiferromagnetically 

coupled system in a controlled way by injecting photoexcited spin-polarized hot electrons. 

References 

[1] E. Beaurepaire, J. C. Merle, A. Daunois, J. Y. Bigot, Phys. Rev. Lett. 1996, 76, 4250. 

[2] M. Battiato, K. Carva, P. M. Oppeneer, Phys. Rev. Lett. 2010, 105,027203.  

[3] G. Malinowski, F. D. Longa, J. H. H. Rietjens, P. V. Paluskar, R. Huijink, H. J. M. Swagten, B. Koopmans, 

Nat. Phys. 2008, 4, 855. 

[4] R. A. Duine, K. J. Lee, S. S. P. Parkin, M. D. Stiles, Nat. Phys. 2018, 14, 217.



 
SYMPOSIUM 11. ORAL PRESENTATIONS 

Bulk and Interface Spin-Orbit Torques in Pt/Co/MgO Structures 
M.S. Gabor1*, T. Petrisor jr.1, M. Belmeguenai2, I.M. Miron3  

1 Centre for Superconductivity, Spintronics and Surface Science, Physics and Chemistry Department, 

Technical University of Cluj-Napoca, Str. Memorandumului, 400114 Cluj-Napoca, Romania 
2 LSPM–CNRS, UPR 3407, Université Sorbonne Paris Nord, F-93430 Villetaneuse, France 

3 SPINTEC, UMR-8191, CNRS/CEA/Université Grenoble Alpes, Grenoble, 38054 France 
*mihai.gabor@phys.utcluj.ro 

 

Spin-orbit torques (SOTs) are usually evidenced in heavy-metal (HM)/ferromagnetic (FM) bilayers, where 

an in-plane charge produces a spin accumulation at the HM/FM interface via Spin-Orbit Coupling (SOC). The 

spin accumulation gives rise to the Damping-Like (DL) and the Field-Like (FL) torques acting on the 

magnetization of the FM. They can switch the magnetization, induce magnetization precession or can lead to 

magnetic domain walls (DWs) or skyrmions motion in the FM layer [1]. Several works proposed different 

methods to engineer either the bulk of the HM or the FM/HM interface to increase the SOTs efficiency: from 

using resistive HMs to alloying or using insertion layers and spin sinks. One particularly attractive method to 

enhance the SOTs is to oxidize the HM/FM. The main advantage is that the Oxide/FM interfacial SOTs could 

be stronger than the HM induced one, while also consuming less power, due to the insulating oxide. Most of 

the published works to date report an increase of the 

SOT efficiency by oxidation [2], however there is an 

ongoing debate as some studies do not observe a clear 

improvement [3]. One of the main difficulties when 

quantifying the SOTs in such systems is that during 

the oxidation of the HM layer, the resistivity varies 

strongly and affects the current distribution within the 

stack. Moreover, the oxidation could affect the 

saturation magnetization of the FM layer leading to 

an overestimation of the SOTs strength. In order to 

avoid these limitations, in this work, we grow Pt 

(4nm)/Co (2m)/MgO (0-3.6 nm)/Pt (4 nm) stacks 

using ultrahigh vacuum e-beam evaporation, where 

the MgO layer forms a continuous wedge. The 

samples are patterned as Hall crosses using standard 

UV lithography technique. We evaluate the SOTs using the 

harmonic Hall voltage method. For a MgO film thickness 

above 0.4 nm the layer is continuous and the electrical resistance of the stack remains rather independent of 

the MgO layer thickness. Moreover, the saturation magnetization of the Co layer is only slightly affected by 

increasing the MgO layer thickness and, thus, the availability of oxygen at the Co interface. However, we 

observe a strong variation of the surface magnetic anisotropy, as expected, since it is well known that the 

surface anisotropy is highly sensitive to the Co layer interfacial oxidation. The surface magnetic anisotropy 

corelates well with the FL torque, which also shows a strong variation with MgO layer thickness as the oxygen 

present at the interface affects the Rashba field at this interface. The DL torque is rather insensitive to MgO 

layer thickness, suggesting that the Spin Hall Effect in the HM layer is its main origin. The effective 

Dzyaloshinskii-Moriya interaction (DMI) shows a similar trend, indicating that the Pt/Co interface is the most 

important source of DMI (Fig.1).  
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Fig.1: SOTs efficiency and effective DMI constant as a 

function of the MgO layer thickness. 



 
SYMPOSIUM 11. ORAL PRESENTATIONS 

Temperature-dependent quantification of spin-orbit-torques for 

Ta/CoFeB/MgO interfaces at low and high current regime 
J. Salazar-Mejía1*, S. Koraltan1, C. Abert1, P. Flauger1, M Agrawal2, S. Zeilinger1 , A. Satz3 , C. Schmitt4 , G. 

Jakob4 , R. Gupta4 , M. Kläui4 , H. Brückl5 , S. Güttinger3 and D. Suess1  
1) University of Vienna, Faculty of Physics, Physics of Functional Materials, Vienna, Austria 

2) Infineon Technologies AG, Am Campeon 1-15, 85579 Neubiberg, Germany 
3) Infineon Technologies Austria, Siemensstrasse 2, Villach, Austria 

4) Institute of Physics, Johannes Gutenberg-University Mainz, 55128 Mainz, Germany 
5) Universität für Weiterbilding Krems, Department für Integrierte Sensorsysteme, 2070 Wiener 

Neustadt, Austria 
*joshua.salazar@univie.ac.at 

 

Spin-current manipulation in spintronic devices has demonstrated tremendous potential for technological 

improvement of nowadays traditional electronic devices. Devices based on ferromagnet/heavy metal (FM/HM) interfaces 

and Spin-Orbit Torque (SOT) effects are deeply studied for sensing applications [1]. Due to the high spin-orbit coupling 

of the heavy metal in such interfaces, current-induced SOTs can be employed to produce changes in the magnetization 

direction of the FM layer. The changes in the magnetization are used to produce a sensor readout depending on the 

external field applied [2].  
To adequately describe the magnetization dynamics of the FM/HM interfaces under study, the current-induced torques 

need to be properly quantified. Within different ranges of current densities applied on the studied devices, the current-

induced Joule heating causes the temperature to change. At different temperatures, the material parameters that describe 

the system, such as saturation magnetization and/or effective anisotropy, change and thus SOT effective fields are not 

linear w.r.t current density anymore. 
To quantify the SOT coefficients as adimensional constants, adequate material parameters are needed to be 

characterized for different temperatures, to afterwards perform the SOT coefficients extraction correctly. Different 

methods are employed to measure the SOT coefficients, longitudinal and transversal (w.r.t to the current direction) field 

sweeps for out-of-plane configurations [3], and rotational field sweeps along the film plane for in-plane configurations 

[4]. In this work, we show the results from comparing those two extraction methods for a range of current densities where 

the saturation magnetization and anisotropy field show significant change. Hence, the extracted SOT coefficients are 

extracted using temperature-dependent material parameters to adequately describe constant behavior with respect to the 

current density applied. 
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Figure 1: Extracted SOT coefficients under different ranges of current densities. The subfigure a) show the external field sweep 

direction, red arrows, required for the Hayashi method. Subfigure b) depicts the extracted coefficients from voltage harmonics 

measurements from a FM/HM interface with CoFeB thickness of 1 nm, where the gray background represents the current density 

regimes where the device is in OOP configuration.  Subfigure c) is a schematic of the external field sweep direction, green disk for 

the Dutta extraction method.
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Spin-orbit interaction (SOI) at metallic interfaces with broken inversion symmetry [1] has been recently the 

center of spintronic research because it enables fast and efficient magnetization dynamics for spin-based 

memory (e.g. SOT-MRAM), skyrmion and neuromorphic devices. Indeed, the dynamics of magnetization in 

spintronics devices is mainly controlled by the efficient spin-orbit torques (SOT) exerted by the generated out-

of-equilibrium transverse angular momentum like played by the spin currents. Two main mechanisms i.e. (a) 

spin Hall effect (SHE) in heavy metals such as Pt, Ta and (b) spin or orbital Rashba effect (REE) at interfaces 

may thus contribute leading to a damping-like (DL) and a field-like (FL) torque [2]. More recently, the 

occurrence of orbital Hall and Rashba effects in devices integrating light elements were also shown to generate 

torque or to enhance the already existing SOT in well engineered stack and heterostructures [3-4].  

In order to tackle these fundamental issues and provide some routes for improvement of SOT-based devices, 

we demonstrate here how the insertion of a light metal element interface profoundly affects with a strong 

benefit both the nature of spin-orbit torque and its efficiency in terms of damping-like and field-like effective 

fields acting on a very adjacent thin Co layer.  We will more focus on the case of  Pt/Co/Al/Pt systems with 

variable thicknesses integrating a top Co/Al interface [5]. We show how the insertion of a Co/Al interface leads 

to a huge enhancement, by about one order of magnitude, of the FL torque upon the increase of the Al thickness 

up  to 3 nm. By varying the Al and Pt thicknesses, we undoubtedly demonstrate the occurrence of a large 

Rashba interaction at metallic Co/Al interface that we will discuss in terms of spin vs. orbital Rashba 

interactions. On the other hand, from the variation of the torque vs. the Co thickness at the very low thickness 

limit (tCo varying from 0.55 to 1.4 nm) [Fig.1], we extract the main parameters governing the transverse spin-

dissipation related to the spin-precession and spin-decoherence and discuss the ensemble of those phenomena 

that we correlate to the respective spin-Hall magnetoresistance (SMR) and anomalous Hall effect (AHE) 

response. 
 

References  

[1]  A. Soumyanarayanan, N. Reyren, A. Fert, and C. Panagopoulos, Nature 539, 509–517, 2016. 

[2]  A. Manchon et al., Rev. Mod. Phys., 91, 3, 2019 
[3]  J. Kim, D. Go, H. Tsai, D. Jo, K. Kondou, H.-W. Lee, and Y. Otani, Phys. Rev. B 103, L020407, 2021 

[4] S. Ding et al., Phys. Rev. Lett. 125, 177201 

[5] S. Krishnia et al., “Large interfacial Rashba interaction and giant spin-orbit torques in atomically thin metallic 

heterostructures,”  http://arxiv.org/abs/2205.08486 

 

Fig. 1. Co layer thickness dependence of (a) DL-SOT field and (b) FL-like SOT fields 

multiplied by Co thickness for 1011 A/m2 current density in Pt in Pt8|Co (tCo)|Al1.4|Pt3 

(red circles) and Pt8|Co(tCo)|Cu1.4|Pt3 (blue triangles) samples (c) ζ = HFL/HDL as a 

function of tCo. The dashed lines are fits with the theoretical model. 
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A primarily aim for spintronics is to develop spin-based devices in bulk Si substrates to enhance the 

functionalities of CMOS-compatible circuits without altering the electronics supply chain. However, due to 

the weak spin-orbit coupling, the manipulation of the spin degree of freedom of carriers directly inside Si is a 

difficult task if one excludes the application of energy-consuming magnetic fields [1]. Here, we present an 

alternative method that takes advantage of the Si spin-transport features to accomplish electrical control of 

spin-dependent output signals by modulating the spin current rather than the spin itself. 

We created a non-local architecture for spin current generation, modulation and detection in lightly n-doped 

(𝑁d ≈ 1 × 1015 cm-3) bulk Si at room temperature. Spin-polarized electrons are injected by means of optical 

orientation technique exploiting phonon-mediated transitions allowed by dipole selection rules at the Si indirect 

gap [2]. The generation of in-plane spin polarized electrons is obtained by illuminating the edges of Pt stripes 

deposited onto the Si substrate [3]. Spin currents are detected by means of the Inverse Spin Hall Effect that 

mediates spin-to-charge conversion inside a Pt stripe that is electrically contacted. The output signal consists 

in the voltage drop Δ𝑉 across this Pt detector measured in an open circuit condition. We demonstrate that spin-

polarized electrons can be driven by an in-plane electric field that fosters or hinders spin diffusion. Electric 

fields up to 35 V/cm are investigated (applied voltage 𝑉 up to 7.5 V). As a result, we verify that the ISHE 

voltage drop can be electrically manipulated to have high or low output values. 

The spin diffusion length 𝐿s and the spin transport length 𝐿s,t (typical distance travelled by spin-polarized 

electrons before depolarizing under the application of external electric fields) are estimated by fitting the Δ𝑉 

profile peaks within a 1D spin transport model (see Fig. 1(a)) [4]. We observe an increase (decrease) of about 

a factor 3 of the spin transport length with respect to the diffusion length when the electric field is antiparallel 

(parallel) to the electron diffusion velocity and fosters (hampers) spin diffusion (see Fig. 1(b)). The result is in 

good agreement with the 1D spin drift-diffusion model proposed in Ref. [5]. Finally, we observe that the output 

ISHE voltage drop can be electrically-driven between two well-defined logic states when the spins are injected 

at a distance larger than 𝐿s (Fig. 1(c)), revealing that our architecture essentially acts as a spintronic logic gate. 
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Figure 1. (a) ISHE signal 𝛥𝑉 (dots) measured as a function of 

the distance x between the spin injection point and the ISHE 

detector. The dashed line represents an exponential fit that 

provides an estimate of the spin diffusion length 𝐿𝑠. (b) Spin 

transport length 𝐿𝑠,𝑡 (see text) as a function of the electric field 

E. (c) ISHE signal 𝛥𝑉 as a function of the applied bias V for 

spin generation at a distance 𝑥 = 2𝐿𝑠 from the Pt detector. The 

light power on the sample is 7 µW. The spot is diffraction 

limited and is obtained with a 0.7 numerical aperture 

microscope objective. 
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The realization of magnetization switching induced by in-plane current injection in heavy metal/ferromagnetic 

heterostructures has drawn increasing attention to spin-orbitronics, leading to the advent of spin-orbit torques 

magnetoresistive random access memories (SOT-MRAM). Oxide 2D electron gases (2DEG) have emerged as alternative 

spin-orbitronics systems, which benefit from an efficient spin-charge interconversion through the Rashba-Edelstein 

effects. Recently, we have demonstrated an enhancement of the spin-to-charge conversion efficiency by two orders of 

magnitude in SrTiO3-based 2DEG compared to conventional heavy metals [1], along with a non-volatile electric-control 

of the spin-to-charge conversion [2]. While the sign and efficiency of the SOTs are fixed by the stack in conventional 

SOT devices, achieving an electric-control of the charge-to-spin conversion would be of great interest for developing 

reconfigurable SOT-MRAMs.  

Here we report electric-control of SOTs with electrical remanence in a perpendicular ferromagnet-SrTiO3 system. 

Non-volatile electric-control of the sheet resistance is achieved with 1150% contrast, and two switchable remanent 

resistivity states of the 2DEG.  SOT effective fields are further measured using second harmonic Hall methods. A 

remanent electric-control of the SOT efficiency is demonstrated, with sign inversion of the anti-damping-like effective 

field. These results are consistent with a combination of both intrinsic modulation of the SOT efficiency together with 

extrinsic modulation due to the non-volatile electric-control of the current injection in the 2DEG. The non-volatile control 

of the SOT effective field is evidenced by reproducible inversion of the SOTs after initializing with voltage pulses of 

±130 V (applied across the 500 µm SrTiO3 substrate), opening the way to reconfigurable SOT memories and logic-gate 

architectures. 
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Figure 1. (a) Structure of the sample and measurement geometry. (b) Electric-field control of spin orbit torques with electrical 

remanence.
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The power consumption of information and communication technology is constantly increasing and on the 

verge of becoming unbearable. A thrilling solution towards atto-joule beyond-CMOS devices was outlined by 

Intel in an avantgarde scientific work [1], which proposed to use the combination of spin polarization and 

collective phenomena (e.g. ferroelectricity and ferromagnetism) for the development of non-volatile logic 

capable to eventually reach the atto-joule regime. Nonetheless, as recently demonstrated [2], the performance 

of available materials are far from being satisfying. 

In the quest for ultralow power devices, ferroelectric Rashba semiconductors (FERSC) stand out, as they 

can provide non-volatility, voltage-based control and spin-based processing capability within the very same 

material. Indeed, we demonstrated an intrinsic coupling between the ferroelectric polarization and the spin-to-

charge current conversion mediated by giant Rashba effect in epitaxial GeTe(111) films [3]. This may enable 

information storing and reading in one single semiconductor endowed with silicon compatibility.  

To meet the requirements of applications (e.g. switching voltages below 1 V, low power consumption, …), 

it is important to provide a way to tune some of the properties of the material to a certain extent. Here we show 

that by alloying GeTe [4] and SnTe [5], it is possible to tune both the ferroelectric and the Rashba properties 

of the ternary compound GexSn(1-x)Te. The addition of Sn weakens the ferroelectricity with respect to pure 

GeTe, in turn, lowering the voltage (and therefore the energy) required to switch the ferroelectric polarization 

(see Fig. 1a). Accordingly, the Curie temperature decreases with the percentage of Sn, while we identify the 

range of compositions compatible with room temperature ferroelectricity (see Fig. 1b). Endorsed by ab-initio 

calculations, spin and angular resolved photoemission spectroscopy experiments prove the persistence of giant 

Rashba effect in the ternary compound, possibly allowing for spin-to-charge current conversion processes.   

This research sheds light concerning the possibility to engineer the ferroelectric and spin properties by 

composition towards the development of non-volatile logic-in-memory devices based on ferroelectric Rashba 

semiconductors. 

 
 

Figure 1: a) Ferroelectric hysteresis loop of Ge30Sn70Te obtained by electro-resistive measurements. b) The Fermi contour of 

Rashba bands persists up to room temperature in the Ge70Sn30Te, indicating the presence of giant Rashba spin splitting. 
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The recent announcement of Intel for a new kind of logic device called MESO (Magneto-Electric Spin-Orbit) [1] 

opens the door to ultra-low energy computing schemes with enhanced logic density. One of the key element is the reading 

block of the device that relies on the interconversion between spin and charge current using the spin orbit coupling. 

Finding a material with high spin to charge conversion is indeed crucial for the MESO technology to reach the 100 mV 

signal required as an output.  

In the meantime research on spin to charge conversion led to the discovery of materials possessing both spin-

charge interconversion and ferroelectricity [2,3]. These materials exhibit a change of the sign of the spin to charge 

conversion by reversing the ferroelectric polarization of the material. This recent discovery led to the design of a new 

type of logic device called the FESO (FerroElectric Spin-Orbit). This device exhibits the same important features than 

the MESO device like the non-volatile control of the information for in-memory computing. The output signal is 

controlled electrically but there are no magnetization switching thus excluding the need of an efficient magnetoelectric 

material like in the writing block of MESO. Indeed the output signal is controlled directly by the ferroelectric state and 

does not need to reverse the magnetic state of a spin injection layer. Finding the best spin-charge conversion signal 

controlled by ferroelectricity is thus of great importance. One possibility is the use of two-dimensional electron gases 

(2DEG) like STO [2]. Another possibility is the use of ferroelectric Rashba semiconductors (FERSC). Among the 

available FERSC one good candidate is Germanium Telluride (GeTe). Recent studies [3] show the experimental 

demonstration at room temperature of the spin-charge conversion in GeTe and the control of the sign of this conversion 

by the ferroelectric state of the material. In order for GeTe to be relevant for the FESO technology it must exhibit the 

same properties in nanopatterned stacks than in the pristine one.  

In this work, we first introduce the FESO principle as a solution for in-memory computing, and present how it 

simplifies the MESO principle. We then briefly present the FERSC and the state of the art on GeTe as one of them. 

Finally, we show our all-electrical measurements on the spin to charge conversion in FESO devices nanopatterned on 

large-scale grown GeTe. We also show that our concept scales favorably with the geometrical downscaling.  
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Figure 1. (a) Concept of a FESO device. (b) Spin-charge Interconversion on nanopetterned 200 nm GeTe. (c) Signal amplitude versus 
the width of the channel.
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Mutual synchronization of two or more spin-torque nano-oscillators (STNOs) has been of intense interest 

since their introduction [1], as it not only improves both microwave signal power and signal quality factor (Q-

factor), appealing to communication technology, but can also be used directly for neuromorphic computing 

due to the tunable magnetic nature of the interaction between STNOs [2]. Thanks to the spin Hall effect, a new 

class of spintronic oscillators, known as spin Hall nano-oscillators (SHNOs) [3], has emerged. In comparison 

to STNOs, they rely on current flowing in-plane, which simplifies their fabrication and allows a large number 

of SHNOs to be synchronized in both 1D chains and 2D arrays [4-6]. 

Figure 1 (a) Schematic of 21 serially connected SHNOs (inset shows the SEM image for the fabricted sample). (b-e) 

Power spectral density for single, 21, 30 and 50 serially connected nano-constriction SHNOs. 

Here, we study mutual synchronization in SHNO chains of up to 50 serially connected nano-constrictions 

fabricated from W(5nm)/CoFeB(1.4nm)/MgO(2nm) and W(5nm)/NiFe(3nm) stacks. Figure 1(a) shows the 

schematic and SEM micrograph of the fabricated samples. We find that robust and complete mutual 

synchronization can persist in chains of up to 21 oscillators (power spectral density shown in Fig. 1b-c), 

resulting in a significantly lower linewidth (< 134 KHz) and higher output power (>4000 (nV)2/Hz) compared 

to single SHNOs. We also observe mutual synchronization in the longer chains (Fig. 1d-e) but with deteriorated 

performance, which we ascribe to the longer chains separating into shorter mutually synchronized regions. The 

low current and low field operation of these oscillators, along with large frequency tunability, make them ideal 

for various spintronic applications such as neuromorphic computing. 
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Recently, nano-constriction based spin Hall nano-oscillators (SHNOs) have emerged as a new versatile 

class of devices because of their easy fabrication [1], [2], their direct control using voltage gating [3], [4] or 

laser heating [5], and their tendency towards mutual synchronization in one [6] and two [7] dimensions for 

potential use in Ising Machines [8]. In all these applications, power consumption, primarily governed by the 

SHNO auto-oscillation threshold current, is an important figure of merit that needs to be minimized. While the 

first SHNOs required several mA of current, increased SOT efficiencies [9], reduced lateral dimensions [10] 

and the addition of perpendicular magnetic anisotropy (PMA) [11], have been different approaches to reduce 

the threshold current by about an order of magnitude. Here, we combine all three approaches in an attempt to 

further reduce the threshold current. We report on the magnetodynamic properties and the magnetization auto-

oscillations of ultra-low 20 nm wide nanoconstriction SHNOs fabricated from W-Ta/CoFeB/MgO stacks 

grown on different substrates and seed layers (see Fig.1). Combining an optimized W88Ta12 alloy, low damping 

CoFeB, and a moderate perpendicular magnetic anisotropy, we push the threshold current down to 35 μA in 

the best devices (see Fig.1). The best overall magnetodynamic properties and lowest threshold currents are 

obtained when using a 3 nm thick AlOx seed layer in between the high-resistance Si substrate and the W88Ta12 

layer. The state-of-the-art ultra-low operational current leads to less power consumption in truly nano-scopic 

dimension SHNO devices, and paves an energy-efficient way to scale oscillator-based neuromorphic 

computing in networks of linear chains and two-dimensional arrays. 

 

Figure: Fig. 1. (a) Schematic of a nano-

constriction-based SHNO device. (b) 

Scanning electron micrograph (SEM) and of 

nano-constriction SHNOs with two different 

seed layers. (c) PSD plots of magnetization 

auto-oscillation vs. current for 20 nm wide 

nano-constriction SHNOs. The 

measurements are performed at an in-plane 

angle of 22◦, an OOP angle of 60◦, and a 

constant magnetic field magnitude of 0.3 T. 
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In recent years, spin wave devices have gained 

increasing interest as promising candidates for 

information carriers in beyond CMOS 

applications. To remain competitive with other 

technologies, it is essential for spin wave devices 

to be scaled down to sub-µm dimensions while 

maintaining high detection efficiency. While the 

inverse spin Hall effect (ISHE) has been shown to 

be independent of the lateral dimension of the 

waveguide in the case of surface magnetostatic 

waves [1], previous studies were limited to µm to 

mm wide devices, where quantization phenomena 

do not take place or the magnetization non-uniformity is negligible. In this study we investigate the ISHE 

detection of surface magnetostatic waves in waveguides with lateral dimensions ranging from 5 µm to 450 nm, 

in which both the quantization and the nonuniformities are highly pronounced [2]. The devices consist of 

W(10nm)/ CoFeB(40nm)/ Ta(3nm) waveguides covered by a 200nm thick SiN layer for electrical insulation, 

whereas a 200nm thick Au layer is patterned into antenna and coplanar waveguides. Figure 1(a) displays optical 

and SEM images of some devices, with a zoom on the 5 µm (blue) and 450 nm (red) waveguides. Two types 

of excitation antennas were fabricated: a 50 µm wide used to only excite ferromagnetic resonance (FMR), and 

600 nm wide antenna for a broadband excitation. The devices were subjected to a magnetic field of 182 mT. 

The inverse spin Hall voltage was measured as a function of the excitation frequency for devices with different 

magnetic waveguide widths. The ISHE voltage is shifted to lower frequency when scaling down the width of 

magnetic waveguide. This is the due to the increase of the shape anisotropy field that decrease the effective 

magnetic field inside the magnetic waveguides. Additionally, the 

susceptibility of the scaled devices changes, resulting in an enhanced 

signal. Figure 2(b) shows the measurement of the resonance peak frequency 

increasing the external magnetic field for both 600nm and 50µm wide 

antenna with 450 nm wide waveguides. A frequency shift of up to 1.5 GHz 

for the same applied magnetic field can be seen once the waveguide reaches 

saturation above 100 mT [2]. This frequency shift can be understood using 

the dispersion relation of surface magnetostatic waves. In large waveguides 

the ISHE peak position is found near the FMR frequency, whereas in scaled 

waveguides it is shifted to higher wavevectors and consequently, higher 

frequencies due to quantization effects.  
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Figure 1: a) Optical image and SEM images of two devices based on 

5 µm (blue) and 450 nm (red) W/CoFeB waveguides. b) ISHE 

voltage as a function of the excitation frequency for waveguide 

widths as indicated. 

𝜇0𝐻𝑒𝑥𝑡 = 182𝑚𝑇 

Figure 2: a) SEM image of a 450 nm 

wide magnetic waveguide and 600 nm 

wide antenna device b) Frequency peak 

position of the ISHE voltage for 

different external applied field of the 

FMR devices and antenna devices with 

a 450 nm wide waveguide. 
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Spintronics is a field to study spin-dependent electronic properties in solids. Spin current [1], a flow of spin 

angular momentum, plays a central role in recent spintronics as a carrier of spin information. It is of significant 

importance to explore means to induce spin current not only to develop next-generation spintronic devices but 

also to unveil the coupling mechanisms between spin and other degrees of freedom. Studies have shown that 

spin current can be generated by applying electric current [2], thermal gradient [3], and circularly polarized 

light [4]. Recently, mechanical generation of spin current was reported [5][6] using surface acoustic wave 

(SAW), a vibrational mode localized at solid surfaces. 

In this work, we demonstrate that SAW induces AC spin current in a heavy metal (HM) via spin-orbit 

interaction (acoustic spin Hall effect [7]). A nonmagnetic metal (NM)/ferromagnet (FM) heterostructure is 

deposited on a ferroelectric substrate. SAW is coherently excited by applying an rf signal to an interdigital 

transducer (IDT) fabricated on the substrate. DC voltage across the film is measured under the excitation of 

the SAW as a fuction of an in-plane magnetic field. We find a sizable field-dependent DC voltage (acoustic 

voltage) develops only when the NM layer is composed of HM such as W and Pt. The amplitude of the acoustic 

voltage increases with increasing the HM layer thickness and it takes the maximum at a certain HM layer 

thickness, suggesting that the applied SAW induces the spin current in the HM layer. Experimental results for 

the HM/FM heterostructures with different layers indicate that the magnetoelastic coupling contributes to the 

acoustic voltage. Acoustic voltages are also measured with applying SAWs in various directions with respect 

to the electric polarization of a ferroelectric substrate. We find the magnetic field angle dependence of the 

acoustic voltage is “phase-shifted” between devices with different SAW propagation directions, implying that 

the electric field associated with the SAW may play an essential role in the spin current generation. Taking all 

the experimental results into account, we conclude that the acoustic voltage (DC) is generated due to 

rectification of the SAW-induced AC spin current by an in-phase oscillation of the FM layer magnetization via 

magnetoelastic coupling. The origin of the SAW-induced spin current will be discussed in the presentation. 
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Figure: Schematic illustration of the 

setup. HM/FM heterostructures and 

IDTs are deposited on a ferroelectric 

LiNbO3 substrate. Acoustic voltage is 

measured as a function of the in-plane 

magnetic field (H). The measurements 

are performed for SAW devices with 

different SAW propagation direction 

with respect to a crystal axis (X) of 

LiNbO3. 
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Spin-torque nano-oscillators (STNO) based on magnetic tunnel junctions (MTJ) for operation in the MHz-

regime were nanofabricated. The multilayer stack, deposited on a SINGULUS TIMARIS device, processed in 

this report was previously reported to allow fabrication and operation of zero-bias spin torque diodes with ultra-

high sensitivity in the MHz range [1]. Here, a nominal similar stack was postprocessed by ion beam etching 

controlled by mass spectroscopy slightly above its Co20Fe60B20 free layer and insitu re-sputtering of 

(8.5)Ni80Fe20/(3)Ta/(5)Ru (thickness in nm in brackets) on top to force a vortex domain formation in the 

oscillating combined free layer upon the MgO barrier. This stochiometry of a Co20Fe60B20/Ta/Ni80Fe20 

combined free layer was so far not reported. CoFeB and NiFe thicknesses were varied and investigated by 

structural and electrical characterizations to elucidate the behaviour of this material system concerning the 

vortex dynamics. The output power is enhanced by an order of magnitude in comparison to previously reported 

STNO based on the gyration of magnetic vortices in circular Permalloy discs and shows a high tunabililty of 

the power and frequency by varying bias field and current. (Fig. 1). Additionally, the vortex  yield is very high 

for this reported free layer system. Such factors are important for applications like energy harvesting, 

neuromorphic computing or sensing purposes based on vortex spin-torque devices. The option to fabricate on-

chip from the same stack zero-bias macrospin spin-torque diodes in the same frequency range could pave a 

way to highly integrate and ease new electronic device concepts based on spin-torque oscillators, diodes and 

circuitries implementing such.  

 

  
 

Fig. 1. a) Rf power spectrum of STNO device with a size of 500nm. b) TMR and vortex curve of the same device. c) The power 

tunability of STNO across a broad range of f and B values, while also maintaining high power. 
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Efficient generation and detection of spin currents is one of the key ingredients for the modern spintronic 

applications. Optical methods of spin generation are orders of magnitude faster than the conventional electronics, while 

simultaneously providing a high spatial resolution. Helicity-dependent generation of spin currents combined with 

simultaneous detection of photocurrent/photovoltage represents a prominent experiment in this field. The coupling 

between light polarization and spin current/accumulation has been observed in many systems and  is often associated 

with topologically non-trivial spin structures [1]. Experimentally, a periodical modulation of the light helicity is typically 

achieved by polarization components such as photoelastic modulator or mechanically-rotated /4 waveplate, all of which 

are based on a change of (complex) index of refraction. These components are extremely sensitive to any imperfection, 

which limits the laser pointing stability and leads to a periodical beam shift during the measurement [Fig. 1 (c)].  

In this contribution, we show how the effective motion of beam can generate artificial signals in the electro-optical 

experiment via periodically-generated heat gradients. The “beam-shift” signals are indistinguishable from the real spin-

related photoresistance in the conventional Hall-bar devices [see Fig. 1 (a), (d)]. We propose a ring-shape device structure 

that allows for separation of the parasitic signals [see Fig. 1 (b), (e)]. Here the angle difference Δθ between the zero 

photoresistance position and the diameter across the other side of the zero photoresistance position indicates the mixture 

of both spin accumulation effect (Δθ = 180°) and beam shift effect (Δθ = 0°) . We show that the “beam-shift” signals 

dominate the experimental data in various systems under study [1]. This leads us to conclusion that this artefact should 

be estimated and corrected in all experiments where the circularly polarized laser beam is used to locally influence the 

electrical properties. 

Figure 1: Illustration of spin accumulation and the corresponding helicity dependent photoresistance for (a) a straight current path 

and (b) a ring-shaped current path. (c) Illustration of the laser spot barycenter displacement associated to the polarization change. 

The thermal gradients produced by the oscillating beam induce opposite longitudinal resistance variations at the two edges (blue and 

red) for (d) straight current path and (e) ring-shape device (f) Measured photoresistance mapping for 3 nm thick Pt ring shaped 

device. 
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There are two problems to be overcome for the strong-coupling synthetic antiferromagnetic structure with 

perpendicular magnetic anisotropy to serve as spin-orbit-torque-based memory and logic devices: first, the Hall 

signals of the two ferromagnetic layers in the synthetic antiferromagnetic structure are usually weakened by 

each other, which is not beneficial to the use of Hall voltage to read [1]; secondly, it is usually necessary to 

apply a large in-plane auxiliary magnetic field to obtain the deterministic magnetization switching caused by 

the spin orbit torque [2]. In order to solve these problems, we prepared Pt/CoPt/Ru/CoTb synthetic 

antiferromagnetic heterojunctions. By controlling the long-ranged interlayer exchange coupling and the 

neighboring ferrimagnetic coupling, we integrate the advantages of ferromagnetic CoPt, ferrimagnetic CoTb, 

and interlayer antiferromagnetic CoPt/Ru/CoTb spin configurations into a heterojunction. In the 

CoPt/Ru/Co65Tb35 heterojunction with macroscopic interlayer antiferromagnetic coupling, the compensation 

of magnetization at room temperature and the enhancement of residual anomalous Hall resistance are 

simultaneously realized [1], as shown in Figure 1. Moreover, it is proved theoretically and experimentally that 

the field-free magnetization switching can be induced by the spin orbit torque when there is a significant 

difference in the Dzyaloshinsky Moriya interaction between the lower magnetic layer and the upper magnetic 

layer of the synthetic antiferromagnet [2]. These findings provide key insights for understanding the role of 

spin orbit torque and Dzyaloshinsky Moriya interaction in perpendicular magnetization switching of 

magnetically coupled chiral system, and pave the way to practical applications of synthetic antiferromagnets. 
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Figure 1. (a) The compensated magnetization, (b) enhanced anomalous Hall 

resistance in the remanence state, and (c) oscillatory interlayer coupling in 
synthetic antiferromagnetic heterostructure .
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The understanding the spin transport has been a critical prerequisite for development of current spintronic 

applications, such as giant-magnetoresistance sensors or spin-torque-based magnetic random-access memories 

[1]. Nowadays, novel concepts of spintronic devices operating beyond the gigahertz clock rate, based on optical 

spin-orbit torque switching [2] or antiferromagnetic recording media, are promising sub-picosecond base 

operation times [3] and require new insights into the ultrafast spin transport. Althought this topic has already 

attracted considerable attention in past years [4,5,6], the dynamics, propagation and theoretical models of the 

femtosecond spin transport are still not completely understood.  

In this contribution, we report on a new robust method for investigation of out-of-plane ultrafast spin 

transport based on the principle of the spintronic emission of pulses of terahertz (THz) radiation [7], 

complemented with a new theoretical description. Using time-domain THz spectroscopy, we reveal spectral 

dependence of spin current relaxation and speed of propagation in copper, and compare it to the diffusive, 

super-diffusive and ballistic models. Moreover, our new experimental technique is universal and can be used 

for investigation of THz spin conductance of any metallic thin layer, which can help future development of 

new devices based on ultrafast spin transport.  

 
Figure 1. a) Principle of experiment: a ferromagnet (FM) photoexcited by ultrashort laser pusle creates spin voltage Δµs at its interface 

and generates spin current js through variable thick copper spacer into nonmagnetical (NM) platinum. Here, js is converted via spin-

orbit interaction into in-plane charge current jc, acting as a Hertz dipole and emiting a THz pulse. b) Emitted THz waveforms whose 

shapes and temporal shifts allow us to renocstruct frequency-dependent spin transport properties in the spacer, such as speed and 

relaxation length. 
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Nanometer thin ferromagnet/heavy metal bilayers illuminated by intense short laser pulses  have proven to 

be a realiable source for THz emission [1].  When integrated into a gold waveguide structure, the bilayer can 

be used as an on-chip source for ultrafast current pulses from the GHz to the THz regime [2]. Stacking severeral 

bilayers, each separated by a thin MgO interlayer enhances the charge current amplitude, as the MgO 

suppresses  spin-currents in between the individual bilayers [3]. In this way we construct multilayers where all 

charge currents add up constructively, enhancing the signal up to a factor of three. As one possible application 

these ultrafast currents could be used to switch the magnetization of an adjacent ferromagnet, similar to 

previous experiments[4]. Electroooptic sampling is employed to characterize the charge current with sub-ps 

time resolution. 
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Figure: The electrooptic sampling scheme consisting of a pump-probe experiment to characterize the on-chip THz field  E(x,t) 

induced in the ferromagnet/heavy metal bilayer. 
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As a post-Moore processing unit, a series of new computation architectures has been proposed and 

demonstrated. Among them, neuromorphic computation to mimic a brain, where a neuron only sends a signal 

when a spike input to the neuron exceeds a threshold, is advantageous over the others due to the energy 

efficiency for example ¡Error! No se encuentra el origen de la referencia.. Recently, current-induced 

crystallisation of a ferromagnetic Heusler-alloy film used in a giant magnetoresistive (GMR) junction has been 

demonstrated ¡Error! No se encuentra el origen de la referencia., which can be used as data-logging and 

potentiation functionality into the neuromorphic computation. Here, almost 85% reduction in the crystallisation 

energy is employed by depositing the films on a (110) plane to promote the layer-by-layer crystallisation 

process. However, the corresponding GMR ratio is found to be very small (0.04%), which cannot be used for 

device applications. In this report, we extend our potentiation functionality to the conventional GMR junctions 

grown on a (001) plane. 

A multilayer of Cr (20)/Ag (40)/Co2Fe0.4Mn0.6Si (5)/Ag0.78Mg0.22 (5)/Co2Fe0.4Mn0.6Si (5)/Ag (2)/Au (5) 

(thickness in nm) was grown on a MgO(001) substrate at room temperature using an ultrahigh vacuum 

sputtering system [3]. The seed and Heusler alloy layers were annealed at 650 and 500ºC, respectively, for 

their crystallisation. The multilayer was patterned into a series of elliptical GMR pillars with long axes between 

100 and 800 nm using a combination of photo lithography and Ar-ion milling. The fabricated GMR nanopillars 

were measured using a non-magnetic probe station with a Keithley 2400 sourcemeter and a Keithley 2182A 

nanovoltmeter in a similar manner under an application of a magnetic field of ±1 kOe and a sensing current of 

50 μA flowing perpendicular to the pillar as reported previously ¡Error! No se encuentra el origen de la 

referencia.. The nanopillar was then exposed to current pulses between 100 and 500 μA for 100~300 μs. Note 

that the sensing current was set to be ~1/10 of the annealing current. Between every pulse introduction, the 

nanopillar was left for 1 ms to avoid any influence of Joule heating. 

In these crystallised GMR pillars, we found the monotonic decrease in their resistance and the corresponding 

increase in their GMR ratios after the applications of 100 µA for 200 µs for 1,000 times, 200 µA for 100 µs 

for 1,000 times and 500 µA for 200 µs for 1,000 times. These results confirm the potentiation can be achieved 

even in a crystallised GMR junction. It should be noted that by applying a current above 600 μA, the resistance 

increases as the number of sweeps increases due to the Joule heating. Our finding confirms that such 

potentiation functionality can be implemented in a conventional GMR junction, allowing more realistic 

neuromorphic computation. 
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   The conversion of spin current into charge current and vice versa is one of the main operation for the 

development of novel low energy consumption spintronic devices. In the last years, an active investigation in 

materials, interfaces and spin injection schemes aims at increasing the efficiency of the spin-to-charge 

conversion, which is mainly due to the spin-orbit coupling (SOC). 

   Pt is a material that exhibits one of the largest intrinsic SOC and hence one of the most studied and employed 

in magnetic multilayers[1]. We have recently exploited the strong SOC interaction in FM/Pt interfaces for the 

induction of spin orbit torques in Co [2] as well as the stabilization of chiral spin textures [3]. Nevertheless, 

there is still an open debate on the efficiency of spin-charge interconversion measured by using different 

techniques in the same material. The discrepancy found in the experimental results points to a possible 

anisotropy of such efficiency, so that a renewed interest in the study of the spin charge interconversion in 

epitaxial Pt along different crystallographic directions and interfaced with different FM layers such as Fe [4,5], 

CoFeB [6], Co[7], etc [8] has speeded up.  

   In this context, we have evaluated the in-plane anisotropy of the spin-charge interconversion efficiency in 

epitaxial [111]Co/Pt deposited on (0001)-oriented 𝐴𝑙2𝑂3 single crystals. Spin pumping – ferromagnetic 

resonance (SP-FMR) method was used to estimate the spin Hall angle, 𝜃SH, as a function of the thickness of 

Pt. We find out a slight dependence with Pt-thickness but an appreciable difference (~20%) between the two 

in-plane crystallographic directions, i.e. β = 0° ∥ 𝐴𝑙2𝑂3[1̅100] and β = 90° ∥ 𝐴𝑙2𝑂3[112̅0]. Whereas, in 

complementary techniques such as Spin Torque – ferromagnetic resonance (ST-FMR) or Longitudinal Spin 

Seebeck effect (LSSE) measurement experiments under the same samples, do not yield similar outcomes, being 

difficult to discern the anisotropic behaviour of our epitaxial [111]Co/Pt samples. 
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X-ray magnetic circular dichroism (XMCD) is a synchrotron based use reference tool for magnetic 

measurements of small or diluted magnetic signals with the advantage to be element sensitive. Here we show 

the combination of XMCD with Photoemission Electron Microscopy (XMCD-PEEM) for the direct 

observation in different materials of the spin Hall effect (SHE), a spin-charge conversion mechanisms widely 

investigated for spintronics devices. Its measurement has been mostly investigated with electrical detection 

schemes involving interfaces with another magnetic material and thus, a combination of the properties of both 

materials as well as the interface are measured.  Optical detection techniques have been used for 

semiconductors but are challenging for metallic systems due to their considerably shorter spin diffusion 

lengths, and only recently optical measurements for Pt and W have been reported [1]. 

We have performed laterally resolved interface free x-ray spectro-microscopy measurements at the Cu L3,2 

absorption edges, while applying electrical current to the sample, of a single layer of Bi-doped Cu (Cu95Bi5), a 

material in which giant SHE has been already reported [2,3]. The sign of spin accumulation depends on the 

direction of the current (Figure 1) and the amplitude of the X-ray magnetic circular dichroism (XMCD) signal 

scales with the current density and it has opposite sign when measuring at the L2 or L3 absorption edges, as 

expected for SHE. These results constitute a proof of concept for the direct, interface free and element-selective 

measurement of the SHE in a metallic material by means of X-ray spectro-microscopy [4]. We will also discuss 

recent results for further materials applying the same technique. 
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Figure 1. Visualization of the spin accumulation in a Cu95Bi5 electrode showing the inverted XMCD signal when inverting the current 

direction.
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Spin-related phenomena are attracting increasing interest from information technology, due to the 

possibility to bring together the advantages of non-volatile devices and low energy state switching. Physical 

effects like spin-orbit torque and spin-transfer torque have found application for fast non-volatile memories, 

and recently, the MagnetoElectric Spin-Orbit (MESO) device, proposed by INTEL, is expected to bring a 

dramatic improvement with respect to CMOS in terms of power consumption and logic density [1].  

In a previous work [2], a novel device featuring the interplay of ferromagnetism and ferroelectricity has 

been proposed; in which the data is stored in a ferroelectric layer, and can be read by injecting a spin-polarized 

current and exploiting the ferroelectric control of spin-to-charge interconversion. This phenomenon can be 

observed in several materials, ranging from oxide-based two dimensional electron gases [2], to Ferroelectric 

Rashba semiconductors [3]. We expect this device to be interesting for applications in logic, memories and 

non-conventional computing. 

In this work, we want to propose a novel technology called Spin-Orbit Ferroelectric RAM (sofRAM), in 

which the pheonomenon described above is exploited for a non volatile memory with a lower writing energy 

with respect to magnetic memories, and with a non destructive reading of the ferroelectric state. 

We show the development of the compact model of the device, which is later tested by means of Finite 

Element simulations for spin-dependent transport. Later, these simulations are also used to optimize the 

performances of the device, with a particular focus on the output signal, and materials choice is also discussed.  

In the last part, we propose a few architectures, with reading and writing strategies, in which the sofRAM 

can be implemented for a large-scale memory array.  
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Figure : (left) Sketch of the sofRAM, (middle) a representation of the current lines computed via FEM, and (right) the comparison 

of the compact model parameters computed analytically with the results of simulations.
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The manipulation of the electron charge and the spin for the development of more efficient spintronic 

devices has been a topic of increasing interest in recent years. In particular, systems based on materials with 

very low damping, a parameter that determines the speed and energy consumption during the operation of 

modern electronic devices, are excellent candidates for spin current injection. Recently, it has been reported 

that the Co25Fe75 alloy exhibits low magnetic damping, due to the features of the band structure in Co100-xFex 

alloys. This work discusses the magnetic characterization and spin transport in Co100-xFex (20 nm)/Ta (10 nm) 

bilayer systems, with x = 65, 70, 75, 80, 85, grown on MgO (100) single crystal substrates. Characterization 

by Kerr magnetometry, transmission electron microscopy and ferromagnetic resonance allowed to determine 

that the Co100-xFex films grow epitaxially with a cubic structure rotated 45° with respect to the (100) direction 

of the MgO substrate plane, determining the easy and hard magnetization axes. On the other hand, spin 

transport characterization using spin pumping and inverse spin Hall effect allowed the detection of induced 

voltages associated to the conversion of spin current to charge current, of the order of 100 µV (Fe80Co20), 

demonstrating efficient conversion of spin current to charge current in Ta layers. 
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Figure: Linear dependence of ISHE signals vs. the microwave power in spin pumping-inverse spin Hall effect measurements for 

Co20Fe80/Ta bilayers.

Fe80Co20/Ta



 
SYMPOSIUM 11. POSTERS 

Interplay between Oxygen Vacancies and Tunneling Spin-Transfer Torque 
L. M. Kandpal1,2*, B. Taudul1, A. Kumar3, F. Schleicher4, E. Monteblanco4, D. Lacour4, P. Gupta3, S. 

Boukari1, W. Weber1, M. Alouani1, M. Hehn4, F. Montaigne4, J. D. Costa5, T. Bӧhnert5, R. Ferreira5, P. 

Freitas5, L. Thomas6 , P. K. Muduli3, M. Bowen1. 
1Institut de Physique et Chimie des Matériaux de Strasbourg (IPCMS), UMR 7504 CNRS, Université de Strasbourg, 23 

Rue du Lœss, BP 43, 67034 Strasbourg, France. 

2Université Grenoble Alpes, CNRS, CEA, Grenoble INP, SPINTEC, 38000 Grenoble, France. 
3Department of Physics, Indian Institute of Technology, Delhi, New Delhi 110016, India. 

4Institut Jean Lamour, UMR 7198 CNRS, Université de Lorraine, BP 70239, 54506 Vandœuvre les Nancy, France. 
5International Iberian Nanotechnology Laboratory (INL), Av. Mestre José Veiga s/n 4715-330, Braga, 

Portugal. 
6TDK-Headway Technologies Inc., Milpitas, California, USA. 

* lalit-mohan.kandpal@cea.fr 
 

Flowing an electrical current that is both of high areal density and large spin polarization across a 

magnetic tunnel junction (MTJ) can, through spin transfer torque (STT) [1], alter the relative magnetic 

orientation of the MTJ’s ferromagnetic electrodes. This effect has enabled key next-generation MTJ 

applications, from memories [2] to artificial synapses [3]. Using measurements across MTJ nanopillars and ab-

initio theory, we demonstrate that, contrary to conventional wisdom established over nearly 20 years, oxygen 

vacancies in the MgO barrier play a key enabling spintronic role for these technologies [4,5]. We observe that 

the orientation of electrode magnetizations determines whether charge transport across the MTJ is metallic or 

semiconducting, depending on whether localized states at and near the MTJ Fermi level are involved in 

transport. Ab-initio theory and ST-FMR measurements suggests that these states within the nanotransport path 

might be due to several oxygen vacancies forming a chain (F-chain) across the MgO barrier [5]. Taken together, 

these results indicate that the localized states promoted by oxygen vacancies constitute the linchpin for 

combined high TMR and spin transfer torque in MgO-based spintronics. This has implications on how small 

an MTJ can be laterally[6,7]. Mastering oxygen vacancies in industrial MTJs could enable their dual-use not 

only as memory devices, but also as energy harvesters at ambient heat[8,9]. 
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The spin Hall effect (SHE) is a spin-charge conversion phenomenon that plays a key role in 

spintronics,[1] so the search for materials that exhibit giant SHE has grown significantly within the last 

decades.[2] CuBi alloys with Bi contents around 0.5% exhibit a large spin Hall angle (SHA).[3] Recently, SHE 

in Cu95Bi5 films has been directly detected by X-ray spectroscopy ,[4] confirming this material as a good 

candidate for integration in spintronic devices. Therefore, achieving CuBi structures with tunable composition 

and structure [5] can provide an ideal model-system for exploring the origin of extrinsic SHE and optimizing 

the spin-charge conversion. Furthermore, it facilitates the study of the thermal stability of the material, which 

determines the threshold parameters for transport and resistivity measurements. 

In this work, we present a detailed structural characterization of Bi-doped Cu nanowires (NWs) with 

different doping levels and degrees of crystallinity, grown using template-assisted electrochemical deposition. 

Performing in-situ heating experiments with atomic resolution scanning transmission electron microscopy 

(STEM) combined with electron energy-loss spectroscopy (EELS) and high-resolution synchrotron powder X-

ray diffraction (PXRD), we are able to describe in detail the atomic structure of the NWs and its evolution with 

temperature. These results pave the way towards the realization of spin-dependent transport measurements in 

CuBi NWs. 
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Figure 1: (a) High-angle annular dark field STEM atomic resolution images corresponding to a single-crystal CuBi nanowire. Bottom 

right (a) image displaying the fast Fourier transform [111] zone axis. EELS maps depicting the Bi M4,5 edge integrated signal in a (b) 

polycrystal and (c) single-crystal NW. (d) PXRD heating 2D map showing the material conversion at around 300ºC.
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Most often the spin torque induced by a heavy metal layer to the layer of ferromagnetic metal in spintronic 

devices is described either by spin-Hall effect related to the bulk of heavy metal or by Rashba-Edelstein effect 

that leads to the current-induced spin polarization in several monolayers near the interface. However, recent 

experiments [1] show that modification of the second surface of the heavy metal can significantly change the 

spin torque. 

We theoretically predict that when the surface of heavy metal and insulator contains impurities, two novel 

mechanisms of spin torque emerge. The quantum interference of different impurity scattering paths results in 

spin-dependent skew scattering (fig a). The skew scattering itself leads to the kinetic Rashba-Edelstein effect: 

the spin polarization that spans over a length scale comparable to the mean free path into the bulk of the heavy 

metal (fig. b). When the spin relaxation at the boundary is taken into account, it becomes asymmetric due to 

the skew scattering. This asymmetry leads to the interface spin-Hall effect, i.e., to the charge-spin current 

conversion at the heavy metal–insulator boundary (fig c). In contrast to the ordinary spin-Hall effect, it exists 

in the Born approximation. 

Both phenomena are sensitive to the properties of the interface itself and introduced impurities allowing the 

control of spin torque with surface engineering. 
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(a) The interference of the four reflection paths that leads to skew scattering. (b) Kinetic Rashba-Edelstein effect. (c) Interface spin-

Hall effect.
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Spintronic diodes (SDs) are high performance detectors with applications in Internet-of-Things, energy 

harvesting, and artificial intelligence that exploit resonant magnetic excitations. We propose a passive 

spintronic diode based on the excitation of single skyrmion by voltage-controlled anisotropy (VCMA) and 

Dzyaloshinskii-Moriya interaction (VDMI), see Fig. 1. The use of VCMA or VDMI allows to increase the 

sensitivity while decreasing the required applied electric current and associated Joule losses. We demonstrate 

that with realistic physical parameters and geometry the sensitivity (rectified voltage over input microwave 

power) can be larger than 10 kV/W, an order order of magnitude better than diodes employing a uniform 

ferromagnetic state. The skyrmion is can be easily excited beyond the linear regime, showing a frequency 

dependence of the amplitude. Moreover, the device shows remarkable scalability, since skyrmions with a 

smaller radius produced higher sensitivities. These results combined to current efforts to improve anisotropy 

and DMI control paves the way for ultra-sensitive and low power skyrmionics devices. 

 

 

Figure 1: Properties of the proposed device. (a) Multi-stack structure of the device with the indication of the different layers of the 

MTJ, a polarizer, a MgO layer, a free layer, and a metal oxide (MOx) layer. The MgO and MOx layers can independently generate 

the VCMA and VDMI respectively. A schematics of the electrical circuit to excite the skyrmion dynamics and detect the output dc 

voltage is also included. (b) Sensitivity (ε) of the device as a function of the applied voltage for different values of DMI and 

considering excitation by VCMA or VDMI. Notice that smaller VDMI, corresponding to a smaller skyrmion, yields a higher 

sensitivity. 
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In order to achieve components for future information technologies with low-energy consumption it is 

necessary to abandon electric currents and utilize spin currents and, e.g., magnons as information carriers. 

Recent rediscovery of the concept of a phonon spin [1-4] and, more generally, phonon angular momenta [5], 

might prove to be either another alternative or be used in fully insulating junctions and devices for information 

processing working in tandem with magnons, since it has been shown that, due to magnetoelastic coupling, the 

phonons can mediate information between magnetic layers [6]. 

By using Landau-Lifshitz-Gilbert equation for magnetization dynamics and Euler-Lagrange equations for 

phonon dynamics we show the possibility to fine-tune phonon spin and phonon spin current flowing between 

the ferromagnetic layers with generalized directions of magnetization. Moreover we show the emergence of an 

effective interlayer exchange coupling between the ferromagnets mediated by phonons in the central non-

magnetic insulator. 
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Figure: Schematic representation of the spin valve system consisting of a central non-magnetic insulator of thickness L  and two 

ferromagnets of thickness d and magnetizations M1 and M2, respectively.
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Spin-orbit torques (SOTs) are current-induced magnetic torques that permit the electrical manipulation of 

the magnetization in thin ferromagnet/heavy metal (FM/HM) heterostructures and have application in low-

power magnetic memory and logic devices [1,2]. Since the first SOT studies, the accurate estimation of these 

torques appear to be a cornerstone to understand them and further improve their efficiency. Multiple techniques 

have been developed to evaluate the SOTs, including magnetotransport, magnetooptical and resonance 

measurements. Nevertheless, there is no clear consensus on the exact torque efficiencies with strong 

discrepancies from group to group and when using different measurement techniques even for the most studied 

systems such as Pt [3].  

In this presentation we will compare the antidamping like torque in several FM/HM bilayers obtained from 

the widely used harmonic harmonic Hall (HH) analysis technique [4] and the magneto-optical Kerr effect 

(MOKE) [5] in the same devices. We find that the antidamping like torque estimated by MOKE and HH 

measurements can differ by as much as 100%, and this discrepancy depends on both the ferromagnet and the 

heavy metal [6]. We identify the source of these discrepancies and provide a self-consistency check of the  

MOKE technique by calibrating the magneto-optic measurement of the Oersted field with nitrogen-vacancy 

scanning magnetometry. Our results show that the HH and MOKE results coincide for a broad variety of 

material systems if all the current-induced Hall voltages are properly accounted for. 
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Figure: a) Schematic drawing of the scanning MOKE microscopy setup, the change of the direction of the magnetization due to 

torque affects the MOKE signal. b) The effect of the AD torque depends on the magnetization direction while the Oersted field is 

constant. c) MOKE detection of SOTs in Pt (5 nm)/CFB (2.5 nm) at 3.6 mA for positive and negative external magnetic field. The 

gray line shows the optical reflectance of the sample.
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Heuristic paradigms like Ising machines are recently gaining interest in the academic and industrial world for 

the realization of highly scalable solutions for combinatorial optimization problems (COPs).  

Ising machines map a COP with the Hamiltonian energy function of physical system in such way that the 

natural evolution to a ground low-energy state of the system leads to a configuration corresponding to a solution 

of the starting problem. We have analyzed how magnetic tunnel junctions (MTJs) can be used for realizing a 

coherent and probabilistic Ising machine for the solution of the Max-Cut problem.  

The coherent Ising machine (CIM) is realized exploiting the coupling mechanisms of oscillators governed by 

the Hamiltonian energy and the binarization, necessary for the readability of the solution, is realized with a 

second harmonic signal, as shown in [1].  

We implemented the CIM with the state-of-the-art Kuramoto model, and with a mathematical model that well 

represents the behavior of spintronic oscillators, observing comparable performances for randomly generated 

cubic problems; the latter model is characterized by a higher computational complexity which limited the size 

of the explored problems, but underlines the benefits of the nonlinearities of spintronic devices in such 

implementation. 

The probabilistic implementation [2] relies on the use of random binary numbers efficiently implementable 

aligning the magnetization of the free layer of an MTJ with an hard axis and letting the system relax into one 

of the two possible states of the easy axis, characterized by different resistances. 

Both systems provide excellent results for the solution of Max-Cut problems, and our results underline the 

effectiveness of a future implementation for hybrid CMOS-MTJ chips. 

 

References  

[1] T. Wang, L. Wu, P. Nobel, and J. Roychowdhury, Nat. Comput. 20 (2021) 287. 

[2] K. Y. Camsari, R. Faria, B. M. Sutton, and S. Datta, Phys. Rev. X 7 (2017) 1. 

mailto:*luciano.mazza@poliba.it


 

 

SYMPOSIUM 12.  
ANTIFERROMAGNETIC SPINTRONICS. 
S12. INVITED ORAL PRESENTATIONS 
 

JURE DEMSAR  

 
ISABELLA BOVENTER  

 
MATTHIAS ALTHAMMER  

PAUL MCCLARTY  

YURIY MOKROUSOV  



 
SYMPOSIUM 12. INVITED ORAL PRESENTATIONS 

Optical read-out and manipulation of Néel vector in a metallic 

antiferromagnet 
V. Grigorev1,2 M. Filianina1,2,3, Y. Lytvynenko1,4, S. Sobolev1, A.R. Pokharel1, A.P. Lanz1,                 A. 

Sapozhnik5, A. Kleibert6, S. Bodnar7, P. Grigorev8, Y. Skourski9, M. Kläui1,2, H-J. Elmers1,2, M. Jourdan1, 

and J. Demsar1,2,* 
1 Institute of Physics, Johannes Gutenberg University, 55128 Mainz, Germany 

2 Graduate School of Excellence Materials Science in Mainz, 55128 Mainz, Germany 
3 Department of Physics, AlbaNova University Center, Stockholm University, 10691 Stockholm, 

Sweden 
4 Institute of Magnetism of the NAS and MES of Ukraine, 03142 Kyiv, Ukraine 

5 Institute of Physics, École Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland 
6 Paul Scherrer Institute, Swiss Light Source, 5232 Villigen, Switzerland 

7 Walter Schottky Institute and Physics Dept., Technical University Munich, 85748 Garching, 

Germany 
8 Aix-Marseille Université, CNRS, CINaM UMR 7325, 13288 Marseille, France 

9 Dresden High Magnetic Field Laboratory (HLD-EMFL), Helmholtz-Zentrum Dresden-Rossendorf, 

01328 Dresden, Germany 
*demsar@uni-mainz.de 

 

The absence of stray fields, their robustness against external magnetic fields, and the inherently fast 

dynamics make antiferromagnets promising candidates for active elements in spintronic devices [1]. Especially 

the metallic collinear antiferromagnets CuMnAs and Mn2Au, which enable current-driven bulk (Néel) spin-

orbit torques [2], have been in the research focus recently. The lack of sensitivity to external magnetic fields, 

however, poses challenges in terms of manipulation and read-out of the staggered magnetization (Néel vector). 

Thus, while ultrafast optical control of magnetization in several ferro- and ferri-magnets has been demonstrated 

in recent years [3-5], such approaches in antiferromagnets are scarse. Here, we address the optical read-out in 

a metallic collinear antiferromagnet Mn2Au [6] and present an approach of its optical manipulation by 

combining tensile strain and excitation with femtosecond optical pulses [7]. The dependence of switching on 

the laser fluence and strain suggests the Néel vector alignment is a result of optically-triggered depinning of 

90o domain walls and their sliding in the direction governed by the magneto-elastic coupling. The switched, 

metastable, state is stable at room temperature and insensitive to magnetic fields. Thus, this approach may 

provide ways to realize robust high-density memory device with switching timescales in the picosecond range.  
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Recent years have been the frame of a renewal of activity of magnonic and spintronic research on antiferromagnetic 

(AFM) materials due to some of their intrinsic and potentially advantageous properties [1]. Their vanishing stray fields, 

higher resonance frequencies, and the possibility to control them by spin currents  renders them scalable, fast and tunable 

for future ICT devices. However, the implementation of magnonic AFM devices requires a profound understanding of 

the spin dynamics of AFMs and of their ability to couple to other systems to be integrable with other platforms. Despite 

huge progress, the capacity to generate coherent and sizeable electrical signal from their magnetization dynamics, and to 

couple efficiently with photonic excitation in cavities remain mainly elusive.  

In this contribution, we will first report on our latest results on the investigation of inverse spin Hall effects generated by 

AFM resonances using hematite Fe2O3 and chromium oxide Cr2O3 as model systems [2].  

 In parallel, we discuss on the dynamics of antiferromagnets and how they can strongly couple with cavity 

photons and form AFM cavity magnon polaritons.  We evidence that the presence of DMI in the canted phase 

of Hematite leads to an enhanced spin pumping signal as well as an increase of the magnon-cavity photon 

coupling strength compared to the collinear phase, achieving  cooperativities C>70 for the canted phase [3].  

These results pave the way to integrate canted AFMs in future AFM magnonic devices and for information 

processing with cavity magnonics 
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In an ordered antiferromagnet, the quantized spin excitations with opposite chirality represent pairs of spin-

up and -down magnons and thus can be characterized by a magnonic pseudospin. The precession of magnon 

pseudospin about the equilibrium pseudofield, the latter capturing the nature of magnonic eigen-excitations in 

an antiferromagnet, gives rise to the magnon Hanle effect [1]. Its realization via electrically injected and 

detected spin transport in an antiferromagnetic insulator demonstrates its high potential for devices and as a 

convenient probe for magnon eigenmodes and the underlying spin interactions in the antiferromagnet [2,3]. 

Here, we observe a nonreciprocity in the Hanle signal measured in hematite using two spatially separated 

platinum electrodes as spin injector/ detector [4]. Interchanging their roles was found to alter the detected 

magnon spin signal. The recorded difference depends on the applied magnetic field and reverses sign when the 

signal passes its nominal maximum at the so-called compensation field. We explain these observations in terms 

of a spin transport direction-dependent pseudofield. The latter leads to a nonreciprocity, which is found to be 

controllable via the applied magnetic field. The observed nonreciprocal response in the readily available 

hematite films opens interesting opportunities for realizing exotic physics predicted so far only for 

antiferromagnets with special crystal structures. 
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Magnetic crystalline symmetries as encoded in the magnetic space groups are central to condensed matter physics with 

implications ranging from structure determination to constraints on matrix elements and response functions. These groups 

combine anti-unitary symmetries such as time reversal with crystal translation and point group symmetries with the 

assumption that spin and space transformations are locked together. In real materials, though, spin and space symmetry 

operations may be wholly or partially decoupled leading to a much larger set of groups called the spin space groups. In 

this talk, I explain how these enhanced symmetries can be relevant to materials focussing on magnon band structure and 

topology. One surprising fact is that nontrivial space space symmetries can be present in magnets with significant spin-

orbit coupled anisotropy with Kitaev magnets as a prominent example. We reveal that that systems with such anisotropies 

harbour a tower of different spin space groups and we show how the representation theory and compatibility relations 

can characterize key features of magnon bands revealing a proliferation of nodal points, lines, planes, and volumes. 
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The progress in the field of antiferromagnetic spintronics has been firmly associated with the advantages 

that antiferromagnets bare for generation of spin currents. On the other hand, orbital currents have recently 

emerged as a novel paradigm and foundation for the field of orbitronics, which is able to naturally 

accommodate abundant lighter materials for the purpose of generating currents of angular momentum. In my 

talk, I will report on our understanding of specific microscopic mechanisms which drive non-trivial geometry 

of electronic bands in antiferromagents and altermagnets thus giving rise to complex intertwined spin and 

orbital physics out of equilibrium. Moreover, I will demonstrate that optical pulses can be used to drive large 

non-linear photocurrents of spin and orbital angular momentum in antiferromagnets by photospin and 

photoorbital Hall effects. While latter effects are extremely sensitive to the combined symmetry of the system 

in spin and real space, I will demonstrate how the orbital properties of antiferromagnets can be significantly 

promoted by lowering crystal symmetry in the system, thus suggesting a way to exploit an interplay between 

spin and orbital degrees of freedom for tracking the complex dynamics of staggered magnetization during 

electrical or optical switching. 
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Recent progress has shown the antiferromagnetic states are electrically manipulable in collinear 

antiferromagnets (AFMs) such as CuMnAs[1], Mn2Au[2] owing to inversion asymmetry, or noncollinear chiral 

AFMs Mn3X (X = Sn, Ge)[3] with time-reversal asymmetry. Compared to collinear AFMs, the noncollinear 

Mn3X exhibits giant magnetic responses, beneficial for more efficient detection of their antiferromagnetic 

states. Recent experiments indicate that the electrical current may induce intrinsic spin torques to switch the 

magnetic octupole domain[4] and displace the magnetic octupole domain wall (MODW)[5] in Mn3X. 

However, the direct evidence of current-induced spin-transfer torque (STT) for MODW motion has not been 

reported yet. Until now, the STT contribution to the MODW motion has not been elucidated in noncollinear 

AFMs.  

Here, we demonstrate the current-induced STT can efficiently drive the fast MODW motion in Mn3X. Our 

magneto-optical Kerr observation shows the current-induced STT can accelerate the Néel-like wall of Mn3Ge 

up to 750 m s-1 with a small current density only of 7.56×1010 A m-2 under no magnetic field. The MODW 

exhibits surprisingly high mobility with a significantly small critical current density. In addition, we apply the 

general s-d exchange model[6] to formulate the current-induced STT for MODW motion. Our results open a 

new route to developing a mechanism responsible for domain-wall-based antiferromagnetic spintronic devices. 
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Self-localized spin textures in antiferromagnets (AFMs) have unique properties advantageous for future 

spintronic applications, such as intrinsic high-frequency dynamics with low magnetic sensitivity and weak 

stray fields, spatially confined spin dynamics with robust alternate torque output [1, 2]. We demonstrate 

theoretically and by micro-magnetic simulations that the application of a spin current, inflowing from the nano-

contact (NC), adjunct to an extended AFM film, can excite a dynamic self-localized soliton, equivalent to the 

ferromagnetic droplet [3, 4]. 

 

 
Figure 1: (a) The sketch that illustrates an AFM NC oscillator; (b) results of micro-magnetic simulations: frequency and profile of 

the AFM droplet. 

We consider a system, schematically shown in Fig. 1 (a), which consists of a thin extended AFM film and 

NC, which provides STT. The anisotropy of the AFM is of the easy-axis type with the second-order term, and 

the STT polarization is parallel to the easy axis. At a particular sign of the secondary anisotropy, we observe a 

stable soliton at the currents above the threshold, see Fig. 1 (b). A noticeable gap between the droplet frequency 

and AFM resonance appears at the threshold, which is also a remarkable feature of the droplet in the 

ferromagnetic oscillators [3]. With increasing current, the soliton frequency decreases with the droplet profile's 

expansion. At a high current, the edge of the droplet can be expanded far beyond the NC area. With an even 

further increase in the current, the droplet loses its stability, and the area under the NC instead emits propagating 

spin waves [5], see Fig. 1 (b). We also show that the presence of an additional small anisotropy, perpendicular 

to the easy axis, can provide robust AC readout of the droplet spin dynamics at the double frequency of the 

soliton precession. 
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Recently, metallic antiferromagnets (IrMn, PtMn, etc) have attracted attention in spintronics due to high 

frequency (∼THz) applications, strong inverse spin Hall effect (SHE) and the absence of stray magnetic fields. 

[1,2] Of particular interest in spintronics is transporting spin (only) angular momentum (pure spin currents) 

achieved in ferrimagnetic insulator [e.g. Y3Fe5O12(YIG)] / normal metal (e.g. Pt) bilayers with a large spin-

orbit coupling [3]. A parallel approach is the use of molecular layers (such as C60) to tune the electronic 

properties of metallic and ferromagnetic interfaces in spintronic devices [4,5]. However, the effects of 

molecules on metallic antiferromagnet interfaces had so far not been studied. In this work, we report on the 

magnetic and spin transport of YIG/PtMn(t)/C60(15 nm) (t = 1-10 nm), aiming at tunable SHE devices, and in 

search of spin order, enhanced spin transport, anisotropy anomalies and other emergent properties.  
Figures 1(a,b) show that the spin Hall magnetoresistance (SHMR) of YIG/PtMn at 290 K is significantly larger 

when interfaced with C60, resulting in an enhanced spin Hall angle (~Js/Jc) from ~0.02 in PtMn to ~0.04 in PtMn/C60. 

Soft X-ray Absorption Spectroscopy (XAS) and X-ray Magnetic Circular Dichroism (XMCD) at the Mn-L2,3 absorption 

edges reveal that the Mn valence is reduced to +2 with C60 via a charge transfer from Mn→C. This transfer causes an 

additional electron conducting layer and spin state (see Figure 1(d)). The total magnetic moment (mtot) of PtMn at the 

Mn-L2,3 edge is < 0.1 B at 300 K, arising from uncompensated spins. At 2 K, the mtot of the pristine sample remains 

almost the same, but for C60 interfaced PtMn is nearly double -inset Figure (d). This confirms that the C60 interface is 

inducing uncompensated spins. PtMn -being antiferromagnetic (AF)- introduces an exchange bias with the ferromagnets 

at low T (Figure 1(e)). This is correlated with a SHMR sign change for YIG/PtMn below a blocking temperature, TB, of 

~ 50 K -data shown in Figure 1(c) – due to a change in the Neel vector direction during the spin flop [6]. The C60 interface 

alters the magnetic order and Néel vector, leading to a positive SHMR until 10 K for t < 2 nm. At 2 K the AF exchange 

dominates and all samples show a negative SHMR. We note that the SHMR magnitude is asymmetric while cooling 

down -see Figure 1 (c)- attributed to the presence of unidirectional exchange anisotropy (UEA) at the YIG/PtMn interface 

in the out-of-plane direction. We disentangle the spin transfer torque for the UEA (~cos) which is different from the 

conventional SHMR (~cos2). These results show for the first time the effects of molecules in the spin transport and 

magnetic order of AF metals.  

 

 

 

Figure 1: (a) Sketch of SHMR experiment on Yig/PtMn(t) with and without C60. (b) The SHMR data at 290 K. (c) Temperature 

dependent SHMR for different PtMn thicknesses. (d) Mn-L2,3 XAS and XMCD show Mn2+ for the C60 counterpart. Inset show the 

temperature variation of mtot. (e) Magnetization of Co/PtMn(t) at 2K.    
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Multiferroic materials characterized by magnetoelectric coupling, allows for electric control on non-volatile 

memory in addition to magnetic control of electric polarization. These properties render them highly desirable 

both for fundamental exploration and for technological applications such as in novel computing architectures. 

In this work, we will discuss SrMnO3, a rare example of a perovskite multiferroic, where the manganese atom 

hosts both the orders, and is theoretically predicted to exhibit a strong magnetoelectric coupling upon straining. 

This also predicts a giant magnetoelectrocaloric effect for an epitaxial strain at which the critical temperature 

of both order parameters coincide. The magnetic order is typically G-type antiferromagnetic in bulk but can be 

tuned by strain. We study this by depositing ultrathin SrMnO3 films using pulsed laser deposition on five 

different substrates with the epitaxial strain varying from -0.4% to 3.9%. Detailed strain and crystal structure 

analysis of these films are followed by fabricating devices for studying the magnetic order and eventual 

coupling with the ferroic order. For this, we employ Spin Hall Magnetoresistance (SMR) studies using Pt 

nanostructures and study the ferroic order using Piezo-electric Force Microscopy and electrical Ferroelectric 

property measurements. Interestingly, we find that strain modifies the magnetic anisotropy, magnetic order and 

domain structures in these films. DFT studies predict a multiferroic phase above 1% epitaxial strain with a 

strong magnetoelectric coupling which corroborates with our findings.  
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Figure: In a) the 2θ scan results for 12 nm SrMnO3 films grown on five different substrates: LaAlO3 (LAO), NdGaO3 (NGO), 

(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), SrTiO3 (STO) and DyScO3 (DSO), are shown. From this, the out-of-plane strain is extracted 

and displayed in b) in addition to the in-plane strain obtained from Reciprocal space maps. In c) the field dependent magnitude of 

Spin Hall Magnetoresistance for three SrMnO3 films is shown upon applying a current in a Pt structure as displayed in the inset, 

while rotating a magnetic field in the α-direction at 5 K.  
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Antiferromagnets (AFMs) with frustrated exchange interactions between Mn ions offer unique opportunities 

for spintronic applications because of their chiral magnetic structures. In case of Mn3AN (A = Ga, Sn, Ni) 

systems that support the  4g spin arrangement in the (111) plane, the magnetic symmetry along with Weyl 

points in the band structure close to the Fermi energy allow for non-zero Berry phase curvature underpinning 

functional properties below the Néel temperature (TN), such as anomalous Hall effect [1], anomalous Nernst 

effect [2], and magneto-optical Kerr effect (MOKE) [3]. A long range ordered ferrimagnetic (FIM) phase was 

also predicted in a strained state of these materials [4]. 

Here, we present a systematic theoretical and experimental study of magneto-optical response of strained 

Mn3NiN films on BTO, STO and LSAT substrates in AFM and FIM phases. The MOKE spectra showed 

notable evolution across TN as depicted in Fig. 1, confirming existence of a high temperature FIM phase.  We 

employed ab-inito calculations using spin density functional theory and linear response approximation, and 

symmetry analysis to simulate the MOKE spectra. From the good agreement between the form of the measured 

and predicted MOKE spectra, we propose the AFM and FIM phases share the magnetic space group C2'/m' 

and that the symmetry driven magneto-optic and magneto-transport properties are maximized at room 

temperature in the FIM phase due to the enhanced intrinsic Berry phase contribution. More detailed comparison 

between the calculations and the experiment across the different strains induce by different substrates will be 

discussed. A room temperature FIM phase with large optical and transport signatures, as well as sensitivity to 

lattice strain and magnetic field has useful prospects for high-speed spintronic applications. 
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Fig 1. Temperature evolution of experimental spectra of polar MOKE rotation of Mn3NiN on BTO. 
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2D layered antiferromagnetic materials have opened unprecedented avenues for spintronics at the limit of 

minituarization. CrSBr is a 2D magnetic van der Waals material that crystallizes in the orthorhombic Pmmm 

space group, formed by ferromagnetic layers (TC = 146), which are antiferromagnetically coupled between 

them. [1, 2] In this talk, we will explore the spin-phonon coupling (SPC) interaction in CrSBr monolayer by 

means of first-principles calculations in order to determine the influence of the magnetic state in the amplitude 

and direction of phonon modes. By applying a finite displacement approach, combined with DFT calculations 

we obtained second derivatives of total energies as a function of displacement for different magnetic 

configurations following the corresponding phonon eigenvector direction (uj). [3] This allows us to obtain the 

phonon frequency for each magnetic configuration and thus the SPC between each of them. Our results show 

that for some particular modes there is a strong SPC, indicating that there is an intimate dependency between 

the phonon vibrations and the magnetic ordering. Furthermore, for the modes presenting the strongest SPC, we 

determined the evolution of the magnetic exchange interactions J1, J2 and J3 and magnon dispersion as a 

function of displacement following the corresponding uj, revealing that there is a strong magnon-phonon 

coupling in CrSBr.   
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Figure: SPC of CrSBr for the 15 optical phonon modes (left) and graphical representation of movement of atoms for mode 10 (right). 

Cyan, yellow and pink balls represent chromium, sulfur and bromine atoms, respectively.  
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The antiferromagnetic Mn5Si3 compound has been known to give rise to a topological Hall effect (THE) in its non-

collinear arrangement, i.e below 70 K. This effect has been observed in single crystal and polycrystalline thin films [1]. 

Here, we report on a route to grow epitaxial Mn5Si3 thin films on Si(111), with drastically different magnetotransport 

properties with respect to the bulk material. To this end, we use Mn and Si codeposition in a molecular beam epitaxy 

system, and carefully tune the deposition rates, the growth temperature, and the annealing temperature. The silicide 

phase-formation and morphology were assessed using reflection high-energy electron diffraction, X-ray diffraction, high 

resolution transmission electron microscopy (HRTEM) and atomic force microscopy. We show that it is possible to grow 

high quality crystalline Mn5Si3 thin films using interface engineering by means of a thin interfacial MnSi layer [2]. The 

latter acts as a seed layer for stabilizing the Mn5Si3 phase onto Si(111) substrate (Fig.1a). The magnetic behaviour of our 

films differs from the bulk and polycrystalline materials showing an enhanced transition temperature (~240 K) between 

the magnetically compensated phase and the paramagnetic state. This is attributed to its substrate-stabilized singular 

crystal structure that stays hexagonal in the whole temperature range as evidenced by the monotonous temperature 

variation of the in-plane lattice parameter ‘a’ shown in Fig.1b, unlike in bulk Mn5Si3 in which the magnetic arrangement 

transitions are followed by structural changes. Interestingly, the specific crystal and spin symmetry of the Mn5Si3 thin 

films leads to a large spontaneous Hall effect (Fig. 1c) up to ~240 K [3, 4], in addition of the THE observed up to ~70 

K. Epitaxy can therefore be used as a versatile tool to stabilize new spin structure and broaden the pool of materials in 

which spontaneous Hall is expected.  
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Figure 1: (a) HRTEM cross-section of a 13-nm thick Mn5Si3 thin film grown on Si(111). (b)Temperature dependence of in-plane 

lattice parameters ‘a’ of Mn5Si3 thin films (red dots) following the same monotoneous trend of the Si substrate (blus square). For the 

sake of comparison, the temperature variation of the ‘a’ and ‘b’ parameters in bulk material is shown by green losanges and orange 

triangle, respectively. (c) Anomalous Hall resistivity in the antiferromagnetic phase measured at 130K, corresponding to a 

spontaneous Hall conductivitu of ~5 S/cm..
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In altermagnets [1], the spin polarization in both real space and electronic structure alternates. 

Consequently, altermagnetism enables effects that were believed to be limited to ferromagnets. However, many 

of the predicted altermagnetic phenomena [2] await their experimental confirmation. Here, we present a 

magneto-transport characterization of the semiconducting, compensated collinear altermagnet MnTe (Fig.1-a) 

[3]. 

We experimentally confirm the symmetry components of the longitudinal (Fig.1-b) and transversal 

anisotropic magnetoresistance in thin films of MnTe. Furthermore, we discuss which contributions to the 

measured transversal and longitudinal signals can be signatures of the unconventional altermagnetic phase. 

Figure 1: (a) Atomic and magnetic configuration of MnTe with hexagonal iAs structure. (b) Longitudinal magnetoresistance 

recorded in c plane oriented thin films and an in-plane rotating applied magnetic field. 
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Recent theoretical and experimental studies of antiferromagnetic (AFM) materials have shown a breadth of 

new phenomena apparently similar to those of ferromagnetic (FM) counterparts but having different 

fundamental origin [1]. This is the case for the recently discovered subclass of collinear antiferromagnets, the 

so-called altermagnets [2]. Here, the nonrelativistic effects like the time reversal symmetry (TRS) breaking, 

mandated by the compensated antiparallel order, is accompanied by a locally anisotropic crystal environment 

giving rise to properties typical for either FM or AFM materials.  

Hexagonal MnTe (-MnTe) is a semiconducting compound with AFM order present up to just above room 

temperature. Numerous studies have elaborated that Mn magnetic moments exhibit a parallel alignment within 

the c planes, which are in turn oriented antiparallel one with respect to another. Yet, the Te atoms that form 

octahedra around the Mn atoms occupy noncentrosymmetric positions. This precludes crystallographic 

translation or inversion, yielding a strong nonrelativistic TRS breaking, which forms the basis for the 

altermagnetic phase and gives rise to such outstanding features as hysteretic anomalous Hall effect (AHE) 

existing in a material system without net magnetization [3]. Between the two directions of the maximal 

symmetry in the c plane, that is along the a axis or 30 deg away from it, the AHE is expected to vanish in the 

former and to achieve the highest values in the latter case [3]. Importantly, in this case, an axial vector parallel 

to c becomes allowed leading to the spontaneous formation of c-axis magnetization. Since it is of a higher order 

(relativistic) origin, its magnitude is expected to be weak, and in fact, its existence has never been reported to 

date.  

Here we present structural, transport and magnetization studies of high quality bulk MnTe crystals. Raman 

spectra, temperature dependencies of magnetization and of the resistivity define the Néel temperature sharply 

at TN = 308 K. Our studies document the presence of a sizable and magnetic field dependent magnetic 

anisotropy with a magnitude expected for hexagonal antiferromagnets. Similarly as in [3] hysteresis in the Hall 

resistivity xy(B) vanishing at TN, is evidenced, corresponding to the predicted anomalous Hall effect (AHE) 

[2]. However, in contrast to [3], the signs of ordinary and anomalous Hall effects are opposite. Most 

importantly, for the first time we document the existence of the c-axis magnetization, which disappears 

precisely at TN. Its weak magnitude – as low as 3  10 -5 B/Mn at 100 K exhibits a Brillouin-like dependence 

on temperature, serving as a measure of the AFM order parameter in this material. This c-axis magnetization 

is very robust, more than 2 T needs to be applied in the opposite direction to reverse its sign. It can be explained 

by a macrospin model of an easy-plane antiferromagnet with relativistic Dzyaloshinskii-Moriya interaction, 

which also reproduces the hysteretic behavior. 
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The anisotropic magnetoresistance (AMR) has been the subject of extensive research since its discovery in 

1857 by William Thomson. While theoretical studies have explored the microscopic mechanisms behind this 

effect, ranging from simple s-d models to complex ab initio calculations, most of the attention has been focused 

on ferromagnets. Recently, however, there has been an increasing interest in antiferromagnets (AFMs), whose 

magnetic order without net magnetic moment renders them excellent candidates for future spintronic devices 

[1]. 

 

AMR can arise from either anisotropic scattering (extrinsic) or an anisotropic Fermi surface (intrinsic) [2]. 

In this work, we focus on the latter, much less investigated intrinsic mechanism [3,4] in the context of non-

collinear magnetic order inspired by real materials such as CrSe, δ-FeMn, Mn3Ge, or RbFe(MoO4)2. We 

explore various types of lattices on a toy model level, including trigonal, tetrahedral, parallelogram, and 

kagome lattices. Magnetic moments can be arranged in many different ways on such lattices, and small changes 

can alter the Fermi surface symmetry, spin texture, and transport properties. We systematically investigate the 

influence of magnetic ordering on these properties, which allows us to predict general features of spin texture 

and transport by only considering the symmetry of the underlying system. 

 

Preliminary ab initio calculations in real materials are used to guide the choice of magnetic configurations 

for our toy models. We employ Stoner-Wohlfahrt calculations to confirm the positions of magnetic moments 

in the toy models. Our results demonstrate that AFM systems without spin-orbit coupling on kagome and 

parallelogram lattices can develop anisotropy in the electric conductivity under an applied in-plane magnetic 

field (while orbital effects are neglected). This phenomenon relies on non-collinear magnetic order and does 

not occur in ferromagnets without spin-orbit coupling. 

 

We will also propose a way to experimentally confirm our findings, which may have important implications 

for the development of future spintronic devices. Our findings shed light on the complex interplay between 

magnetic order, crystal symmetry, and electronic transport properties in magnetic materials. 
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Enabling electrical control of antiferromagnetic (AFM) properties is one of the key requirements for 

developing novel spintronic technologies. We present a device in which the spin configuration of an AFM 

insulator (FeF2) is modified by electrical current, taking advantage of the spin-orbit coupling existing in an 

adjacent heavy metal (HM) layer, such as W or Pt. We designed a trilayer, HM|AFM|FM, where the top 

ferromagnetic (FM) layer is exchange coupled to the AFM layer and thus can be used to monitor the changes 

in the AFM spin configuration. We performed magneto-optical Kerr effect measurements to probe the FM 

hysteresis loops as a function of temperature (T) and applied current (I). We found that the exchange bias field 

(HEB) and coercivity (Hc) behavior due to the bulk AFM spins and the top AFM|FM interface can be strongly 

modified by the current applied at the bottom HM layer [Fig. 1]. We attribute this effect to an active spin-orbit 

torque generated at the HM|AFM interface that reaches the AFM|FM top interface, modifying amplitude and 

sign of HEB. We found a critical current beyond which the effects on the HEB and Hc are irreversible. AFM 

blocking temperature is shifted and the Néel vector is switched once a critical current threshold is overcoming. 

Applying a blocking temperature distribution approach, we present a model revealing two independent 

mechanisms of unpinned AFM moments. Temperature-dependent control experiments using normal metals 

(NM) such as Au in NM|AFM|FM and without AFM in HM|FM confirmed that the effect is produced by the 

HM-induced SOT and is not caused by thermal heating, Oersted field, or other potentially spurious effects. 

This research was supported by the Department of Energy’s Office of Basic Energy Science, under grant # DE-

FG02-87ER45332. 

 

 
Figure 1 Pt|FeF2|Ni (a) Hc and (b) HEB as a function of the applied current I at 20 K. The arrows represent the direction of the I cycle. 

The blue area represents the region where the current effects are volatile. The dashed lines represent the critical current Ic, where the 

magnetization is switched. The red area represents the region where the current effects are permanent. The sketches represent the 

exchange bias sign and the coercive field amplitude.
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Nowadays, antiferromagnets (AF) attract significant attention because of the possibly higher integration 

density of devices and expected THz dynamics of magnetic moments. However, this advantageous robustness 

against external magnetic fields simultaneously complicates manipulation with magnetic moments and further 

development of antiferromagnetic spintronic devices. In recent years, AF with local symmetry breaking, such 

as CuMnAs, have attracted considerable attention because of manipulation with magnetic ordering via Néel 

spin-orbit torque [1]. Besides this, an additional writing mechanism based on a nano-fragmentation of AF 

domains by electrical [2], laser [2] and THz [3,4] pulses was demonstrated in CuMnAs. In all these 

experiments, stored information has been detected by electrical or optical measurements. 

Here, we show that also picosecond pulses of THz radiation can be used to detect the laser induced nano-

fragmentation of CuMnAs, as demonstrated in Fig. 1 where the resistence recovery dynamics is depicted (Fig. 

1). We revealed that the THz detection provides results fully consistent with standard electrical measurements. 

Moreover, this THz detection shares advantages with optical detection, such as the noninvasive and contact-

free nature or, possibly, the sub-picosecond temporal resolution. Thanks to this, we were able to measure the 

anisotropy of the quench switching in CuMnAs due to defects and the connected spectral changes in THz 

conductivity. These results are the first steps towards stroboscopic pump-probe experiments, which would 

allow us to study the nano-fragmentation processes at the ultimate sub-ps time scales. 

 

 
Figure: a) Schematics of the experiment. Femtosecond laser pulses induce nano-fragmentation of domains which are consequently 

detected by a change of the transmission of THz pulses. b) Temporal dependence of relative variation of THz resistance in laboratory 

time for laser pulse fluences bellow (blue points), at (azure) and above (the rest) the switching threshold fluence P th.  
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Epitaxial thin film of Mn5Si3 [1,2] is a candidate to the recently predicted class of magnetic materials called 

‘alter’magnet [3], and more specifically to the anisotropic d-wave magnetic phases that features an 

unconventional combination of strong time reversal symmetry breaking responses and a vanishing net 

magnetization. The Mn5Si3 compound displays a large spontaneous anomalous Hall (AHE) response of a few 

S.cm-1 below its Néel temperature of about 200 K, to which adds a topological-like (THE-like) signal below 

about 90 K, wherein some twisting of the magnetic moments is expected to occur, as opposed to a collinear 

arrangement above [1,2]. What is the anisotropic response of the AHE signal and what is the exact origin of 

the THE-like signal are some questions which are still pending and that we will present here. To address the 

first point, measurements were taken for a current and/or an external magnetic field applied along several 

crystallographic directions. For the second point a systematic study of the finite size effects was performed so 

as to understand whether the THE-like signal is the result of an actual topological effect related to the electrons 

picking up a Berry phase on interaction with the non-collinear spin structure of Mn5Si3 below 90 K or whether 

it is the bare summation of several AHE signals of opposite sign, in an inhomogeneous medium [4]. 
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Figure 1: (a) SEM image of a ~300 nm Mn5Si3 Hall bar. (b) Hall conductivity of Mn5Si3 Hall bars of several lateral sizes, measured 

at 90 K. (c) Lateral size dependence of the spontaneous anomalous (AHE) and topological-like (THE-like) contributions to the Hall 

conductivity.
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Strongly correlated electron systems are an excellent platform for functional materials. RFeO3 have attracted 

great attentions for various future applications in spintronics such as temperature and magnetic field control of 

spin-reorientation, inertia driven spin switching, laser-induced spin-reorientation, and large rotating-field 

entropy change [1 − 3]. TmFeO3 crystallizes in an orthorhombic perovskite structure with Pbnm space group 

(𝐷
16

2ℎ
 symmetry) as schematically shown in Fig. 1. The magnetic anisotropy of TmFeO3 undergoes dramatic 

changes as a function of temperature and due to this large magnetic anisotropy, magnetic phases such as Г4(Gx, 

Fz), Г24(Gx,z, Fx,z), and Г2 (Fx, Gz) can appear with respect to temperature [4]. Here, we present a strong magnetic 

effect in the Eu3+-doped TmFeO3 single crystal, where half of the Tm3+ sites are replaced by Eu3+ dopants in 

the orthorhombic lattice of TmFeO3 (Tm0.5Eu0.5FeO3). We demonstrated by combining the dc-magnetic 

susceptibility (T) as well as magnetization isotherm M(H), the temperature dependent magnetization results 

under small changes in the magnetic field (H) shows the evidence for the formation of such significant effect 

of TmFeO3 as replaced by Eu3+ ions. Interestingly, Eu3+ doping protects the antiferromagnetic (AFM) spin-

reorientation transition along crystallographic c-axis as observed by a sharp transition at TSR = 90 K, similar as 

parent TmFeO3. Further, an external applied field (H) of 500 Oe is enough to fully suppress the spin-

reorientation transition in Eu3+ doped TmFeO3. We emphasize that the transition from almost free-state of Tm3+ 

spin to AFM state changes by 90 K at such low magnetic field. Experimentally observe significant changes in 

terms of shift in the magnetic transition (SRT) under an applied very low magnetic field due to Eu3+ doping in 

TmFeO3 lattice is truly robust effect. 
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In recent years, multiferroics have gained popularity due to its possibility to combine two or more ferroic 

orders (ferroelectric, ferromagnetic and ferroelasticity) in the same phase, which can lead to coupling between 

them [1, 2]. The coupling between ferroelectric and magnetic ordering leads to the magnetoelectric effect (ME 

effect), where the polarization can be tuned by the applied magnetic field and vice versa, which is very desirable 

feature of multifunctional devices such as spintronic devices, magnetic data storage devices, sensors, etc. [3, 4]. 
In this way, bismuth ferrite (BiFeO3, BFO) remains the promising candidate for lead-free type-1 multiferroic 

materials, which also makes it environment friendly and harmless. Here, we report the effect of samarium 

(Sm3+) doping on structural, thermal, magnetic, and ferroelectric properties of BiFeO3. Polycrystalline Sm-

doped BiFeO3 samples were synthesized using a conventional solid-state reaction route. Bi1-xSmxFeO3 (x = 

0.02-0.08) samples crystallize in rhombohedral structure (R3c). With the increase of Sm3+ content, the decrease 

in crystal size is attributed to the change in lattice parameters, since the ionic radius of Sm3+ (0.95 Å) is smaller 

than that of Bi+3 (1.03 Å). A clear magnetic transition temperature (TN) peak was obtained by DSC 

measurements. With the increase of Sm3+ content, the peak temperature gradually decreased. Sm-doped BiFeO3 

samples exhibit ferromagnetic and antiferromagnetic behaviors. Magnetism is strongly influenced by the 

substitution of Sm3+ ions in BiFeO3, and thus the magnetism of the synthesized samples is greatly changed 

compared to that of pure BiFeO3. Bi1-xSmxFeO3 (x = 0.02-0.06) samples have weak pointed hysteresis loops. 

While, the BSFO-0.08 sample exhibit unsaturated rounded hysteresis loops possibly due to the large electrical 

leakage. Overall, we observed enhanced magnetic and ferroelectric properties by varying the Sm3+ content in 

BiFeO3. Therefore, the Sm3+ doping in BiFeO3 makes it a very prospective material for applications in 

spintronic devices, data storage devices and sensors. 
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Magnonic black holes[1]– analogue event horizons for the spin-wave collective excitations of ordered 

magnets - can be used for fundamental research, for example for investigating Hawking radiation, but also for 

technological applications of spin waves, such as sensors[2], amplifiers[3], performing logical operations.     

Here we will show how to engineer magnonic black holes in antiferromagnets[4], which have the attractive 

feature of fast magnetization dynamics. Our approach is both classical and quantum. We consider the set-up in 

Figure 1. The set-up consists of two antiferromagnets that are weakly coupled by exchange, and have different 

uniaxial magnetocrystalline anisotropies, magnetic fields, pumping mechanisms of angular momentum, i.e. 

Spin Orbit Torque (SOT) or Spin transfer Torque(STT).  

We compute the values of parameters to have amplification of spin waves and moreover we individuate 

which configuration is more suitable for analogue gravity research purposes. Particular attention is paid to the 

differences between the classical and quantum regimes and on the challenges in observing the quantum effects. 
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Figure: The set-up we study, in which uniaxial magnetocrystalline anisotropies, magnetic fields, angular momentum pumping 

mechanisms are varied between the two antiferromagnets
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The recently introduced concept of altermagnetism [1] relies on the macroscopic time-reversal symmetry 

breaking in collinear ordered, compensated magnets. In contrast to antiferromagnets with time-reversal and 

space-inversion symmetries in their point groups, altermagnets can exhibit effects depending on the polarity of 

the ordering vector, e.g. the anomalous Hall effect. Mn5Si3 is a compensated magnet which, as a thin epitaxial 

layer, shows altermagnetic ordering. This was confirmed by our measurement of the spontaneous anomalous 

Hall effect which shows hysteretic behaviour with sizeable coercive field despite the negligible net 

magnetization of the Mn5Si3 thin films [2]. 

In this contribution, we focus on 10- to 20-nm epitaxial Mn5Si3 layers grown using molecular-beam epitaxy 

on a Si(111) substrate [3]. We introduce the origin of altermagnetic properties in our samples and we further 

discuss the symmetry of the measured magneto-transport response. The lowering of the symmetry connected 

with the onset of magnetic order in Mn5Si3 also allows for the presence of even contributions to the transverse 

magnetoresistance which we detect in precise experiments performed on lithographically defined Hall bar 

structures. 

In the last part, we discuss the means of manipulation of the magnetotransport response in Mn5Si3 epitaxial 

layers. In particular, we present the key role of crystal quality. We also discuss the possibility to influence 

altermagnetism by external strain induced by piezoelectric stressors [4]. 

 
 

Figure: a.  Top view of hexagonal crystal structure 

of the Mn5Si3 epilayers [2]. b. Transverse resistivity 

measured on lithographically patterned devices in a 

Mn5Si3 epitaxial film at 80 K shows clear hysteresis 

loop due to the anomalous Hall effect. 
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The study of compounds containing highly localized rare earth f - electrons, and their interaction with 3d-block transition-

metal moments, which usually order at relatively high temperatures have always been a source of interesting physics. 

Among the rare-earth and transition-metal-based magnetic distorted perovskites, the rare-earth orthochromites (RCrO3) 

shows fascinating behavior due to their coexisting functionalities comprising multiferroicity, spin-reorientation phase 

transition (SRPT), and sign reversal of magnetization. These features make RCrO3 a potential candidate for possible 

novel applications in fast magnetic switching devices [1-3]. The SmCrO3 is one of the interesting compounds in the 

RCrO3 family which exhibits antiferromagnetic ordering (TN) at ~ 191 K and spin reorientation (TSR) at ~ 37 

K [4]. In this work we prepared SmCr0.8Fe0.2O3 by standard solid state reaction method. XRD studies revealed 

that the system belong to orthorhombic structure with Pbnm space group.The change in lattice parameter and 

strain  due to the incoperation of Fe3+ ions give raise to blue shift in the Raman spectrum. The analysis of the 

magnetic data obtained from the SQUID-VSM shows that the system exhibits antiferromagnetic ordering with 

TN ~ 185 K followed by a  magnetic compensation temperatures (TCOMP) at ~ 137 K and 50 K and TSR at 64 K. 

The system shows an increase in the magnetic moment due to ordering of the Sm3+
 at low temperature region. 

Additionally, we noticed an interesting feature of magnetic field and temperature-dependent magnetization 

switching behavior in this sample.  Notably, this sample is observed to exhibit high value of exchange bias at 

10 K due to the existence of uncompensated spins. Exchange bias effect is confirmed by field cooled M-H 

measrements and training effect studies. The temperature-dependence specific heat curve confirms the short 

range ordering below TN.  Analysis of these results along with the complex interaction between the cations will 

be reported in this work. 
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       Bulk Mn5Si3 is of particular interest, due to its temperature- and field-dependent magnetic structure [1]. 

Recently, a new magnetic order has been evidenced in crystalline Mn5Si3 thin films through the observation of 

a spontaneous Hall signal up to ~240K [2]. This is in sharp contrast with bulk Mn5Si3 for which only a 

topological Hall effect was measured up to 70 K, i.e. in its non-collinear antiferromagnetic phase. The 

outstanding behaviour of the Mn5Si3 films is explained in terms of altermagnetism [3] arising from crystal and 

spin symmetry which macroscopically breaks the time reversal symmetry despite the absence of net 

magnetization. In this context, we present here the epitaxial growth of Mn5Si3 thin films on Si(111) and 

sapphire substrates by molecular beam epitaxy using a codepositon technique. Their structural properties have 

been characterized using reflection high-energy electron diffraction, x-ray diffraction, atomic force 

microscopy, and transmission electron microscopy. We have systematically studied the effect of the growth 

parameters (stoichiometry of the codeposit, growth and annealing temperature) on the structural and magnetic 

properties as well as on the magnetotransport. Concerning the growth on Si(111), the Mn5Si3/Si(111) 

heteroepitaxial growth followed the Mn5Si3(0001)-[01̅10]//Si(111)-[11̅0] orientation through a complex 

interface composed either of an amorphous phase or a MnSi layer [4]. We show that interface engineering 

using a Sn-induced (√3 × √3)R30°-Si(111) surface reconstruction can promote the direct Mn5Si3 growth on 

Si(111), yielding however a textured structure with a roughening of the top surface as shown in Fig.1(a). Our 

work also demonstrates a strong correlation between the Mn5Si3 crystal quality and the strength of the Hall 

effect (Fig. 1b), the signal being absent in polycrystalline films. This emphasizes the role played by epitaxy in 

the stabilization of a new crystal symmetry that can host an altermagnetic phase. 
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Figure: (a) HRTEM cross-section of a Mn5Si3 thin film grown on a Si(111)-(√3 × √3)R30°:Sn surface. (b) Temperature 

dependence of the Hall conductivity for various samples with different crystal quality corresponding to distinct concentrations of 

Mn5Si3 within the Mn silide film. Lower Mn5Si3 proportion comes with higher mosaicity.
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Spinterfaces, i.e. interfaces between an organic semiconductor (OS) and a ferromagnetic (FM) substrate, have been 

raising an ever increasing interest in the last two decades, first through the realization of organic spintronics prototypical 

devices, then by showing new intriguing phenomena related to the formation of hybridized interface states (HIS) [1]. As 

a promising development of the spinterface approach within the rapidly developing fields of Antiferromagnetic (AF) 

Spintronics and AF Magnonics [2], we have been extending those concepts to OS/AF interfaces, with the aim of creating 

a novel form of transducer between electromagnetic radiation (visible and near-IR) and spin waves (SW), based on the 

magnetic character of the HIS at the AF spinterface. It is well-known that AF materials are particularly suited as 

propagating media for SW at THz frequencies, while the light-induced perturbation of the magnetic moment associated 

to the HIS would allow for an electrode-free excitation of the nearby AF moments, otherwise hardly accessible by 

external stimuli. These ideas are under development in the ongoing EU-FET project SINFONIA [A1], during which we 

have been investigating different combinations of AF oxides, in particular Cr2O3, NiO and CoO (grown on different 

substrates), with suitable molecular materials. The latter include several different organic molecules, ranging from well-

known ones like C60 and Pentacene, to more complex compounds, such as Metal-Tetra Phenyl Porphyrins (MTPP; e.g., 

CoTPP) and Metal Phthalocyanines (MPc; e.g., FePc) [3], both of which are ideal candidates for building spinterfaces, 

since their ion core can have its own magnetic moment, due to the presence of unpaired spins [4,5]. 

Here, we are going to present in details the concept of our project and a series of results related to the growth and 

characterization (including crystalline, morphologic, and electronic properties) of the mentioned AF oxides and of related 

spinterfaces, along with some specific results related to the magnetism at the interfaces. Recently, in particular, we were 

able to show, by X-ray Magnetic Circular Dichroism (still unpublished), that FePc magnetically couples to Cr2O3, while 

similar measurements are foreseen in the near future, also based on the suggestions of various computational results 

based on first-principle theoretical approaches, which have in good part already been completed for selected AF 

spinterfaces. Finally, the expected development of the current research and its potential applications will be discussed. 
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Antiferromagnetic materials represent a new area of research with potential applicability in spintronic 

devices[1]. Compared to their ferromagnetic counterparts, antiferromagnetic materials exhibit faster dynamics, 

resiliency to the external magnetic field, and the absence of stray fields allowing for high integration density. 

Some functionalities are derived directly from their ferromagnetic counterparts, such as readout using 

anisotropic magnetoresistance or magnetic axis reorientation using current-induced spin-orbit torque [2]. Other 

are unique to antiferromagnets, such as recently discovered quenching into high resistivity states [3]. The 

quench-switching effect is based on changes in the magnetic domain structure of the epitaxially grown thin 

antiferromagnetic films of CuMnAs. These changes can be induced by current or optical pulses, which bring 

the system to the vicinity of its Neél temperature. The subsequent fast cooling results in a quenched magnetic 

state characterized by increased resistivity. The change in the resistivity can reach tens of percent at room 

temperature and even up to a hundred percent at low temperatures, which exceeds the spin-orbit torque-based 

switching by two orders of magnitude [2]. The quench-switching signals exhibit a temperature-dependent 

relaxation with characteristic times in the range of seconds at room temperature (Fig. b) [3], making it 

interesting for memory applications.  

In this contribution, we explore differences in the response caused by changes in material parameters, such 

as CuMnAs layer thickness (Fig. c), device size, MBE growth conditions, and protective capping. The device 

performance is evaluated based on the observed amplitude of the quench-switching response. We also evaluate 

the durability of devices by monitoring the surface damage induced by the laser pulses.  

 

Figure: a) Example of the 

Hall bar device used for 

characterization. The 

position of the laser spot is 

depicted in the active area. b) 

Example of the measured 

quench-switching signal with 

a fitted stretch exponential 

function. c) Quench-

switching amplitude as a 

function of the laser pulse 

fluence for 50 nm and 20 nm 

thick CuMnAs films. 
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Non-collinear antiferromagnets e.g., D019-Mn3Sn and Mn3Ge, possessing non-collinear spin configurations 

due to geometrical frustrations, are attracting a great deal of attention because of a large anomalous Hall effect 

due to a non-vanishing Berry curvature arising from the topologically non-trivial spin texture [1]. 

Technologically viable thin layers are deposited on bulky substrates, possessing a considerable challenge for 

precise volume magnetic characterization. Things get worse when the substrate material does not exhibit ideal 

diamagnetic properties. MgO, frequently used as a substrate material, has been already recognized to exhibit 

strong paramagnetic (PM) (dominating at low temperatures) and ferromagnetic-like (FM-like) responses. 

Particularly, in the case of antiferromagnetic materials, the signal of interest is only a small perturbation to the 

sizable response of MgO. In our study we aim to establish a scheme to characterize the magnetic properties of 

very thin Mn3Sn films.  

The layers are epitaxially deposited by magnetron sputtering on MgO single-crystal substrates. Our 

dedicated magnetic characterization of these substrates confirms the existence of both the strong PM and FM-

like responses. The former originates from the bulk of the substrates and can be accurately described by spins 

obeying the Brillouin function for L = 0, S = 5/2 with a concentration of 4×1018 cm-3. The strong FM-like 

response is found to be of a superparamagnetic origin and survives up to the highest attainable temperature of 

400 K. Its m(H) exhibits a Langevin-like sigmoidal shape saturating around 10 kOe with a magnitude 

depending on the batch and changing between 2.5×10-5 and 5×10-5 emu/cm2. Typical coercive field is around 

250 Oe. We show that this FM-like contamination is located exclusively on the epi-ready side of the substrate.  

In order to eliminate both these PM and FM-like signals as well as the diamagnetism of MgO in our volume 

magnetometry studies, we adopt the concept of in situ compensation elaborated for mitigating the contribution 

brought about by bulky substrates [3]. In our approach the Mn3Sn/MgO specimens are abutted on either side 

with seven 10×5 mm2 pieces of MgO substrates, to form a quite uniform 15 cm strip of MgO which vastly 

restores the translational symmetry of the sample holder. Importantly the compensating MgO bits come from 

the same batch as the investigated samples. By doing so we achieve a compensation level of about 95%. 

Additional important helping hints will be presented and discussed. Our approach allows us to minimize error 

bar about 20 times, leading to precisely establishing the absolute values of magnetization in a series of Mn3Sn 

layers with thickness ranging from 10 to 50 nm, as it will be discussed elsewhere. Our findings and the 

experimental technique offer a solid foundation to study the unconventional physical properties of 

antiferromagnetic thin films. 
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Materials with antiferromagnetic ordering are one of the most active research topics in current condensed 

matter physics [1-2]. NaMnAs is a semiconducting antiferromagnet from group of I-II-V semiconductors. The 

Neél temperature is above room temperature, and the material exhibits uniaxial anisotropy [3]. This makes 

NaMnAs an interesting material on the field of novel magnetic materials.  

Our poster presentation focuses on magneto-optical properties of bulk single-crystal samples of 

antiferromagnetic semiconductor NaMnAs. We present low temperature infrared magneto-transmission 

spectroscopy at low energies, where we observe magnon-like mode at ħω = 7 meV. With application of 

magnetic field along material’s tetragonal axis, we observe splitting of the mode into 2 branches. The dispersion 

is linear with magnetic field and the extrapolated g-factor is approximately 2, which is in agreement with the 

expected value. The absence of interacting phonon modes in the vicinity of the magnon-like mode shows, that 

NaMnAs provides textbook example of antiferromagnetic resonance in easy-axis material. This statement is 

supported by magneto-transmission spectroscopy in additional geometry configurations. 

The experimental results are accompanied with linear spin-wave theory simulation of dispersion of magnon 

in k-space. The simulation is based on the experiment discussed above and on ab initio theoretical predictions 

of exchange interactions. Theoretical predictions are developed from experimental measurements of optical 

properties of the material. To calculate the spin-wave simulation, we apply software package SpinW written 

for MATLAB. By correlating simulation results with experiment, we are able to determinate single-ion 

anisotropy energy. 
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Figure: Magnetic field dispersion of magnon-like mode observed in low energy IR transmission spectra - false map I(B)/I(Bavg)
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Antiferromagnets (AFM) are promising materials for future spintronic applications owing to their advantageous 

properties: They are magnetically ordered but neighboring magnetic moments point in opposite directions, which results 

in zero net magnetization. This means antiferromagnets produce no stray fields and are insensitive to external magnetic 

field perturbations. Furthermore, they show intrinsic high frequency dynamics (in the THz regime) and exhibit 

considerable spin–orbit and magneto-transport effects. Over the past decade, it has been realized that antiferromagnets 

have more to offer than just being utilized as passive components in exchange bias applications. Among the wide variety 

of AFM materials, transition metal oxides (e.g. NiO or CoO) play an important role, especially in systems of reduced 

dimensionality, as pointed out by a number of studies [1, 2]. However, in thin film form, as required for devices, their 

quality is often disappointing, dictated by the defect density. 

Here we demonstrate a route for preparing high quality ultrathin antiferromagnetic oxide films on a metallic substrate. 

Mixed nickel-cobalt oxides have been grown on Ru(0001) by high temperature oxygen-assisted molecular beam epitaxy. 

A comprehensive characterization has been performed combining LEEM and LEED for structural characterization and 

PEEM (PhotoEmission Electron Microscopy) with synchrotron radiation for chemical and magnetic analysis via X-ray 

Absorption Spectroscopy and X-ray Magnetic Linear Dichroism. For different chosen stoichiometries, the growth leads 

to the formation of high quality 2D islands. The high crystalline and morphological quality of the prepared films result 

in optimized properties with respect to films grown by other methods. In particular, their magnetic domains are larger by 

several orders of magnitude. By means of vectorial magnetometry, the spin axis orientation has been determined with 

nanometer spatial resolution and found to depend on the Ni:Co ratio. 

 

 

 

 

 

 

 
Figure 1. XMLD PEEM images obtained at (a) Co and (b) Ni absorption edges. (c) Polar plots of the experimental L2 ratio 

extracted from a single-domain area for Co (red) and Ni (blue). 
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Altermagnetism has emerged recently as a third basic collinear magnetic phase [1], in addition to 

ferromagnets and antiferromagnets. Conventional antiferromagnets exhibit two sublattices with opposite 

magnetic moments related by translation or inversion. In altermagnets, the magnetic sublattices are connected 

by a rotation or a mirror operation. The particular symmetry causes altermagnets to display time-reversal (T) 

symmetry breaking and spin-split band structure even in the absence of spin-orbit coupling [2]. 

In this work, we study the spin conductivity tensor in altermagnets by using spin group theory formalism 

[1]. We also use Kubo’s linear response to calculate the spin conductivity tensor in all the altermagnetic spin 

point group models. Additionally, we identify and sort 200 altermagnetic candidates into spin conductivity 

tensor classes. We will discuss some spin point groups that allow for a transverse spin current in detail. This is 

the case of spin splitter current in RuO2 [3,4], a nonrelativistic effect that conserves spin unlike in general 

magnetic spin Hall effect in noncollinear magnets. Moreover, the spin conductivity tensor is symmetric and T-

odd, which makes it different from the conventional spin Hall effect. 

 

 

 
Figure: (left) Magnetization density RuO2, from [4]. (center) Spin split bands in a d-wave 

altermagnet.  (right) Fermi surfaces in a d-wave altermagnet. 
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In ultrathin magnetic films with perpendicular magnetic anisotropy, an antisymmetric exchange 

interaction, called Dzyaloshinskii-Moriya Interaction (DMI) [1] may exist due to interfaces and spin-orbit 

coupling. DMI may stabilize Néel domain walls (DWs) with a given sense of rotation, called chirality. The 

magnetic bubbles in these samples are thus non-trivial and called magnetic skyrmions [2] (Fig. 1a,b). 

Skyrmions move under current due to spin-orbit torques [3], which make them interesting for spintronics. This 

motion depends on the DW texture and chirality, defined by DMI sign and amplitude.   

We showed that a gate voltage can invert the chirality of magnetic skyrmions and DWs in  

Ta/FeCoB/TaOx trilayers by tuning the sign of the DMI coefficient D [4]. We used Brillouin Light Scattering 

to measure DMI coefficient and sign as well as polar magneto-optical Kerr effect microscope to track, through 

a transparent electrode, the current-induced motion of skyrmions and DWs and determine their chirality. We 

attribute this control of chirality to a tuning with the gate voltage of the oxidation state at the top FeCoB/TaOx 

interface, which has been shown to control DMI sign [5].  

Micromagnetic simulations show that this chirality control may be downscaled to nanometric 

skyrmions. This local and dynamical reversal of the chirality paves the way to an efficient and individual 

control of skyrmions, enabling new functionalities for spintronic logic devices and memories. 
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Figure: Representation of (a) clockwise (CW) 

and (b) counterclockwise (CCW) Néel 

skyrmions. (c) Effect of a gate voltage on 

skyrmion and domain wall chirality, induced by 

oxygen ion migration effects in Ta/FeCoB/TaOx 

stack.

mailto:*helene.bea@cea.fr


 
SYMPOSIUM 13. INVITED ORAL PRESENTATIONS 

Crucial Role of Long-Range Orbital Angular Momentum  

Response and Transport in Spintronic Phenomena 
Dongwook Go1,2* 

1 Peter Grünberg Institut and Institute for Advanced Simulation, Forschungszentrum Jülich and 

JARA, 52425 Jülich, Germany 
1 Institute of Physics, Johannes Gutenberg University Mainz, 55099 Mainz, Germany 

*d.go@fz-juelich.de 

 

Within the paradaigm of spintronics so far, most spintronic phenomena such as current-induced magnetic 

torques are interpreted in terms of spin-transfer physics and transport of angular momentum in the form of spin 

currents. At a fundamental level, however, the angular momentum of electrons is not only carried by the spin 

degree of freedom but also by the orbital degrees of freedom, but the possibility of transport and transfer of 

angular momentum via the orbital channel has been overlooked so far. In recent years, we have shown that 

even if the orbitals in the ground state is entirely quenched, OAM can be induced and transported via non-

equilibrium states driven by external perturbations such as electric and magnetic fields [1,2]. The induced 

OAM can also be transferred to local moments to exert a torque, which offers a promising route for enhancing 

the efficiency of spin torque devices [3]. Despite many promising features of OAM for spintronics, one of the 

biggest challenges is to unambigiously quantify it, and in particular, disentangle the signals coming from the 

spin and orbital, whose phenomenological behaviors are nearly identical. 

In this talk, I will show that nonequilibrium OAM exhibits long-range correlation in its response and 

transport, which are different from the behavior of the spin both quantitatively and qualitatively. I will show 

that injection of OAM in a ferromagnet exerts a torque on the local moment over unexpectedly long distance 

[4]. The injected OAM decays monotonically without any oscillation, which is distinct from the dephasing of 

spins in the mechanism of the spin-transfer torque. I will explain that this behavior originates from the 

momentum-space hotspots where Bloch states with different orbital characters are degenerate, which is 

imposed by the symmetry of the crystal field. This results in the nontrivial behavior of the current induced 

torque: the torque efficiency increases as the thickness of the ferromagnet grows. This prediction was verified 

by a recent experiment by Hayashi et al. [5], which found long (~ 20 nm ) orbital dephasing length in Ni by 

magnetic torque measurements. The experiemnt also revealed an strikingly large orbital relaxation length ~ 70 

nm in W. The long-range transport of the OAM in W was also experimentally verified by Seifert et al. [6], 

where the OAM transport triggered by a THz pulse was directly observed in the time domain. I will discuss 

the physical origin of the robustness of the OAM transport and its exceptionally long relaxation length. I will 

also discuss outlook for utilizing long-range OAM for spintronic and orbitronic device applications. 
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The current-induced dynamics of magnetic structures is quite complex. For 

example, magnetic skyrmions allow for ‘banana kicks’ in magnetism, i.e., not 

only a motion of the skyrmions along but also transverse to the current direction. 

This effect, which has become known as the skyrmion Hall effect [1,2,3], is 

often disruptive for device applications. In this talk, we will present possibilities 

of how to eliminate the skyrmion Hall effect [4,5]. As a particular example, we 

will discuss helical phases which provide confined one-dimensional channels 

for high-speed skyrmion motion. We discuss how skyrmions can be generated in 

such helical backgrounds and analyze their stability [6]. 

 

Moreover, we will address the role played by topology in the 

physics of the skyrmion Hall effect. For example, it is widely 

believed that the skyrmion Hall effect, vanishes for overall 

topologically neutral structures such as (synthetic) 

antiferromagnetic skyrmions and skyrmioniums due to a 

compensation of Magnus forces. While this is true for spin-transfer 

torque-driven skyrmions, we show that this simple picture is 

generally false for spin-orbit torque-driven objects [7]. We find that 

the skyrmion Hall angle for spin-orbit torque-driven skyrmions is 

directly related to their helicity, which imposes an unexpected 

roadblock for developing faster and lower input racetrack memories 

based on spin-orbit torques. 
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Fig. 2: Net Skyrmion Hall effect in topologically 
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Fig. 1: Skyrmion in a helical 

background [6]. 
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The vast versatility of 2-dimensional (2D) magnetic van der Waals materials has attracted immense interest 

within recent years. The biggest advantage of this material class is its ability to form versatile heterostructures 

that can be tailored towards a broad spectrum of properties, ranging from spintronic to optomagnetic and 

electrical applications. It is also capable of hosting chiral topological spin textures, such as skyrmions, 

interesting, e.g., for spintronic data storage applications. Unique to this class of materials is their mechanical 

flexibility and the option to exfoliate perfectly crystalline sheets on pre-pattered substrates. This offers the 

prospect of highly efficient low-dimensional devices and extreme ease to fabricate versatile heterostructures 

by stacking separate individual layers.  

In this work, we utilize real-space imaging of the magnetic texture in thin flakes of the 2D van der Waals 

magnet Fe3GeTe2 (FGT) to characterize the dynamics of skyrmions in trilayer devices consisting of an FGT 

sheet capped by hexagonal boron nitride (hBN) and a graphite electrode to inject currents through a vertical 

nanocontact (see figure). With this device we realize the local injection of skyrmions and investigate dynamical 

effects of the generation process. Ultimately, the choice of composition and nucleation mechanism result in a 

selective stabilization of individual skyrmions that can then be manipulated by targeted current pulses. Our 

findings thus open novel perspectives and strategies for designing van der Waals heterostructure-based devices. 
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Figure: FGT flake heterostructure device with vertical interlayer nanocontact and lateral connections for current injection. The device 

consists of an FGT/hBN/graphite trilayer with the nanocontact marked in red. [1]
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We aim to present our recent review [1] of the state-of-the-art of measuring the coefficient of the 

Dzyaloshinskii-Moriya interaction (DMI), the DMI constant D, focusing on systems where the interaction 

arises from the interface between two materials (i.e. interfacial DMI). The DMI, being one of the origins of 

chiral magnetism, is currently attracting considerable attention in the research community focusing on applied 

magnetism and spintronics. For future applications, we believe that an accurate measurement of its strength is 

indispensable. The review presents the experimental techniques as well as their theoretical background and 

models for the quantification of the DMI constant. The measurement techniques are divided into three 

categories: a) domain wall-based measurements, b) spin wave-based measurements and c) spin-orbit torque-

based measurements. The advantages and disadvantages of each method and comparison of the D values at 

different interfaces are presented. In particular, we focus on the two most popular stacks reported in the 

literature, i.e. Pt/Co/X (with X a metal or an oxide) and X/CoFeB/MgO (with X a metal), as shown in the 

figures. The review aims to obtain a better understanding of the applicability of the different techniques to 

various stacks and of the origin of apparent disagreements among literature values.  
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Figure: Measurements of the DMI constant Ds = Dt (with t the thickness of the ferromagnetic layer) in Pt/Co/X (with X a metal or 

an oxide, left) and X/CoFeB/MgO (with X a metal, right) reported in the literature.
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Spintronic devices based on domain wall (DW) motion offer new exciting opportunities for non-volatile data storage, 

neuromorphic, and logic applications. Pinning of DWs due to structural disorder limits the efficiency of DW motion 

based devices. Such disorder in materials and devices usually takes the form of spatial variation of magnetic properties 

due to interface roughness, intermixing, crystalline texture or grain boundaries as well as edge defects induced by 

nanofabrication processes.  He+ irradiation is a powerful tool to engineer magnetic materials at the atomic scale enabling  

the control of magnetic properties [1].  The utilization of light ions provides the precise control of inter-atomic 

displacements through low energy transfer.  In this work, we use He ion irradiation to reduce domain wall pinning in W-

CoFeB-MgO systems with perpendicular  anisotropy by (i) enhancing the crystallization process [2] and (ii) locally 

tuning the edges of micro sized wires. We have studied domain wall motion in W/CoFeB/MgO thin films with 

perpendicular magnetic anisotropy crystallized by annealing at 400◦C and a process based on He+ irradiation combined 

with moderated temperatures. We show that despite similar magnetic properties (effective anisotropy, magnetization, 

Gilbert damping, Dzyaloshinskii-Moriya interaction) for the whole series of samples, domain wall mobility is critically 

improved in the irradiated samples (see Figure 1). This is due to a smoother pinning potential with a narrower distribution 

of energy barriers for samples crystallized through ion irradiation. Finally, we have locally irradiated the edges of W-

CoFeB-MgO wires, with widths between 5 µm and 40 µm. We demonstrate that the edge pinning can be quenched 

resulting in a significant increase in the DW velocity in the narrower wires.   

In summary, the possibility to reduce structural defects through He ion irradiation paves the way toward power-efficient 

memory and neuromorphic devices. 

 
Figure 1. DW velocity as a function of the perpendicular magnetic field, rescaled to show creep law behavior. The solid lines are fits 

in the creep regime, and the dashed lines are fits in the depinning regime. The inset is a representation with linear axes around the 

depinning transition. The dotted vertical lines in the inset denote the depinning fields Hdep. 
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The influence of different Dzyaloshinskii-Moriya interaction (DMI) tensor components [1] on the static and dynamic 

properties of domain walls (DWs) in magnetic nanowires is investigated using one dimensional collective coordinates 

models and micromagnetic simulations [2]. It is shown how the different contributions of the DMI can be compactly 

treated by separating the symmetric traceless, antisymmetric and diagonal components of the DMI tensor. First, we 

investigate the effect of all different DMI components on the static DW tilting in the presence and absence of in plane 

(IP) fields [3]. We discuss the possibilities and limitations of this measurement approach for arbitrary DMI tensors. 

Secondly, the interplay of different DMI tensor components and their effect on the field driven dynamics of the DWs is 

studied and reveals a non-trivial effect of the Walker breakdown field [4] of the material. It is shown how DMI tensors 

combining diagonal and off-diagonal elements can lead to a non-linear enhancement of the Walker field, in contrast with 

the linear enhancement obtainable in the usual cases (interface DMI or bulk DMI). 
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Figure 1: (a) DW tilting angle as a function of D
s 

(b) Walker field HW as a function of D
b  

(c) DW tiling in the absence of IP fields 

in three representative cases (d) Scheme of stabilized DW angles in the presence of the different DMI contributions shown in the 

green box below. 
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Ionic control of magnetism gives rise to high magneto-electric coupling efficiencies at low voltages [1-3], 

which is essential for low-power magnetism-based non-conventional computing technologies. However, for 

on-chip applications, magneto-ionic devices typically suffer from slow kinetics, poor cyclability, impractical 

liquid architectures or strong ambient effects. As a route to overcoming these problems, we demonstrate voltage 

control of a magnetic skyrmion state in an LiPON-based solid-state ionic supercapacitor with a 2 nm Ta/4 nm 

Pt/0.9 nm CoFeB/0.2 nm Pt/100 nm LiPON/1 nm SiN/4 nm Pt structure. Under the application of a positive 

voltage to the top electrode, skyrmions nucleate in the CoFeB film as a result of Li ion accumulation at the 

magnetic interface (Figure 1). Reversal of the voltage polarity results in skyrmion annihilation. Cyclic 

voltammograms (CVs) of the supercapacitor structure show a largely rectangular shape with no peaks 

indicative of redox processes. Instead, the CVs reveal the formation of an electric double layer at small voltage, 

followed by Li ion intercalation above +0.8 V. Because of the limited amount of Li ions migrating in the 

LiPON layer compared to the battery structures we studied previously [4], the system is highly cyclable and 

fast. Single 60-µs voltage pulses already trigger skyrmion nucleation while the supercapacitors can be cycled 

750,000 times without loss of electrical performance. Our results demonstrate a simple and robust approach to 

ionic control of magnetism in spin-based devices. 
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Figure 1: Voltage control of the skyrmion state in a LiPON-based solid-state ionic supercapacitor. Polar MOKE microscopy images 

recorded while sweeping the applied voltage from –1.0 V to +2.0 V and back. The perpendicular magnetic field is +0.7 mT. The 

scalebar corresponds to 10 µm. 
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Due to their particle like character and their particle-particle repulsion and their detectability, 

magnetic skyrmions have been proposed as a potential candidate for conservative logic [1-2]. The ideal 

realization for such logic implementation is the billiard ball logic proposed by E. Fredkin and T. Toffoli [3].  

In the initial proposals for the skyrmion conservative logic, the skyrmion was propagated to produce logic 

operations using current induced torques [1-2]. In this work, we propose a scheme to produce skyrmion 

motion driven only by voltage using the voltage controlled magnetic anisotropy (VCMA) effect [4]. This 

modification will reduce drastically the energy consumption due to the reduced Joule dissipation. The 

magnetic device and the stack that produce such motion is shown in the figure. It consists of a time varying 

VCMA, which modifies the perpendicular anisotropy, with three phases in three consecutive tracks as 

depicted in Figure (a) and (c). The motion was confirmed with micromagnetic simulations as shown in the 

Figure (d). The implementation of the different basic logic gates was analysed using simulations.  

To check the performance of such devices, we quantified the total dissipation of a device, including 

the magnetic and electrical dissipation, and found that the minimum dissipation of this VCMA-driven 

magnetic skyrmion logic at 0 K is found to be ∼6× the room-temperature Landauer limit [5], indicating the 

potential for sub-Landauer dissipation through further engineering. 
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Figure: Scheme of the 

proposed device and 

implementation of skyrmion 

motion using pulses of 

VCMA (a) YZ and (b) XZ 

Device Cross Section (c) 
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trajectory.
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Three-dimensional spintronics exploits the interaction of magnetic moments with electron spins in non-planar 

objects, such as cylindres. These 3D building blocks of nanoscale devices are fascinating objects for fundamental research 

as well as for data storage advanced technologies. In particular, the information stored in a magnetic wire or tube, should 

be encoded by magnetic domains separated by magnetic domain walls which motion may be achieved by applying spin-

polarized current. In addition to conventional single material wires, recent progress in nanofabrication gives rise to a new 

variety of multi-layered core-shell geometries giving access to Spin-Transfer-Torque (STT) and Spin-Orbit-Torque-

induced (SOT) driving forces (Figure 1). 

 

 
Figure 1: Left column: studied tubular geometries including STT and SOT effects. Right column: magnetization distribution and 

corresponding spin accumulation induced in core/shell ferromagnet/heavy metal structure. 

To simulate non-trivial 3D micromagnetic textures and the impact of current on its dynamics we have developed the 

multi-physics finite element C++ software feeLLGood which is suitable for irregular or curved geometries [1,2,3]. 

Previous version of the code included self-consistent calculation of the magnetization and spin dynamics resulting in 

non-trivial Spin-Transfer-Torque (STT) effects within single ferromagnetic material. Our recent interest focuses on the 

SOT-induced effects and corresponding driving force acting on the domain wall within ferromagnet/heavy metal bilayers. 

In the presentation we discuss the details of the domain wall current-induced motion under spin polarized current 

including STT and SOT effects. We characterise and compare STT and SOT efficiency as a function of geometry type 

and spin transport characteristic lengths, and highlight the differences with the usual planar geometry. In addition we 

also quantify the interplay between STT and SOT effects within the same structure. 
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In this work [1] we characterized the spin-orbit torques permitted by symmetry in trigonal crystals, revealing 

the fundamental role of the cubic order correction to the (Rashba) spin-orbit coupling and the trigonal warping 

of the Fermi surface to observe such responses. In particular, we demonstrate the microscopic origin of the so-

called “3m” torque, which was previously reported in  CuPt/CoPt [2] heterostructures and Fe3GeTe2 [3], and 

that has the ability to promote field-free switching of the magnetization in ferromagnetic interfaces. To do so, 

we firstly derived the effective fields in crystals with C3v  point group symmetry by means of the invariant 

theory [4], looking up to first order in electric field and third order in magnetization components. Then, we 

corroborate our predictions with tight-binding calculations in a hexagonal lattice, where we consider linear and 

cubic spin-orbit coupling terms. Finally, we verify our findings with realistic calculations in CuPt/Co, which 

exhibits strong trigonal warping as it is depicted in Fig.1, and showing that the “3m” contribution can be as 

large as the regular damping-like torque in these systems. Our article motivates further exploration of low-

symmetry crystals for magnetic memory devices.  

Fig. 1. (Color online) Spin texture of a selected band close to the 

Fermi level of CuPt(111)/Co slab geometry. 
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The internal dynamics of magnetic domain walls (DWs) driven by magnetic fields and electric currents 

exhibit characteristic oscillatory instabilities, such as what happens above the Walker breakdown field [1]. 

Depending on the dimensions, theses instabilities can be uniform or space-dependent [2]. In this work, we 

show a different class of DW instabilities that are stationary in time and induced by Slonzcewski-like spin-

orbit torque in the presence of uniform in-plane mechanical strain [3]. Using micromagnetic (µM) simulations, 

we observe two regimes depending on the current injected. For small current densities, after a short transient 

the DW reaches a steady state regime and moves at a constant velocity. Above a certain current threshold (𝐽𝑐) 

the DW stops moving completely and its internal magnetization modulates in space developing a characteristic 

ripple-like pattern like the one shown in Fig. 1, which cancels out the net torque over the DW. Using a 2D 

model for the DW internal angle and position, which can both vary along the width of the nanowire, together 

with µM simulations, we show that both the number of ripples and their curvature are given by the SOT current 

(𝐽SOT) and the nanowire width (𝑊). These results are explained with analytical formulas that display their 

dependence on the material and geometrical parameters. In our view, our findings show that SOT-driven DWs 

in presence of in-plane strain could be a new platform for information storage in static memory elements as 

well as efficient energy manipulation. 
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Figure: DW velocity versus current from both simulation (dots) and model (solid line). After a threshold current the DW completely 

stops, and a spatially modulated structure is stabilized as shown in the right part of the figure.
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We illustrate here a promising approach for improved data storage and high-performance computation in Spin-Orbit 

Torque (SOT) -based spintronic devices by means of nm resolution ion beam microscopy that pattern a magnetic energy 

landscape triggering preferential current-driven magnetisation switching. SOT-induced magnetization switching devices 

have potential applications in the field of magnetic memory, nanomagnetic logic circuits and neuromorphic 

computing[1]. The critical current required to switch the magnetic state depends on saturation magnetization and 

magnetic anisotropy, which are highly interface dependent and can be tuned by He+ irradiation [2]. We show that the 

critical current could be reduced by >80% by modifying the interface properties of Pt/Co/W-based thin films using a 

focused helium ion beam (fig.1a)[3]. Our key advancement is the in-situ Hall measurement under local ion irradiation 

which allows us to monitor the evolution of PMA with ion dose (fig. 1a). Furthermore, we illustrate how multilevel 

switching can be achieved using an He+ beam by partially irradiating the junction with appropriate doses (fig. 1b,c), 

chosen based on the in-situ irradiation curve[4]. Domain nucleation and domain wall motion [5] extend the portfolio of 

irradiation engineering of SOT devices towards an enabling patterning technology for new SOT device applications. 

Novel device fabrications and their spatial and time-resolved properties will be presented.  

 
Figure 1 (a) Evolution of in-situ anomalous Hall resistance and switching current with irradiation. (b) MOKE acquired 

SOT-induced magnetization switching curve of an 8-level switching device under a bias field of 125 mT. (c) MOKE 

images of the SOT induced magnetization switching of the junction when sweeping from 21 to –25 mA. 
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Magnetic skyrmions have recently attracted a large interest owing to their rich physics at the frontier of 

topology and magnetism and promising applications for non-volatile technological memory and logic devices. 

Skyrmions are local chiral whirlings of the magnetization texture with particle like properties, owing to their 

small lateral dimensions (down to the nanometer scale) and topological stability. They were recently 

demonstrated at room temperature in ultrathin heavy metal/ferromagnetic films as well as their fast 

manipulation by electrical current [1]. Those were first important steps toward technological applications 

where skyrmions in tracks are the information carriers. However, important challenges still need to be faced 

regarding the electrical detection and the low power nucleation of the skyrmions, which are required for the 

read and write operation in devices. 

Here we demonstrate the nucleation by gate voltage and the electrical detection of a magnetic skyrmion in 

a magnetic tunnel junction (MTJ) using tunnelling magnetoresistance (TMR). To demonstrate this result, we 

combined scanning tunnelling magnetic microscopy (STXM) and operando magneto-transport measurements 

of a MTJ fabricated on top of an ultrathin SiN membrane. This allowed us to perform simultaneously high 

spatial resolution magnetic imaging of the spin texture within the MTJ and transport measurements to enable 

an unambiguous electrical detection of the magnetic skyrmion.  Figure 1a shows the hysteresis loop of a 500nm 

diameter MTJ showing a TMR of 53% with sharp reversal and a resistance area product around 1.5kΩ.µm². 

Starting from the parallel magnetization resistance state with a uniform magnetization, the application of a 

voltage pulse (10ns) leads to a jump of the resistance (470Ω) to a stable intermediate resistance state. XMCD-

STXM imaging shows that this new resistance state is associated with the nucleation of a skyrmion in the free 

layer of the MTJ (see figure 1b). Micromagnetic simulations using experimental parameters show that the 

nucleation can be explained by the transient nucleation of a vortex state, via voltage-induced decrease of the 

magnetic anisotropy, which eventually relaxes towards a skyrmionic state. These results demonstrate the read 

and write operations of a skyrmion based device and are an important milestone for low power applications 

based on the manipulation of magnetic skyrmions. 
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Figure 1: (a) Resistance vs out of plane 

magnetic field hysteresis loop of the device. 

(b) XMCD-STXM image of a magnetic 

skyrmion in a MTJ pillar of 500nm. 
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Magnetic skyrmions are nowadays found in a variety of different material classes, ranging from single 

crystals to sputtered films. They often emerge on length scales much larger than the atomic distance where 

they appear as vortex-like, rotationally symmetric whirls. Their anti-vortex-like partners, consequently dubbed 

anti-skyrmions, naturally break this rotational symmetry which leads to a plethora of new effects. However, 

only a limited number of antiskyrmion-hosting materials are known and, previously, they all belonged to the 

D2d symmetry class, even though crystals with S4 symmetry were predicted to also host antiskyrmions.[1] 

Recently, we found thermodynamically stable antiskyrmions in S4-symmetric doped schreibersite compounds, 

where they coexist as square-shaped solitons alongside elliptical skyrmions.[2,3]  

In this talk, I will present our recent finding that antiskyrmions in 3D systems may not be pure antiskyrmion 

tubes but, in addition, feature skyrmion caps where they connect to the surfaces of the material. Extensive 3d 

micromagnetic simulations suggest that this topological transition in the soliton string is a quite ubiquitous 

phenomenon in soft magnets, where antiskyrmions gain Dzyaloshinskii-Moriya exchange energy in the bulk 

whereas Néel skyrmions on the surfaces are optimal in terms of magnetostatic energy. Tomographic 

reconstructions of field-free off-axis electron holography images of antiskyrmions in thin films of Pd-doped 

(Fe,Ni)3P indeed show these hybrid textures and confirm that there is a zoo of new 3D textures awaiting 

discovery. 
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Figure: Hybrid antiskyrmion-skyrmion tube which is antiskyrmion in the bulk but exhibits Néel-skyrmion caps on the surfaces. 

Result of a micromagnetic simulation. 
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Magnetic thin films sandwiched between two different non-magnetic layers can show remarkable properties. 

The absence of structural inversion symmetry can give rise to an anti-symmetric exchange interaction, the 

Dzyaloshinsii-Moriya interaction (DMI), which favors an orthogonal alignment of neighboring magnetic 

moments. The competition with the Heisenberg exchange interaction, which favors a parallel alignment of the 

magnetic moments, can give rise to non-trivial magnetic textures : chiral domain walls, skyrmions or merons.  

Magnetic merons are topological objects which can be described as half-skyrmions. We have  observed such 

magnetic merons in magnetic microstructures in epitaxial Au0.58Pt0.42/Co/W(110) trilayers using photoemission 

electron microscopy combined with x-ray magnetic circular dichroism (XMCD-PEEM) [1]. Magnetic merons 

are observed in nanostructures with diameters comparable to the spin-cycloid length of the system, but can also 

be found in a meta-stable state in much larger microstructures. We also show that the meron polarity can be 

switched by the application of a perpendicular magnetic field. We discuss the stability conditions of the 

magnetic merons and the possible effects of the microstructure edges on their formation. 
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Figure 1: Magnetic image of micron-sized circular and elliptical dots of Au60Pt40/Co(0.78nm)/W(110), taken by XMCD-PEEM 

imaging. The structures marked with a red dot contain merons, with magnetization in the plane of Co layer at the borders (black and 

white contrast), and magnetization out of the Co plane in the center (dark grey).
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Recent research on the nonlinear magnetization dynamics of various topological spin solitons has revealed 

the presence of chaos in nanoscale spin systems [1,2]. Despite the established inherent nonlinearity of magnetic 

skyrmions [3,4], their chaotic dynamics have received little attention compared to other topological spin 

solitons. In this study, we present micromagnetic simulation results of skyrmion chaos driven by external 

magnetic fields. We map the overall nonlinear dynamics of field-driven skyrmions over time through the 

calculation of the local Lyapunov exponents. In the chaotic regime, the skyrmion dynamics are highly sensitive 

to the initial conditions, while their stability or lifetime follows a power law. In the transition zone between the 

regular and chaotic regimes, also known as the edge-of-chaos, the skyrmion dynamics remain stable, similar 

to the regular regime, while the entropy is at its highest. 

We explore the potential of the magnetic skyrmions performing simple and complex computations based 

on chaotic dynamics [5] by analyzing their chaotic maps for various initial conditions. This skyrmion chaos 

system executes all types of logic gates and morphs between them quickly. Furthermore, we show that the 

skyrmion dynamics at the edge-of-chaos are highly suitable for dynamics-based unconventional computing. 
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The electrical manipulation of magnetic domain walls (DW) and their potential applications for data storage 

and processing devices have motivated an intense research in magnetism in the last decades. In particular, the 

archetypal magnetic layer / heavy metal (FM/HM) stacks are of great interest since the spin-orbit torque (SOT) 

generated in the HM layer acts on chiral textures in the FM layer such as Néel DW; this one being satabilized, 

with a given chirality, due to the asymmetry of the magnetic layer interfaces [1]. Recently, it has been proposed 

that an in-plane magnetic anisotropy can also stabilize Néel DW even in the absence of interface asymmetry 

[2-3]. The main difference with the classical case is the new bistable nature of the Néel DW where the two 

chiralities are energetically degenerate. 

In this theoretical study [4], we explore  SOT driven dynamics of such bistable Néel DW. An asymmetric 

trie-layer HM/FM/HM shaped with an appropriate wire-width is considered, allowing to stabilise bistable Néel 

DWs and drive there propagation under SOT. We find that, for a given up/down or down/up domain wall, two 

propagation directions along a nanowire are possible, depending on its initial state (shown in the Figure 1(a) 

for an up/down DW).  These dynamics also exhibit complex dependence on the SOT  magnitude, with a critical 

current (Jc) above which the DW is locked in its Bloch state and a maximum of velocity for an intermediate 

structure of the DW (shown in the Figure.1(b)). We show that the non-uniformity of the relation between the 

DW structure and its velocity  leads to important transient regimes and non-Newtonian dynamics. Finally, we 

find that the chirality of the DW, and therefore its propagation direction, can be reversed under certain 

conditions: strong current pulses leading to the Brownian motion of the DW (shown in the Figure.1(c)), out-

of-plan field inducing a quasi-random reversal of the DW propagation or, electrical-controlled step of magnetic 

anisotropy with a deterministic revesal or locking of the DW propagation. 

A robust analytical model which handles all the obtained behaviors of such domain walls is developed and 

validated by comparing with numerical simulations. All these new dynamics of bistable Néel DWs open the 

way for new uses of DWs in information storage and processing devices. 

 

 
Figure 1: Dynamics of a bistable up-down Néel DW driven by SOT. (a) DW velocity and internal tilting driven by SOT, depending 

on the initial state (shown as a grey arrow). (b) Velocity curve of a bistable Néel DW driven by SOT obtained with micromagnetic 

simulations (black points) and our analytic model (yellow solid line). The insets show the evolution of the DW steady state when the 

current increases. (c) Brownian motion of a DW under a series of 20 GA/m² (>>Jc) 20 ns pulses with 20 ns delay. The color highlight 

indicate the DW structure and the red stars indicate when the DW reversal occurs. 
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The field of spintronics is in a constant search for more efficient ways to manipulate the local magnetization 

in a ferromagnetic material without the need for an external magnetic field. Spin Transfer Torque (STT) offers 

the possibility of manipulating local magnetization with an electric current but often, at the expense of using a 

large current density, thus leading to detrimental thermal effects. Surface acoustic waves (SAW) are one of the 

candidates to solve these challenges. The stress carried by the SAW can affect domain wall (DW) movements 

and therefore alter local magnetization in ferromagnetic materials. In the literature, there are proposals to use 

SAW to control Domain Wall (DW) movement [1] and experimental results manifesting the effect of a SAW 

on the DWs [2] [3]. In this work we study how a SAW influences DW propagation on the basic unit of many 

spintronic devices, a magnetic nanostrip. 

We have fabricated hybrid devices [Figure Left] where we can excite the nanostrip with SAW. The devices 

consist of a magnetostrictive nanowire placed between two InterDigitated Transducers (IDT) facing each other, 

allowing us to study the movement of a DW with respect to the SAW propagation direction. The entire device 

is grown on the surface of 128º Y-cut LiNbO3, and the SAW frequency lies in the range of GHz. We have 

performed electrical transport measurements on several devices where we extract the probability of the 

stochastic pinning of the DW with respect to the injection field. When adding the SAW we observe that it 

influences the DW propagation fields. Furthermore, we found that this influence depends on the SAW 

propagation direction by means of a mechanism still not fully understood. In [Figure Right] we show an 

example of one of this probabilistic maps obtained for one of our devices.   
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Figure: On the left: SEM image of the whole device. On the right: Probability of stochastic pinning of the DW with respect to the 

injection field, without SAW (Black), with SAW in the direction of the DW propagation (Red) and with SAW in the opposite 

direction of the DW propagation.
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A major topic in spintronics today is the study of magnetic materials in which neighboring magnetic moments 

are neither parallel nor anti-parallel but are non-collinear and thereby may form complex, topological, spin 

textures. Among them skyrmions represent an intensively studied group. Skyrmions are tiny magnetic nano-

objects with a chiral magnetic boundary and a typically circular in shape. A prerequisite for the formation of 

such chiral nano-objects is that the parent material has a non-centrosymmetric crystal structure which allows 

the emergence of the chiral Dzyaloshinskii-Moriya exchange interactions. Recently skyrmions have been 

observed in several materials that were reported to be centrosymmetric [1]. Here we show evidence for 

skyrmions in a member of the family of van der Waals (vdW) materials, CrTe2, that is nominally 

centrosymmetric [2]. As a result of Cr self intercalation into the vdW gaps between the Te-Cr-Te trilayers 

together with the formation of a three-dimensional long-range ordered (2×2×2) superstructure, the space group 

(SGR) symmetry is reduced from centrosymmetric P3̅2/m (#164) to the acentric SGR #156 (P3m1).  This is a 

consequence that the two vdW gaps per unit cell are differenty occupied by Cr atoms and neighboring Te-Cr-

Te tri-layers experience an asymmetric environment (SGR P3m1) that is compatible with the appearance of 

Néel-type skyrmions, which were directly imaged using in-situ Lorentz transmission electron microscopy over 

a wide temperature range and fields. Our studies show that self-intercalation in vdW materials is a novel route 

to the formation of synthetic non-collinear spin textures. 
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Figure: (a) Un-intercalated CrTe2 with equivalent van der Waals (vdW) gaps [left] and self-intercalated Cr1+δTe2 with two 

inequivalent van der Waals gaps shown as vdW(1) and vdW(2) [right]. The (2×2×2) superstructure in the self-intercalated material 

is shown by the red dotted line. (b) Schematic of Lorentz TEM showing imaging of Néel skyrmions from the thin lamella prepared 

from a single crystal of self-intercalated Cr1+δTe2. Magnetic contrast of Néel skyrmions appear as circular features that are 

characterized by dark and bright contrast at their opposite edges. Schematic of Néel skyrmion is shown in the bottom corner.
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We recently showed that curvature can stabilize non-collinear magnetic states, including cycloids or domain walls 

(DWs) in 2D magnets, such as CrI3. [1] These non-collinear spin textures lead to electric polarization via 

magnetoelectric coupling. [2,3] Meanwhile, the flexoelectric effect generally leads to an electric polarization in curved 

materials. [4] This gives rise to a complex interplay between curvature, magnetism and electric polarization, motivating 

further investigation of magnetoelectric effects in 2D magnets. Moreover, phenomenological models predict that 

magnetic DWs, which are generally present in magnetic materials, are accompanied by an electric polarization. 

However, an understanding of this effect, in real materials, has been hindered as realistic, first principles modelling is 

typically not applicable at the length scales of magnetic DWs. This is an important challenge to overcome, as electric 

manipulation of magnetic DWs has important technological implications.  

Here, we use first principles calculations combined with the generalized spin current (gKNB) model [5] to 

investigate the magnetoelectric coupling in a flat monolayer of CrI3. The gKNB model allows us to predict the electric 

polarization of arbitrary, non-collinear spin states, with features well beyond what is expected from the earlier (KNB) 

spin current model [3]. We use the gKNB model to show that spin helices and cycloids, which can be stabilized by 

curvature, induce a homogenous electric polarization of magnitude 0.1 μC/cm2. At magnetic DWs, we predict a local 

electric polarization of similar size, with direction dependent on the orientation and type of DW. The latter effect 

enables detection and control of magnetic DWs by electric means, and will be present also in flat structures.  
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Ultrathin magnetic metal films in contact to heavy metal (HM) layers are well known to develop robust 

spin-orbit (SO) derived properties ultimately leading to stabilization of chiral objects. At the basis of these 

phenomena are local interface Dzyaloshinskii-Moriya interactions (DMIs) that can be manipulated through 

different designs. The magnitude and sign of the DMI can be tuned by interface engineering, which allows to 

stabilize chiral or non-chiral Néel and Bloch domain walls in a given magnetic system, opening technological 

opportunities to handle information in electronic devices without the need of magnetic fields. The main 

drawback of the approach is the lack of descriptors easing prediction of the best conditions to enhance the DMI 

and gain control on the chirality sign. This confers additional interest to explore different systems and 

conditions that make possible the identification of trends. 

Here we investigate a special system that adds new ingredients to previously explored metal/HM 

heterostructures: epitaxial [2Ni/Co] stacks on Cu(111) modified by Bi. We perform Spin Polarized Low Energy 

Electron Microscopy (SPLEEM) measurements demonstrating that Bi influences the spin texture of the system, 

with magnetic domain walls evolving from non-chiral Bloch to homo-chiral Néel configurations when Bi is 

added. Eventhough the surfactant properties of Bi render a disordered distribution, the system preserves 

constant homochirality both at low and room temperatures.  

In this presentation we will focus on understanding the origin of this behavior based on ab initio calculations 

within the density functional theory, exploring the balance of magnetic energy terms (exchange and SO-

derived) under different geometries. Bi contributes with singular properties: it has a large size, that introduces 

incomplete interface layer coverage; and it is a p valence band metal, weakly polarizable. Also the 2Ni/Co 

stacks confer an inherent asymmetry that conditions interface additive effects, further supported by the different 

chiral response of Ni and Co. Our results evidence 2Co/Ni heterostructures combined with Bi as unique systems 

to tune and control stable homochiral structures where the DMI can even be made the dominant energy scale.   
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We explore the interplay between topology and eigenmodes by changing the stabilization mechanism of 

skyrmion lattices (skX). We focus on two prototypical ultrathin films hosting an hexagonal (Pd/Fe/Ir(111) [1]) 

and a square (Fe/Ir(111) [2]) skyrmion lattice, which can both be described by an extended Heisenberg 

Hamiltonian.    

We first examine whether the Dzyaloshinkskii-Moriya, or the exchange interaction when taken as the 

leading energy term affects the modes of the hexagonal skX of Pd/Fe/Ir(111). In both cases, we find that the 

lowest frequency modes correspond to internal degrees of freedom of individual skyrmions, and suggest a 

classification based on azimuthal and radial numbers (l,p), with up to l=6, and p=2. We also show that the 

gyration behavior induced by an in-plane field [3] corresponds to the excitation of l=1 deformation modes with 

varying radial numbers. 

Second, we examine the square lattice of skyrmions of Fe/Ir(111). Its stabilization mechanism is dominated 

by the 4-spin interaction as obtained in Ref. [2]. After relaxation, the unit cell does not carry a topological 

charge, and the eigenmodes do not correspond to internal skyrmion deformations. By reducing the 4-spin 

interaction, an integer topological charge is recovered, but the charge carriers do not possess internal degrees 

of freedom, nor are they separated by energy barriers. We conclude that a 4-spin dominated Hamiltonian does 

not yield skyrmion lattice solutions, and that therefore, a nontrivial topology does not imply the existence of 

skyrmions [4]. 
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Figure: Example of modes of the skX of Pd/Fe/Ir(111), classified by azimuthal and polar numbers (l,p). Top: mode out-of-plane 

profile, bottom: mode applied to the skX state. 
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Often the study of skyrmions is motivated by technological applications where the skyrmion acts as a bit of 

information in a circuit made of magnetic materials [1]. The skyrmions are interesting in such applications, 

because, having a soliton behaviour, they can move around corners or even edge defects, keeping their shape 

and properties [2]. Moreover, skyrmions will not easily merge with each others, so their number is conserved. 

All these desirable properties result from repulsive forces from any type of “walls”, notably track edges, 

magnetic domain walls, and other skyrmions. Despite the prime importance of these repulsion forces, reports 

about their experimental measurements are scarse [3]. 

Here, we present experiments in metallic multilayers allowing these repulsion forces to be estimated. We 

used (Pt|Co|Al) based multilayers, with typically ten repetitions, leading to stable skyrmions under moderate 

external field (~20 mT). The skyrmions are driven by SOT provided by the Pt and Al layers. The corresponding 

force, which is proportional to the current density, can be calculated. We observe the deviation, annihilation or 

stop of the skyrmions in different situations as a function of the (local) current density, and we deduce the 

effective repulsion force. A few examples are illustrated in the Figure. 
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Figure: Examples of skyrmion interaction. (a-b) Skyrmion pushing a worm domain, (c) skyrmions moving along a worm domain 

(materialized by the dashed yellow line) and (d) skyrmions moving along curved edges.
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We have studied the effect of He+ irradiation on the dynamics of chiral domain-walls (DWs) in ultra-thin 

Pt/Co/AlOx trilayers. Through a self-consistent description of the creep and depinning dynamics [1] completed 

by a scaling model of DW depinning [2] (relating microscopic DW pinning properties to DW dynamics and 

micromagnetic parameters), we reveal an excellent scaling between the variations of the DW pinning length 

scale ξ and the DW width parameter. This scaling strongly suggests that the modification of the DW pinning 

by irradiation is essentially dominated by the variations of DW magnetic texture (via the variation of the 

magnetic anisotropy), while short range atomic displacement produced by irradiation [3] have a weak impact 

on the pinning disorder [4]. 

The DW velocity versus applied perpendicular magnetic field is reported in the Figure (a) for increasing 

He+ fluence. As it can be observed, the irradiation leads to a strong decrease of the depinning field and an 

enhancement of DW velocity. The velocity curves present a good agreement with the self-consistent 

description of the creep (solid lines) and depinning (dashed lines) dynamics, which allows extracting the values 

of the pinning parameters [1] (depinning field, temperature and velocity (not shown)). Complementary  

characterizations of the trilayers (determination of the saturation magnetization, anisotropy, and 

Dzyaloshinskii-Moriya interaction (DMI)) reveal that irradiation essentially reduces the anisotropy, which 

increases the DW width, while the other micromagnetic parameters remain only weakly affected.  

Using the scaling model of DW depinning [2], we deduce the pinning length ξ (see Fig. (b)) and the pinning 

strength 𝑓𝑝𝑖𝑛 (see Fig. (c)). Their variations with He+ fluence are found to present a perfect scaling with those 

of the DW width ∆ and DW energy per unit length 𝜎𝑡, respectively. 

 
Figure: Effect of He+ ion irradiation on DW dynamics and DW-disorder interaction: (a) domain wall velocity versus out-of plane 

field 𝜇0𝐻𝑧 for increasing irradiation fluence; comparison between (b) DW-disorder characteristic length scale 𝜉 and DW parameter 

Δ, (c) pinning strength 𝑓𝑝𝑖𝑛 and DW energy per unit length 𝜎𝑡.  
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    Magnetic skyrmions are promising candidates for data carriers in future spintronic memory and data 

processing applications. They can be readily stabilized and studied in magnetic multilayers. These are systems 

consisting of repetitions of magnetic layers sandwitched between heavy metal layers [1]. In such a system, the 

skyrmion properties and behavior are determined by a balance between the domain wall energy density and 

the dipolar interaction [2]. In this contribution we investigate what effect tuning each of these contributions to 

this energy balance has on current-driven skyrmion nucleation. 

    We have previously shown that the domain wall energy density in an Ir|Co|Pt based magnetic multilayer can 

be controlled using Ga+ ion irradiation [3]. The irradiation results in increased intermixing at the Ir|Co and 

Co|Pt interfaces which modifies the interfacial magnetic properties: i.e. perpendicular anisotropy and the 

Dzyaloshinskii-Moriya Interaction (DMI). Here, we quantitatively study the effect of this tuning on Joule 

heating-driven skyrmion nucleation by measuring the number of skyrmions as a function of the applied current 

density [Fig. 1(a)] and find that the energy required for skyrmion nucleation, Esks, is significantly affected and 

scales approximately linearly with the domain wall energy density. This enables local control of the skyrmion 

nucleation and energy. 

    The second part of the energy balance, the dipolar energy, can also be used to tune the skyrmion energy [4]. 

Traditionally, every repeat of a magnetic multilayer is identical resulting in a mismatch between the dipolar 

field and the DMI effective field in half of the stack. By reversing the stacking order halfway up the stack—

and thereby the sign of the DMI—the dipolar field and DMI effective field are aligned throughout [Fig. 1(b, 

c)]. This is verified using micromagnetic simulations [Fig. 1(d)] and measurements of the stripe domain width 

[4]. In this contribution we will report on the effect that this increase in effective DMI has on the current-driven 

nucleation of skyrmions. 
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Fig. 1: (a) Experimentally observed number of skyrmions after Joule heating-driven skyrmion nucleation in a device with and without 

ion irradiation. Ion irradiation reduces the threshold current and increases the number of nucleated skyrmions. (b) Schematic  

representation of a multilayer. The dipolar field (grey) due to the domains (black and white) creates two Néel caps in the domain 

wall (pink and green). Since the sign of the DMI is opposite in both halves, the dipolar field and DMI effective field are always 

aligned. (c) Different possible stacks with different DMI sign in each half. (d) Skyrmion energy as a function of the DMI strength 

calculated using MuMax3 for a skyrmion in a 256 nm dot (shown in the inset). The three colours correspond to the stacks shown in 

(c). Adapted from Ref. [4].
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Non-collinear spin textures in ferromagnetic ultrathin films are attracting a renewed interest fueled by 

possible fine engineering of several magnetic interactions, notably the interfacial Dzyaloshinskii-Moriya 

interaction in magnetic multilayers. This allows the stabilization of complex chiral spin textures such as chiral 

magnetic domain walls (DWs), spin spirals, and magnetic skyrmions among others. We have recently shown 

that circular dichroism in x-ray resonant magnetic scattering (XRMS) is a powerful tool to determine the 

domain wall characteristics, i.e., their type (Néel or Bloch) and sense of rotation (chirality) in ferromagnetic or 

antiferomagnetic multilayers [1,2,3]. 
In the first part of this presentation, we will report on the ultra-fast (in the first few picoseconds) evolution of the 

magnetic chirality in multilayers as well as their recovery on longer timescale (few hundreds of picoseconds) using 

XRMS [4]. Beyond the simple evolution of the magnetic domains’ period in magnetic multilayers with large 

perpendicular anisotropy we have investigated how the chirality of the non-collinear spin texture, and their long-range 

ordering, evolves in the few picoseconds after a strong optical pulse. The change in the ratio between the chiral and 

magnetic signals have been related to an ultra-fast distortion of the homochiral Néel shape to transient Bloch-Néel-Bloch 

domain wall. After a few ps, the DWs return to a homochiral Néel configuration preserving the original sense of rotation 

(i.e., chirality). At longer timescale, the whole system relaxes towards its original homochiral Néel type equilibrium but 

the chiral magnetic order in the domain walls recovers faster than the collinear magnetic order in the domains.  

In the second part, we will present new result obtained from spin-spiral in synthetic antiferromagnetic 

multilayers. This recent work has been done thanks to a new mode of operation of FERMI light source allowing to 

perform time resolved XRMS at Fe L edges (700eV) following the approach we developed at synchrotron [3]. 
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Topological spin structures, such as domain walls (DW) and skyrmions, have intriguing features and can 

play a key role in spintronics. In both ferromagnets (FM) and antiferromagnets (AFM), a DW, driven by applied 

torque, behaves like a solid particle, which can be described by collective variables: DW position and the angle 

of the magnetic order vector, albeit the dynamic properties are dramatically different. For an AFM, the DW 

energy as a function of its momentum is the same as that of a standard relativistic  

particle, see Fig. 1 (a), because of the Lorentz invariance of the AFM dynamics [1]. For FMs, the gyrotropic 

dynamic term couples two degrees of freedom; it slows down an FM DW and results in the periodic dependence 

of the DW energy on momentum. 

 
Figure 1: (a) Dependence of the energy on momentum for a DW in FM, AFM, and FiM near the spin compensation point; (b) The 

spatiotemporal evolution of a FiM DW. The white lines show the propagation with the maximum speed of magnons drawn from the 

points at which the DW reaches the critical point. The solid black line follows the trajectory of the domain wall center, while the 

dashed black lines are 50 nm away from the center. 

We demonstrate that the DW dynamics in ferrimagnetic (FiM) materials near the spin compensation point 

is entirely different from the FM and AFM cases [2]. The dispersion law for FiM DWs exhibits two crossed 

branches with opposite group velocities, see Fig. 1 (a), where each branch contains an endpoint [3]. Driven by 

a field-like torque, a FiM DW accelerates to a higher speed and momentum than its FM counterpart and can 

reach the endpoint. Wherein it falls into a region of instability, where the internal dynamics of the DW is 

excited, and the collective variables approach fails. We show by micromagnetic simulations that the dynamical 

state of a DW, in this case, covers a wide frequency range, far beyond the magnon bandgap of a FiM. In this 

way, the FiM DW driven by external field-like torque acts as an efficient source of the spin waves (SW), 

propagating out of the DW region, see Fig. 1 (b). 
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    Magnetic skyrmions with zero topological charges and non-Hall effect, are very attractive from both physical 

underlying mechanisms and technological point of view [1,2]. Thus, antiferromagnetic (AFM) skyrmions 

promise to host all the requirements to develop new magnetic memory, logic gates, and neuromorphic 

computing devices.  Here, we show that skyrmions are stabilized in (AFM) multilayers mediated by the 

Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. For a range of Ru spacer layers in symmetric 

Pt/Co/Rux/Co/Pt heterostructures, hysteresis loops exhibit   AFM coupling between bottom Pt/Co and top Co/Pt 

layers, leading to fully compensated magnetic moments, which are key ingredients to reduce stray fields and 

the skyrmion Hall effect.  Magnetic force microscopic shows AFM-skyrmions at room-temperature and zero-

field, and   both size and density depend on the Ru thicknesses.  In addition, interlayer exchange coupling (IEC) 

given by the RKKY and perpendicular magnetic anisotropy (PMA) follow similar oscillatory behavior across 

the Ru thicknesses, which determines the shape, size and density of the AFM textures. Simulations are 

performed and reveal that only when a sizable interfacial Dzyaloshinskii-Moriya interaction (DMI) is present 

in the modelling, the experimental images can be reproduced. Our findings shed light on the AFM skyrmions 

stability in prototype RKKY multilayers, which is a step towards for their use  in devices based on  

antiferromagnetic spintronics.  
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The manipulation of magnetic domain walls by electric currents, thanks to charge-to-spin conversion 

phenomena, has allowed the development of domain-wall-based racetrack memory devices [1]. Current-

induced domain wall motion is particularly efficient in synthetic antiferromagnets with perpendicular magnetic 

anisotropy, due to the simultaneous occurrence of spin-orbit torque, Dzyaloshinskii-Moria interaction (DMI) 

and interlayer exchange coupling [2,3]. Recent progress from our group has confirmed the technological 

potential of racetracks, by exploring lateral junctions for improved thermal stability [4], and domain wall 

motion in devices that extend in the vertical direction [5].  

The high domain wall velocities in synthetic antiferromagnetic racetracks could facilitate the development 

of ultra-fast and energy-efficient memory and logic technology. The efficiency of domain-wall-shifting 

operations is determined by the threshold current density necessary to displace the domain walls, as well as by 

the velocity at which domain walls can be moved. These properties result from the many interfacial interactions 

which arise in synthetic antiferromagnetic multilayers (figure 1). Therefore, understanding the role of the 

interfaces between the different layers, and engineering their properties, is of paramount importance to reduce 

the energy consumption in domain-wall-based devices. 

In this work, we investigate the effects of interface 

engineering on the magnetic properties and domain wall motion 

in synthetic antiferromagnets. Firstly, we introduce engineered 

spin Hall multilayers in racetrack films, to increase the spin-

orbit torque and consequently boost the current-induced 

domain wall motion. As a result, our devices show a dramatic 

reduction of the threshold current density, and perform three 

times more efficiently than racetracks with conventional spin 

Hall layer (e.g. Pt). In addition, we investigate the role of the 

termination layer in spin Hall multilayered structures, which 

determines the interface with the lower magnetic layer. In 

particular, we focus on its effect on magnetic anisotropy, 

interfacial DMI and spin transparency. 

Secondly, we tune the exchange coupling strength in synthetic antiferromagnetic multilayers while keeping 

the magnetic moment well compensated. We show that higher exchange coupling leads to enhanced domain 

wall speed and mobility, and demonstrate current-induced domain wall motion up to three times faster 

compared to conventional films. It turns out that the engineered exchange coupling layer promotes robust 

thermal stability in synthetic antiferromagnetic racetracks, which enables faster domain wall motion at high 

current density ranges, where racetracks typically suffer from thermal fluctuations due to Joule heating.  

Our work clearly demonstrates that careful interface engineering in synthetic antiferromagnets can improve 

the efficiency of current-induced domain wall motion by an order of magnitude, which is of significant 

importance for lowering the energy consumption in domain-wall-based memory and logic technology. 
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Figure 1: The role of interfaces in synthetic 

antiferromagnetic multilayers 
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Being both, a direct signature of the topological nature of magnetic skyrmions and an issue for their 

implementation in renewed logic and memory devices, the so called skyrmion Hall effect (SkHE) has been the 

focus of many researches in the last few years [1]. In this context, investigation of ferrimagnetic systems in 

which two sublattices with opposing spin orientations can compensate the effects of each other is of interest. 

With ferrimagnets, behaviour similar to that of an antiferromagnet are obtained with the additional flexibility 

of tuning the properties by varying temperature, the individually detectable proportion of the constituting 

materials, etc. We focus on multilayers of Pt/Co/Tb by controlling the thickness of Co and Tb, as well as the 

numbers of repetitions to obtain a signature of antiferromagnetic coupling between the Co and Tb moments. 

The comparison of skyrmion velocity in Co-Tb multilayers with different Tb thicknesses is shown in Fig. 1(a). 

As the Tb thickness is increased, we observed a significant enhancement of skyrmion velocity simultaneously 

with the decrease in the net magnetization. In the best samples, we obtained velocity up to ~400 m/s for 

skyrmions with diameter of 160 nm. Additionally, we show that the skyrmions move in a relatively straight 

path due to the combination of the reduced SkHE and the edge repulsion in the narrow tracks (1-µm wide). 

The scaling between field induced domain wall (DW) motion and current induced skyrmion motion with 

prediction of DW creep, depinning, and flow is demonstrated in Fig. 1(b). In conclusion, we show that with 

the control of ferrimagnetic ordering in Co-Tb multilayers by varying the Tb thicknesses, we can achieve high 

skyrmion mobility in DW flow regime with reduced SkHE. 

Acknowledgements 

We acknowledge French ANR grant TOPSKY (ANR-17-CE24-0025), DARPA TEE program grant 

(MIPR#HR0011831554), FLAG-ERA SographMEM (ANR-15-GRFL-0005), for their financial support. 

References 

[1] A. Fert et al, Nat. Rev. Mat. 2 (2017) 17031 

Figure 1: Skyrmions and 

domain walls velocities. 

(a) Current induced 

skyrmion velocity in Co-

Tb multilayers with 

different Tb thicknesses. 

(b) Correlation between 

field-induced domain wall 

motion and current 

induced skyrmion motion 

with prediction of domain 

wall creep, depinning, and 

flow. Here we assume that 

the current density effect 

scales linearly with the 

one produced by a 

perpendicular field. 

 

mailto:*vincent.cros@cnrs-thales.fr
mailto:sougata.mallick@cnrs-thales.fr


 

 

SYMPOSIUM 13.  
DOMAIN WALLS, SKYRMIONS  
AND SPIN-ORBIT RELATED PHENOMENA. 
S13 POSTERS 
 

ILJA TUREK  

 
MARA GUTZEIT  

 
AURORE FINCO  

 
RODRIGO GUEDAS  

 
STEFANO FEDEL  

 
HIROYUKI AWANO  

STEFANIA PIZZINI  

  
SAIKAT MAJI  

NIHAD ABUAWWAD  

 
MORITZ A. GOERZEN  

 
CAPUCINE GUENEAU  

 
 



 

 
 
 
 
KORNEL RICHTER  

 
TIMO SCHMIDT  

 
NURIA DEL-VALLE  

 
LUIS SÁNCHEZ-TEJERINA  

 
SABINE PÜTTER  

 
JOHANNA FISCHER  

 
RESHMA PEREMADATHIL PRADEEP 

 
OLIVIER FRUCHART  

 
LOGHMAN JAMILPANAH  

 
LUDOVIC JAUBERT  

 
STEFANIA PIZZINI  

 
AMAL ALDARAWSHEH  

 
BERND RELLINGHAUS  

 
JOÃO SAMPAIO  

 



 

 
 
 
 
PABLO OLLEROS-RODRÍGUEZ  

ADAMANTIA KOSMA  

 
VLADYSLAV KUCHKIN  

 
ELENA STETCO 

 
HENDRIK SCHRAUTZER  

 
KRZYSZTOF GROCHOT 

 



 
SYMPOSIUM 13. POSTERS 

Ab Initio Theory of Dzyaloshinskii-Moriya Interaction via Techniques 

of Electron Transport  
Ilja Turek1* 

1 Institute of Physics of Materials, Czech Academy of Sciences, Zizkova 22, 61600 Brno,                              

Czech Republic  
*turek@ipm.cz 

 

The Dzyaloshinskii-Moriya interaction (DMI) gives rise to an important contribution to the micromagnetic 

energy density that is linear in the gradients of the magnetization direction of a ferromagnet.  This interaction 

is relevant in systems with broken inversion symmetry and with non-negligible spin-orbit interaction; its 

contribution to the micromagnetic energy density can be quantitatively described in terms of the DMI-tensor 

[1, 2, 3].  In this work, we develop an ab initio theory of the DMI-tensor for itinerant ferromagnets including 

random alloys.  In analogy to our recent formulation of the spin stiffness [4], we employ techniques of electron 

transport theory combined with the coherent potential approximation (CPA).  

The resulting formula for the DMI-tensor contains a one-particle contribution and a two-particle 

contribution.  The one-particle contribution includes an explicit term due to the intrinsic spin current derived 

earlier [2].  The full CPA-average of the two-particle contribution leads naturally to a coherent part and an 

incoherent part due to the disorder-induced vertex corrections.  Numerical implementation of the developed 

formalism was done in the relativistic tight-binding linear muffin-tin orbital (TB-LMTO) method and the first 

applications include selected B20 compounds (FeGe), dilute magnetic semiconductors (Mn-doped GaAs), and 

quaternary Heusler alloys (CoMnFeSi).  The obtained values and concentration trends of the DMI-tensor and 

of its individual contributions will be presented and discussed.  
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Spintronics resorting to non-collinear spin textures represents a rapidly growing field since the experimental 

discovery of magnetic skyrmion lattices [1-3]. Skyrmions have been detected in a large variety of magnetic 

materials even at room temperature [4,5] and several potential applications of magnetic skyrmions are currently 

subject of intense research [6,7]. 

Here, we investigate the emergence of spontaneous skyrmion lattices in an Fe monolayer in both fcc and 

hcp stacking on the Ir(111) surface employing first-principles calculations based on density functional theory 

(DFT) [8]. For fcc-Fe/Ir(111) the well-known non-collinear square nanoskyrmion lattice [3] is obtained as the 

magnetic ground state. However, for hcp-Fe/Ir(111) the hexagonal skyrmion lattice (Fig. 1(b)) previously 

proposed based on experiments [9] is energetically unfavorable with respect to a collinear arrangement of all 

spins (Fig. 1(c)). This leads to a hexagonal multi-Q state with nearly collinear magnetic moments which is 

similar to the hexagonal spin structures discovered in Fe/Rh bilayers on Ir(111) [10]. By mapping total DFT 

energies of a variety of complex magnetic states to an atomistic spin model we reveal the interplay of pairwise 

Heisenberg exchange, Dzyaloshinskii-Moriya interaction and higher-order exchange interactions to be 

responsible for the symmetry and the degree of collinearity of the respective spin lattice. 
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Figure 1:  (a) Energy dispersion of flat 
cycloidal spin spirals for hcp-Fe/Ir(111) 
calculated via DFT, (b) sketch of the   
non-collinear nanoskyrmion lattice   
(12-SkX) based on experimental 
measurements [9] and (c) its respective 
collinear multi-Q state (3:9-MS).                                                                                                                                                                                                                                                                     
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NV centers are defects in diamond which can be used as quantum sensors to probe magnetism at the 

nanoscale when integrated in an atomic force microscope. Such a measurement relies on the spin S = 1 of the 

NV center: the static stray field produced by a magnetic state induces a Zeeman shift on the spin sublevels, 

which can be detected optically. In addition, NV centers are also sensitive to spin waves, as the magnetic noise 

originating from thermally activated spin waves accelerates its spin relaxation. 

In the latter case, the enhanced relaxation leads to a decrease of the photoluminescence emitted by the NV 

center [1], which allows an easy localization of spin waves interacting with magnetic textures. We applied this 

approach to the study of Co-based perfectly compensated synthetic antiferromagnetic layers [2], in which we 

were able to observe spin waves channeled inside the domain walls [3]. 

We report here on a more detailed investigation of skyrmions in synthetic antiferromagnetic layers, 

revealing a spatial distribution of the noise contrast around their boundary. Both the noise distribution and its 

intensity appear to be linked to the skyrmion’s internal structure. 
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Materials with high Perpendicular Magnetic Anisotropy (PMA) have the potential to play an important role 

in future magnetic memories or logic devices. Their stability, together with the possibility of manipulating the 

magnetization via Spin Oribt Torques (SOTs)[1] make them key players in spintronics. A common structure 

used in these devices is sandwiching a thin film of a ferromagnetic material (FM) with a Heavy Metal (HM) 

and a Non-magnetic (NM) layer, HM/FM/NM. This structure provides a great Spin-Orbit Coupling which 

leads to the Spin Hall Effect (SHE)[2] in the HM/FM interface and Rashba Effect (RE)[3] as there is an 

inversion asymmetry in the structure. 

Here we investigate the nucleation and propagation of Domain Walls (DWs) in a strip made out of 

Pt/(4)/Co(1)/Pt(8), at fields considerably smaller than the coercive field. DW nucleation is done via the local 

field and heat generated by a current line [4], together with a small external field (~200 Oe). Fig.a shows how 

the propagation field of the generated DWs is decreased by the action of a directional electric current via the 

RE and SHE with the assistance of Joule Heating in a nanostrip with very large coercivity (see inset). Fig.b 

provides MOKE snapshots showing the motion of a unique DW under the same conditions as those shown in 

figure a. Finally, realistic micromagnetic simulations are performed where the nucleation of the DW takes 

place by local demagnetization of the nanostrip and its propagation is driven solely by SOTs. The control of 

the DW nucleation and its propagation is one of the most active topics in spintronics and it can help design 

optimum shift registers or logic devices.  
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Figure: Domain Wall propagation 

in a Pt(4)/Co(1)/Pt(8) nanostrip. a) 

The propagation field is decreased 

by the action of an electric current 

density. The inset shows the 

hysteresis loop of this nanostrip. b) 

MOKE snapshots of a DW 

propagation in this nanostrip at a 

field of 200 Oe and c) Realistic 

micromagnetic simulations 

showing the nucleation and 

propagation of the domain wall 

under the same conditions of the 

experiment.
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Magnetic domain walls (DW) motion in thin films has recently found renewed interest in spintronics thanks to 

the latest research on ferrimagnetic materials [1]. Especially heavy metal/insulating ferrimagnet hybrid 

heterostructures with perpendicular magnetic anisotropy (PMA) have been shown to exhibit suitable properties 

for fast and efficient current-induced DW motion [2]. Rare-earth iron garnets are distinguished by the ability 

to tune relevant magnetic properties such as saturation magnetization, magnetic and angular momentum 

compensation temperature, etc. [3]. Unlike in ferromagnetic counterparts, in ferrimagnets, the magnetic 

sublattices couple antiferromagnetically and prevent the net moment from precessing. This effect leads to 

extremely fast DW motion when the angular momentum is fully compensated [4].  

In this work, we study current-induced magnetization switching and DW motion in epitaxial Terbium Iron 

Garnet (TbIG) capped with Pt, both grown by magnetron sputtering. TbIG is a suitable material choice for 

current-induced magnetic manipulation experiments owing to its low saturation magnetization and 

compensation temperature close to room temperature, which can be tuned through deposition conditions [5]. 

The interfaces of TbIG with the substrate and Pt give rise to the Dzyaloshinskii-Moriya interaction (DMI), 

which stabilizes Neèl type DW. These DW can be moved by spin-orbit torques generated by the spin 

accumulation at the interface with Pt. First, magnetotransport and switching measurements are carried out in a 

Hall setup. The switching current density has been characterized as a function of different in-plane external 

magnetic field Hx, and a very low value of jsw=8×1010 A/m2 is reported for Hx=2600 Oe, indicating efficient 

spin-orbit torques and good interface quality. A home-built bright-field Kerr microscope is used to study and 

characterize DW motion (work in progress). This setup allows us to quantify the DW velocity under different 

external magnetic fields, and also to estimate the effective DMI. Moreover, temperature-depended 

measurements (in a range of -190ºC to 100ºC) are planned, thanks to a custom cryostat implemented in the 

setup. 
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SOT switching of TbIG(7nm)/Pt(4nm): (a) Hall voltage measured for a fixed in-plane field Hx during a sweep of current pulses j to 

define the switching threshold jsw, and (b) relationship between switching current jsw and Hx. (c) Track for DW motion in TbIG 

acquired with MOKE: injecting a current along the nucleation line (blue arrow) generates an inverted domain (bright area) that can 

be moved by SOT injecting current pulses along the DW track (yellow arrow).
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Magnetic skyrmions are being actively studied as future high-performance memory. Fine magnetic 

skyrmions exist in good ferrimagnetic crystals and can be driven by current control. However, this magnetic 

skyrmion has a problem in that it advances in a fixed direction different from the current direction due to the 

influence of the skyrmion Hall effect. Therefore, a method has been proposed in which a ferrimagnetic material 

is used to prevent the skyrmion Hall effect from appearing at the angular momentum compensation temperature 

[1]. This paper shows that the magnetic skyrmion bends to the left below the angular momentum compensation 

temperature and to the right above the angular momentum compensation temperature. In other words, if the 

angular momentum is determined, the skyrmion Hall angle is also determined to be one. However, in our 

ferrimagnetic GdFeCo thin film, we found a phenomenon in which two symmetrical skyrmion Hall angles 

occur at the same rate in spite of a single angular momentum.  

A GdFeCo thin film with a thickness of 50 nm was formed on a silicon substrate with a SiO2 film thickness 

of 350 nm by high-vacuum magnetron sputtering. In order to protect against oxidation, a 10 nm SiN layer was 

deposited on the underlayer and protective film of the GdFeCo layer. The size of magnetic skyrmions is about 

1 µm. Fig. 1(a) shows the migration trajectories of magnetic skyrmions when a current is applied to the right 

side of the GdFeCo thin film with some magnetic skyrmions. As can be seen from the figure, the skyrmion 

hole angle is generally small. However, it can be seen that this result is greatly bent at nearly 80 degrees with 

respect to the current application direction. Moreover, some magnetic skyrmions are bent at about +80 degrees, 

and another magnetic skyrmions are bent at -80 degrees, symmetrically with respect to the electric current. The 

movement of any magnetic skyrmion has a skyrmion hole angle of about plus or minus 80 degrees, and 

movement of angles other than that is not observed.  Fig. 1(b) shows the result of investigating how the 

skyrmion Hall angle changes with increasing current density. When the current density is increased, the 

skyrmion Hall angle decreases to about plus or minus 30 degrees. In this case as well, no other skyrmion Hall 

angles are found. Since there is no DMI supply layer like the Pt layer, the magnetic skyrmion domain wall 

becomes Bloch type. It is thought that 50% of the right-handed Bloch domain wall and 50% of the left-handed 

Bloch domain wall were generated during this magnetic skyrmion generation process, but this has not been 

verified. 
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Figure: (a) A polarizing microscope photograph of the movement trajectory of magnetic skyrmions when a current (current density 

4.4x1010A/m2) is applied to magnetic skyrmions in a GdFeCo thin film. (b) is a polarizing microscope photograph of the movement 

trajectory of magnetic skyrmions when a current density of 6.7x1010 A/m2 is applied.
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Irradiation with light ions is an appealing way to finely tune the magnetic properties of thin magnetic films and 

in particular the interfacial perpendicular magnetic anisotropy (PMA). Early studies on Pt/Co/Pt multilayers 

showed that He+ ions provoke short-range atomic displacements through low energy collisions. The resulting 

intermixing at the Co/Pt interfaces decreases the interfacial PMA, since the latter depends on the anisotropy of 

the chemical environment [1]. We will report the study of the effect of He+ ion irradiation on the dynamics of 

Néel walls and the stability of skyrmions in Pt/Co/AlOx trilayers with ultrathin Co layers [2]. He+ fluences up 

to 1.5x1015 ions/cm2 strongly decrease the PMA, without affecting neither the spontaneous magnetisation nor 

the strength of the Dzyaloshinskii-Moriya interaction (DMI). This confirms the robustness of the DMI 

interaction against interfacial chemical intermixing, already predicted by theory [3]. In parallel with the 

decrease of the PMA in the irradiated samples, a strong decrease of the depinning field is observed. This allows 

the domain walls to reach large maximum velocities with lower magnetic fields with respect to those needed 

for the pristine films [4]. Decoupling PMA from DMI can therefore be beneficial for the design of low energy 

devices based on domain wall dynamics.  By studying a Pt/Co/AlOx wedge sample with a gradient of Co 

oxidation, we demonstrate that the modifications of the magnetic properties driven by irradiation are due not 

only to the intermixing of the Pt/Co interface, but also to an homogeneisation  of the oxidation of the Co/AlOx 

interface. When the samples are irradiated with larger He+ fluences, the magnetisation gets close to the out-of-

plane/in-plane reorientation transition, where ≈100 nm size stripe domains and skyrmions are stabilised. As 

the He+ fluence increases, the skyrmion size decreases and the magnetic textures become more and more stable 

against the application of an external magnetic field. 

 

Figure: (a) MOKE hysteresis loops for increasing He+ fluence (from F1=2x10
14

 to F7=3x10
15 He+/cm

2
 ); (b) domain wall velocity 

in the pristine state and after irradiation; (c) magnetic skyrmions under the application of an out-of-plane magnetic field Bz=5mT, 

in the Pt/Co/AlOx sample after the irradiation with increasing fluences F7a= 2.5x1015,  F7b= 2.7x10
15

, F7c= 2.9x10
15

, F7d= 

3.2x10
15

 ions/cm
2
.  
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Perpendicular magnetic anisotropy (PMA) systems that involve heavy metal (HM)/ferromagnet (FM)/heavy 

metal (HM) tri-layer structure have immense scope for constructing high speed memory devices [1,2]. Broken 

inversion symmetry at HM/FM interface introduces interfacial Dzyaloshinskii-Moriya interaction (iDMI) 

which stabilizes chiral Neel wall that can be manipulated with spin polarized current. The current induced 

deterministic switching of PMA systems also realized with or without application of bias magnetic field. In 

this work, we have used field induced domain wall motion to estimate iDMI strength, Deff of sputter deposited 

Ta (3.5 nm)/Pt (3 nm)/Co (0.4 nm)/Au (x nm)/Pt (1 nm) thin films where x = 0, 0.3, 0.5 and 0.7 nm. The 

domain wall velocity of a nucleated bubble domain was estimated applying pulsed Hz in presence of Hx. The 

asymmetric expansion of bubble domain reveals the chirality of domain wall of the samples. Ta/Pt/Co/Pt 

systems has Neel walls with right-handed chirality whereas the chirality reverses to left handed with 

introduction of ultrathin Au layer as shown in Fig. 1(a), (b), (c) and (d). 

 

 

 

 

 

 

 

 

 

 
Figure 1: Asymmetric expansion of bubble domain at an in-plane magnetic field, Hx = 30 mT. (a) Au (t = 0 nm), (b) Au (t = 0.3 nm), 

(c) Au (t = 0.5 nm) and (d) Au (t = 0.7 nm). The magnetization configuration inside the domain wall (x-z plane) is shown under each 

image. The domain wall velocity along x-direction is indicated with white arrow. The magnetization configuration reveals the 

chirality of domain wall. (e) Effective in-plane field of iDMI, HDMI and iDMI strength, Deff as a function of Au layer thickness. iDMI 

sign reverses with introduction of ultrathin layer of Au. 
 

The iDMI can be manifested as an effective in-plane magnetic field (HDMI) in PMA system. The Hx 

dependence of the domain wall velocity has a minimum at Hx = HDMI. iDMI strength calculated using the 

formula Deff =μ0 HDMI Ms λ as described by Je et. al [3] and displayed in Fig. 1(e). where Ms is saturation 

magnetization and λ is the domain wall width. The Deff of symmetric Ta/Pt/Co/Pt system have very small 

negative value which can be attributed to the difference of roughness of bottom Pt/Co and top Co/Pt interface. 

Deff increases as the asymmetry around Co layer was introduced with insertion of Au layer. The maximum Deff 

was observed for the sample with highest degree of asymmetry (Au thickness = 0.7 nm). The Deff also becomes 

positive when Au is introduced at top Co/Pt interface. The Pt/Co and Au/Co interface has opposite polarity of 

iDMI [4]. These two interfaces of Ta/Pt/Co/Au/Pt effectively reverse the iDMI sign. 
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The discovery of two-dimensional (2D) van der Waals magnetic materials and their heterostructures provided 

an exciting platform for emerging phenomena with intriguing implications in information technology. CrTe2 

is a particular example that hosts complex magnetism strongly intertwined with its crystal structures [1,2]. 

Here, based on a multiscale modelling approach that combines first-principles calculations and a Heisenberg 

model, we demonstrate that interfacing this 2D layer with various Te-based layers hosting heavy or light 

elements enables the control of the Dzyaloshinskii-Moriya interaction and magnetic anisotropy energy of the 

whole heterostructure, and thereby the emergence of new magnetic phases of matter, which are of topological 

nature such as skyrmions and merons. 
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Magnetic skyrmions have raised high hopes for future spintronic devices [1,2]. For many applications it would 

be of great advantage to have more than one metastable particle-like texture available [3]. The coexistence of 

skyrmions and antiskyrmions has been proposed in inversion symmetric magnets with exchange frustration 

[4,5]. However, so far only model systems have been studied, an applied magnetic field was required, and the 

lifetime of coexisting metastable topological spin structures has not been obtained. Here, we predict that 

skyrmions and antiskyrmions (Fig.1a,b) with diameters below 10 nm can coexist at zero magnetic field in a 

Rh/Co bilayer on the Ir(111) surface – an experimentally feasible ultrathin film system [6,7]. Based on 

transition state theory [8] we show that the lifetimes of metastable skyrmions and antiskyrmions (Fig.1e) in the 

ferromagnetic ground state are above one hour for temperatures up to 75 K and 48 K, respectively. We further 

demonstrate that the entropic contribution to the nucleation and annihilation rates differs for skyrmions and 

antiskyrmions. This opens the route to thermally activated creation of coexisting skyrmions and antiskyrmions 

in frustrated magnets with Dzyaloshinskii-Moriya interaction. 
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Figure 1: (a) Isolated skyrmion (Sk) 

and (b) isolated antiskyrmion (Ask) 

in fcc-Rh/Co/Ir(111) at B = 0 T and 

(c) respective Chimera (skyrmion) 

saddle point and (d) antiskyrmion 

saddle point. (a-d) show equally 

sized parts of the much larger 

respective simulation boxes. (e) 

Arrhenius plot of the lifetime of 

skyrmions (orange and red lines) 

and antiskyrmions (blue lines) in 

hcp-Rh/Co/Ir(111), in fcc-

Rh/Co/Ir(111) at 𝐵 = 0 T and for 

comparison in Pd/Fe/Ir(111) at 𝐵 =
3.9 T.
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The sense of the gradual rotation of the magnetic moments within a Domain Wall (DW) is associated 

with the chirality. In ultrathin Heavy Metal/Ferromagnet/Metal Oxide (HM/FM/MOx) heterostructures with 

Perpendicular Magnetic Anisotropy (PMA), interfacial Dzyaloshinskii-Moriya interaction (iDMI) generally 

plays an important role in the stabilization of domain walls with a given chirality [1]. This antisymmetric 

exchange interaction arises from the combination of spin-orbit coupling and structural inversion asymmetry at 

HM/FM and FM/MOx interfaces. The sign of the iDMI determines the chirality of DWs (Fig. 1a). Hence, a 

fine tuning of interfaces allows a control of the iDMI sign along with the chirality of the magnetic domain 

walls.  

In this work, we present a complete study of the chirality of DWs and the iDMI sign in  Ta/FeCoB/TaOx 

tri-layer system with a double wedge structure. The FeCoB layer is deposited with a thickness gradient 

perpendicular to a second gradient of Ta which is subsequently oxidized (Fig. 1b). By combining a direct iDMI 

measurement (Brillouin Light Scattering) with the observation of the direction of DW motion induced by spin-

orbit torques (using polar Magneto-Optical Kerr Effect microscope) [2], we recently showed that the sign of 

the iDMI is inverted both by a change in the oxidation state of the FeCoB/TaOx interface and the FeCoB 

thickness [3]. In regions where iDMI is too small to be measured, we used the current-induced DW motion 

direction to extract the chirality over the whole PMA region (Fig. 1c). Our observation of the iDMI sign 

transition (red dotted line in Fig. 1c) reveals a stair-like evolution, indicating the importance of the layer 

coverage percentage. With the help of ab initio calculations we are able to untangle the mechanisms for the 

iDMI sign change with both oxidation state and ferromagnetic thickness. These findings may help to design 

future devices with a controlled value and sign of iDMI in order to optimize domain wall mobility [3]. 

Fig.1.a) Representation of a Clock-Wise CW (left) and Counter Clock-Wise CCW (right) domain wall. b) Schematic 

representation of our double wedge sample. c) Map of the DW chirality with respect to FeCoB thickness (tFeCoB) and oxidation 

state (tTa). Regions with CW (resp. CCW) DWs are represented with full purple squares (resp. empty orange squares) and iDMI 

sign crossover is represented by red circles. The dashed line is a guide to the eye. 
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Thin magnetic cylindrical wires attract considerable attention due to interesting features of a domain wall 

motion like absence of the Walker breakdown that prevents fast domain wall dynamics [1]. Amorphous glass-

coated microwires are composite material with very high domain wall velocities [2]. Owing to the amorphous 

state of wires, the magneto crystalline anisotropy vanishes. Recently, it was shown that the axial magnetic 

anisotropy resulting from rapid quenching has comparable strength, leading to a tilted domain wall orientation 

[3]. However, it is an open question of how the tilted domain wall in cylindrical wires moves with application 

of mechanical torsion stresses.  

In this contribution, we present direct observation of the domain wall distortions. Magneto-optical Kerr effect 

(MOKE) is used to visualize a surface magnetization dynamics in microwires. The domain wall is stabilized 

by two opposite magnetic fields, resulting in effective one-dimensional potential well. Periodic back-and-forth 

motion of the well is used to synchronize the domain wall position with MOKE imaging and direct time-

resolved images of a surface magnetism are performed. In contrast to previous measurements, mechanical 

torsion is applied to the microwire. Our spatial imaging of a surface domain wall shape reveals two typical 

types of a DW distortions. In highly magnetostrictive alloy (e.g. FeSiB), the mechanical torsion stress results 

in a screw-like distortions of a DW (Fig. 1). On the other side, microwires with reduced magnetostriction 

exhibits almost zero distortion of a domain wall shape. In both cases, the magnetostriction plays an essential 

role because the mechanical distortion is always smaller than the distortion of a DW. Our results are confronted 

to the magnetooptical imaging by MOKE microscope.   
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Fig. 1 (left) Snapshots of domain wall profiles for specific angles of torsion in FeSiB microwire. (right) schematic depiction of the 

MOKE setup used to visualize domain wall distortions 
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The ferrimagnetic Fe/Gd antiskyrmion multilayer system, that is investigated, has been shown to be able to 

host magnetic spin textures like skyrmions, and trivial bubbles [1]. With the rise of scientific interest in the 

topic of magnetic spin textures over the last years the stabilization, but also the manipulation of these magnetic 

objects is of great interest for future spintronic applications. In this system the spin structures are stabilized by 

the magnetic dipolar interaction. Ion irradiation offers the possibility to change the structural and magnetic 

properties in order to influence the spin textures [2]. Using a Focus Ion Beam (FIB) system also allows to 

irradiate the sample locally on the nanoscale. 

In principle, ion irradiation disrupts the multilayer structure and causes roughening and mixing of the 

individual layers. The out-of-plane (OOP) and in-plane (IP) hysteresis loops displayed in Figure 1a) show, that 

by this effect the OOP-anisotropy decreases with increasing irradiation intensity. The corresponding MFM-

images confirm this trend. The magnetic domain structure observed in zero field before the irradiation exhibits 

a decreasing stripe period with increasing ion dose up to a point at which the stripe pattern is no longer 

observed. 

The investigated Fe/Gd-system was prepared by sputter deposition on Si/SiO2 substrates as well as silicon 

nitride membranes in order to enable imaging of the magnetic structure by Lorentz-Transmission Electron 

Microscopy (LTEM). These membranes were then irradiated locally in a grid geometry with Ga-ions utilizing 

a FIB-system. Figure 1b) shows a LTEM image aquired at an applied magnetic field of 260 mT of a membrane 

treated in this way. The irradiated areas forming the grid pattern are almost exclusively populated by magnetic 

bubbles while the unirradiated areas host skyrmions as well as bubbles. 
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Figure 1: (a) MFM-images and M-H-hysteresis loops of a [Fe/Gd]
80

-multilayer aquired for different irradiation doses.   (b) LTEM 

image of a [Fe/Gd]
120

-film locally irradiated with approx. 1014 ions/cm² in a grid pattern using a FIB system. The image was taken 

at 260 mT.
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Skyrmions can be envisioned as bits of information that can be transported along nanoracetracks. However, 

temperature, defects, and/or granularity can produce diffusion, pinning, and, in general, modification in their 

dynamics. These effects may cause undesired errors in information transport. To study the viability of these 

skyrmionic racetracks in real conditions (room temperature and granularity), and with feasible computational 

time, we use a deterministic, yet probabilistic, approach [1] to study the skyrmion dynamics in a granular 

nanoracetrack. First, we modeled the granularity of the system within the rigid model, computing the effective 

force generated over the skyrmion. Then, the Fokker-Planck equation of a skyrmion moving along the granular 

racetrack at room temperature is solved.  From the results, we calculate some key magnitudes like the 

probabilities of success of the transport of information, that is, the success probability of a skyrmion traveling 

a given distance along the racetrack. The results are evaluated in terms of the eventual loss of skyrmions by 

pinning, destruction at the edges, or excessive delay due to granularity. The results could serve to establish 

error detection criteria and, in general, to discern the dynamics of skyrmions in realistic situations. 
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Racetrack memory is the paradigmatic proposal of a domain wall (DW) based device. Since its initial 

proposal [1] several works have studied how to optimize it. This optimization covers the domain size, the DW 

speed, the domain nucleation, or the DW motion efficiency among other features. Besides, several strategies 

for data processing and performing logic operations were suggested. 

In this study, we numerically study the regime in which a train of DWs driven by spin-orbit torques can be 

demultiplexed by a Y-shape geometry on a ferromagnetic sample as shown in Figure 1(a). This geometry has 

been already proposed as a DW feeder [2]. In this case, we intend to operate in the opposite sense. An electric 

current is applied from the horizontal branch to either the upper (Figure 1(b)) or lower branch. For current 

densities larger than a threshold current, a DW is injected in the corresponding branch. 

Remarkably, the required current is larger if an Up-Down DW is intended to be injected into the lower 

branch than into the upper branch. This threshold current difference becomes more relevant as the strip width 

is reduced. On the other hand, for wide enough strips (𝑤 = 128 nm) it is not possible to inject a transverse 

DW for large aperture angles. Another notable feature is the reduction of the asymptotic current density 

threshold with the width of the strip. However, this comes at the expense of larger pulse durations needed to 

achieve such an asymptotic limit. 

 

 

Figure 1: (a) Initial magnetization state for aperture half-angle 𝜃 = 30° and strip width 𝑤 = 32 nm. (b) Normalized current density 

distribution for the case in which the electric current is injected in the upper branch calculated by COMSOL [3]. (c) Current density 

threshold to inject the DW in the upper branch (solid line) and lower branch (dashed line) for a strip width 𝑤 = 32 nm. (d) Current 

density difference between the upper and lower branch thresholds. 

In conclusion, we show that a precise control of the stimulus is needed to inject a DW towards one selected 

branch as the required current density for each branch differs. On the other hand, we expect such threshold 

difference to vanish for other materials such as antiferromagnets or ferrimagnets at the angular momentum 

compensation point. Additionally, we believe that this system can help to understand better DWs in 2D 

systems, whose theoretical studies are more scarce than the corresponding 1D systems. 
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Magnetic skyrmions are nanoscale topological objects which are promising for next-generation information 

storage technologies and computing. [1,2] In magnetic multilayers, they can be stabilized at room temperature. 

[3-5]. Skyrmions emerge due to an interplay between several magnetic contributions. Among them the 

interfacial Dzyaloshinskii-Moriya Interaction (DMI) drives the spins into non-collinear orientation, while the 

perpendicular magnetic anisotropy (PMA) favours the out-of-plane orientation and the shape anisotropy prefers 

in-plane spin orientation. To study this competition of energies and the appearance of skyrmions, we have 

varied the Co film thickness as well as the number of repetitions in [Pt/Co(x)/Ta]N multilayers. This multilayer 

system was chosen because it is an established multilayer system for skyrmions and results can be compared 

with existing investigations, like e.g. [3,6]. 

Polycrystalline [Pt(40 Å)/Co(x)/Ta(19 Å)]N multilayers were fabricated in a molecular beam epitaxy setup 

by thermal deposition on oxidized Si(001) substrates with a buffer layer of 47 Å Ta and a 30 Å Pt cap layer. 

The Co film thickness was varied between 5 Å and 21 Å, the number of repetitions varied between 8 and 10.  

Magnetic force microscopy measurements reveal the existence of skyrmions at a Co thickness between 9Å 

and 17 Å. The figure below gives examples with varying thickness and number of repetitions in indicated 

magnetic field. The density of skyrmions as well as their size varies. In remanence, stable skyrmions form only 

for the 17 Å Co sample with N=10 otherwise worm domains develop. Topological Hall effect measurements 

confirm these observations. The relationship between these findings is discussed in this contribution.  
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Figure: MFM images of [Pt(40 Å)/Co(x)/Ta(19 Å)]N. The number of repetitions N, the Co thickness and the applied out-of-plane 

field are indicated below the images. The scan size is 3 µm x 3 µm. 
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Magnetic skyrmions have emerged as interesting spin textures for the next generation of spintronic devices 

due to their promising potential in terms of high storage density and efficiency for fast computational operations 

[1]. Their reliable experimental manipulation is desired in order to integrate them into multichannel bit 

sequencers [2], transistors [3] or logic gates [4].  

We have recently demonstrated the gate-voltage induced chirality reversal of skyrmions in Ta/FeCoB/TaO 

trilayer heterostructures with perpendicular magnetic anisotropy [5] (Figure 1a). This effect is directly related 

to a sign-change of the interfacial Dzyaloshinskii-Moriya interaction (iDMI) [6] that induces an inversion of 

the current-induced motion direction of the chiral magnetic textures [7]. The iDMI sign reversal is due to a 

change in the oxidation state at the top FeCoB/TaOx interface [8], caused by the electric field driven migration 

of oxygen ions. We stabilize trains of skyrmions on micrometric tracks and control their motion with local gate 

electrodes (Figure 1b). The gate voltage can tune the energy landscape and skyrmion chirality, thus changing 

the velocity and direction of skyrmion motion induced by the current injected in the track. Figure 1c shows a 

train of individual skyrmions imaged by magneto optical Kerr effect (MOKE) microscopy. The electrical 

tracking of moving skyrmions using extraordinary Hall effect is an interesting alternative to optical 

measurement and enhances the temporal and spatial resolution. These observations thus allow envisioning an 

optimization of the material parameters producing nanometric skyrmions that will be individually manipulated 

in gate controlled devices. 

 
 Figure 1a) Depending on their chirality, clockwise and counter-clockwise skyrmions move in opposite directions with respect to the 

current direction J. b) Schematic Hall bar structure with a pair of gate voltage contacts for chirality control, and lateral electrodes for 

electrical detection. c) Skyrmions in  a track (edges are in yellow), imaged by Magneto optical Kerr effect (MOKE) microscopy. 
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The interplay between exchange, anisotropy, interfacial Dzyaloshinskii-Moriya interaction (DMI), 

magnetostatic, and Zeeman energies control skyrmion formation in thin films made of ferromagnetic and heavy 

metal (with strong spin orbit coupling) multilayers. Such interactions can be tuned by the thickness of the 

ferromagnetic layer in the system or by the substrate choice. This affects the skyrmion density and stability, 

which are governed by the critical material parameter κ =
πD

4√AKeff
 , where D is the interfacial DMI constant, A 

is the exchange stiffness and K eff  is the effective magnetic anisotropy. Skyrmions are thermodynamically 

stable and can exist in large numbers for  κ > 1[1]. In this work, we control the skyrmion density and formation 

mechanism by varying the thickness of the ferromagnetic Co layer in [Ir(1nm)/Co(t)/Pt(1nm)]n multilayers and 

by depositing them on different seed layers [Pt(10 nm) vs. Ta(3 nm)/Pt(10 nm)]. The samples were prepared 

using DC magnetron sputtering at room temperature. Magnetic system parameters, such as Keff, saturation 

magnetization MS, anisotropy field Ha, and magnetic hysteresis were obtained from vibrating sample 

magnetometry measurements. The domains and skyrmions were imaged in perpendicular fields with a highly 

sensitive magnetic force microscope operated in vacuum. Without an applied field, a stripe domain pattern, 

aligned along the direction of the oscillatory in-plane field used for demagnetization, is observed for all samples 

grown on Ta/Pt seed layers. In contrast, domains with no preferred orientation are observed for samples 

deposited on Pt only. For the case of samples deposited on Ta/Pt, by increasing the thickness of the Co layer, 

the domains (at zero field) become narrower, and a higher density of skyrmions (in an applied field) is observed. 

This is compatible with an increase of κ arising from an effective anisotropy approaching zero at a critical Co 

thickness. Furthermore, two different skyrmion formation mechanisms (shrinking and fission, see Figure) are 

observed [2]: for small κ, the stripe domains shorten and eventually decay into skyrmions; for larger κ, the 

stripe domains break up into multiple skyrmions. 
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Figure: Skyrmion formation mechanism by, (a) 

shrinking for a system with κ < 1, (b) fission for 

a system with κ > 1.
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Magnetic nanowires have been investigated for decades as a prototypical one-dimensional situation for the 

micromagnetics of domain-wall motion [1]. More recently magnetic nanotubes have been considered as well, 

with the inner versus outer diameter as an extra degree of freedom. Nanotubes also offer more elaborate 

situations such as core-shell structures. These broaden the range of available spintronic effects, which require 

interfaces between different materials. Here we consider nanotubes of diameter ranging from 250 to 580 nm 

and thickness a few tens of nm, electroless-plated in ion-track-etched polycarbonate membranes. Here we use 

CoNiB, a material favoring azimuthal magnetization [2]. An inner metallic shell or a full core of Cu is then 

added, with electroless or electroplating, respectively. The membranes are dissolved, tubes are dispersed on a 

highly-resistive Si wafer and single objects are contacted electrically by laser lithography. Magnetic imaging 

is performed under static conditions using XMCD combined with (S)TXM. 

We evidence that nanosecond pulses of current set in motion the domain walls, separating domains with 

opposite azimuthal circulation. The direction of motion is opposite between consecutive walls, consistent with 

the Œrsted field as a driving force. We report domain-wall speed above 100m/s with current density around 

1011 A/m , translating in a magnetic field around 10mT. This proves the concept of using nanotubes as a 

platform for the application of sub-ns pulses of magnetic field with strength potentially 100mT or more, which 

is out of reach of flat stripline geometries, and explore new physics of domain-wall motion under very strong 

stimulus. 
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XMCD contrast on a contacted tube, following various ns pulses of current. The 

displacement versus pulse duration is used to compute the domain-wall speed. 
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Magnetic skyrmions are particle-like objects with a whirling structure in an otherwise uniform magnetic 

medium. Due to their small size and energy efficient movement, skyrmions have been proposed as information 

carriers for future racetrack memory applications [1]. However, their implementation in such devices requires 

overcoming several issues, one of which concerns maintaining a stable inter-skyrmion distance. Using two 

distinct solitons for encoding the information has been suggested to overcome this issue [2], as it is 

advantageous compared to the 'classical' case of just one skyrmion, which can cause large error rates due to the 

fact that it is very problematic to maintain the skyrmion distribution along the track. Two challenges that arise 

when approaching this suggested solution involve: 1) having the coexistence of two solitons in a single sample 

at room temperature and 2) the local control over the soliton types. We addressed the first challenge by 

demonstrating the coexistence of two distinct skyrmion types in a ferromagnetic/ferrimagnetic/ferromagnetic 

(FM/FI/FM) trilayer at room temperature [3]. For the second challenge, although tuning the FM layer thickness 

and therefore its magnetic anisotropy results in a fine tunning of the skyrmion type in these trilayers [4], the 

rather complex structure hinders a simple local control over the skyrmion type. Here, we demonstrate that two 

skyrmion types can coexist in a simplified system, i.e. a FM/FI bilayer [Fig. a)]. Our magnetic force microscopy 

(MFM) results [Fig. b)] show that the skyrmion type can be tuned from incomplete (present in the FM layer 

only) to tubular (existing in both the FM and FI layers) by decreasing the effective magnetic anisotropy of the 

FI layer, respectively. These results unlock the opportunity of local control of the skyrmion type via, for 

example, voltage-controlled magnetic anisotropy of a single FI layer within the same sample, while also 

opening new directions for 3D devices.  
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 Figure: a) Sample schematics of the FM/FI bilayer (FM is an [Ir/Fe/Co/Pt] skyrmion generator layer; FI is a TbGdCo alloy). b) 

MFM images of the skyrmion generator layer only and of the FM/FI bilayers for a fixed FM layer and different-anisotropy FIs, 

showing the transition from tubular (high Δf contrast of ≈ 3Hz) to incomplete (low Δf contrast of ≈ 0.6Hz) skyrmions.
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Skyrmions are of interest both from a fundamental and technological point of view, due to their potential to act as 

information carriers. But one challenge concerns their manipulation, especially at high temperature where thermal 

fluctuations eventually disintegrate them. 

In this presentation, we will study the competition between skyrmions and a chiral spin liquid, using the latter as an 

entropic buffer to impose a quasi-vacuum of skyrmions [1]. As a result, the temperature becomes a knob to tune the 

skyrmion density from a dense liquid to a diluted gas, protecting the integrity of each skyrmion from paramagnetic 

disintegration until they vanish. With this additional knob in hand, we find at high field a topological spin glass made of 

zero- and one-dimensional topological defects (respectively skyrmions and elongated bimerons). 
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Figure: (a) Schematic representation 

of the traditional phase diagram where 

the magnetic field destroys the 

skyrmion solid (SkX) in favor of a FP 

regime with no skyrmions. (b) 

Illustration of our idea where the FP 

phase circles around the SkX phase, 

thus creating an intermediate regime 

(in green) where skyrmion density can 

be tuned gradually. (c) Kagome lattice 

with nearest-neighbor Heisenberg 

exchange and Dzyaloshinskii- Moriya 

interactions.
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The voltage control of magnetic anisotropy (VCMA) is an active field of research, as it is a promising route towards the 

realization of low power spintronic devices. Among a few proposed VCMA mechanisms, voltage-induced ion migration 

(i.e., magneto-ionics) has demonstrated to induce a large modulation of magnetic anisotropy [1].   We have studied the 

voltage control of the perpendicular magnetic anisotropy (PMA) in a series of Pt/Co/MOx (M=Al and Tb) trilayers [2-

3]. A 10-nm-thick ZrO2 layer deposited on top of the Pt/Co/MOx stacks acts as a dielectric and oxygen ion conductor 

layer. The application of a gate voltage allows manipulating the perpendicular magnetic anisotropy with large efficiency 

(β > 1200 fJ/Vm at room temperature) in a non-volatile and reversible way. The voltage-driven migration of oxygen ions 

towards/away from the Co/MOx interface is at the origin of the PMA variation.   

By tuning the PMA, the magnetization reversal mechanism can be tuned and a variety of magnetic configurations 

(isolated domains, labyrinthine domains, skyrmions) can be stabilized within the Co layers. Figure 1(a) shows that in 

Pt/Co/TbOx, the easy magnetization axis can be switched reversibly from in-plane to out-of-plane (OOP) and back, by 

applying respectively a negative or a positive gate voltage. The voltage-driven switching time (tsw) between different 

magnetic states, related to the oxygen ion drift velocity, depends exponentially on the applied voltage. For Pt/Co/TbOx 

we show that tsw can be varied by over 5 orders of magnitude, from several hundreds of seconds to a few milliseconds at 

room temperature by tuning the gate voltage amplitude from 0.5V to 6V (Figure 1(b) [3]. 

In a second set of experiments, we studied the effect of the gate voltage on the field-driven dynamics of chiral 

Néel walls in ferrimagnetic Pt/Co/Tb trilayers. The application of a negative gate voltage leads to a small 

decrease of the coercive field,  together with a huge variation of the domain wall (DW) velocity and of the 

Dzyaloshinski-Moriya field (DMI field) stabilizing the chiral Néel walls. By comparing the behaviour of the 

domain velocities before and after gating with those of reference Pt/Co/Tb samples with different ratios 

between the Co and Tb thicknesses, we were able to attribute these variations to the partial oxidation of the Tb 

layer, and the subsequent increase of the sample magnetization and the decrease of the PMA. The velocity, 

which in the pristine state is only around 10 m/s for large fields, can reach 250 m/s after gating (Figure 1(c) 

[4]. 

FIGURE 1: (a) Large variation of the coercive field (proportional to the PMA) in Pt/Co/TbOx under a positive voltage; (b) Time 

needed to switch the magnetization from in-plane over-oxidized Co to out-of-plane magnetization with maximum PMA and vice versa 

as a function of the gate voltage. (c) Domain wall velocity vs. Bz field in Pt/Co/Tb trilayers, before the application of the gate voltage 

(state 0) and after V=-8V (state 1) and V=-10V (state 2). 
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The realization of topological antiferromagnetic (AFM) solitons in real materials is a major goal towards 

their implementation  in information technology. Unlike their ferromagnetic counterparts, they are anticipated 

to be immune to dipolar interactions and the skyrmion Hall effect [1,2]. By utilizing density functional theory 

and atomistic spin dynamics, we have predicted the emergence of intricate Néel AFM vortex-antivortex 

structures in transition metallic thin films interfaced with Ir and Pd layers on a triangular lattice. These 

topological structures are intrinsic, that is they form within a single AFM material, but they differ from the 

previously predicted intrinsic AFM skyrmions [3]. They possess various topological charges and can combine 

in hexameronic, dodecameronic patterns, or even higher excited states, which may exhibit increased stability 

concerning an external magnetic field contingent on the electronic properties of the interfaces. 
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Non trivial magnetic textures such as skyrmions bear the potential for applications in data storage devices 

and have also attracted significant attention in basic research. Recently, antiskyrmions (aSks) were observed 

in the tetragonal Heusler compound Mn1.4PtSn by Lorentz transmission electron microscopy (LTEM) [1].  The 

combination of anisotropic Dzyaloshinskii-Moriya and strong dipolar interactions leads to the stabilization of 

various magnetic structures such as spin helices, non-topological (NT) bubbles and elliptical skyrmions [2] 

This results in a highly complex magnetic phase diagram that depends not only on temperature, magnetic field 

strength and direction, but also the sample shape [3]. 

To better understand the interplay between the various magnetic phases we have conducted complementary 

experiments of resonant elastic x-ray scattering (REXS) and LTEM on identical lamellae of high quality single 

crystals of Mn1.4PtSn grown by the self-flux method. The FIB-cut sub 100 nm lamellae were placed on specially 

designed Mo disks that also fit into commercial TEM holders, and custom designed sample holders have been 

developed to ensure compatibility with the REXS setup. The latter was equipped with an octupole vector 

magnet offering 360° of freedom in magnetic field direction and fields up to 600 mT thereby giving full access 

to the complex phase diagram of Mn1.4PtSn. 

Our complementary approach allows us to unambiguously connect the real space magnetic textures in 

Mn1.4PtSn and the transitions between them with their corresponding scattering patterns obtained by REXS. 

The experiments reveal a subtle interplay between the different magnetic phases and uncover the details of the 

formation of antiskyrmions from the helical ground state via (intermediate) NT bubbles. Depending on the 

direction of the applied field, the helical ground state is found to develop into either a chiral soliton lattice 

(CSL) or a conical phase. Analyzing the Fourier components of the REXS patterns also provides for a detailed 

understanding of how the field induced phase transitions contribute to the increase or decrease of the out-of-

plane magnetization as monitored by in-situ Hall effect measurements.  
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Figure: Comparing the LTEM image (left) and REXS pattern (right) of an 

antiskyrmion lattice obtained at a field of 250 mT from an identical lamella of 

Mn1.4PtSn allows for a direct correlation of the scattering patterns with the 

underlying magnetic texture. REXS data were acquired at the Diamond Light 

Source, UK.
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 Magnetic skyrmions are point-like magnetic textures with a well-defined chirality. They can be stabilized in thin-film 

nanostructures and efficiently moved by current-induced spin orbit torques, which has led to the proposal of many 

applications [1]. However, their motion is affected by a sideways gyrotropic deflection, also known as the skyrmion Hall 

effect, which is detrimental to some applications [2] as it reduces their forward velocity and can lead to their annihilation 

at the edges of the host magnetic structure. This deflection is inherent to their non-trivial topology and expected to be 

proportional to the material angular momentum density (LS). 

 
Figure: Skyrmion deflection angle (a) and velocity (b) versus applied current density for three cases: RE-dominated case in sample 1 (at 

290 K), and RE- and TM-dominated cases in sample 2 (at 90 K and 350 K, respectively), showing the reversal of skyrmion deflection with 

the sign of angular momentum of the film. 

We studied the dynamics of skyrmions in thin films of CoGd, a rare earth/transition metal (RETM) ferrimagnetic alloy, 

with a Pt buffer layer. In RETMs, the effective LS can be changed and reversed with temperature or alloy composition. 

If the RE moment is larger than the TM one, the film is ‘RE-dominated’ (and the effective LS is negative), otherwise, it 

is ‘TM-dominated’ (and LS > 0).  

We studied the skyrmion dynamics in two samples of different GdCo composition (30% and 32% Gd). In sample 1, 

skyrmions were stable in the RE-dominated temperature range, while in sample 2 skyrmions were stable in two 

temperature ranges, one RE- and the other TM-dominated. Skyrmions were driven with current pulses and their velocity 

and deflection were tracked using magneto-optical Kerr microscopy. Above a depinning threshold current density, the 

velocity increases linearly with current, up to 450 m/s (fig. b). This was reproduced quantitatively by a model with fully-

determined parameters based on the Thiele equation (dashed lines in the figure) [3]. 

To study the effect of LS on the gyrotropic deflection, we compared the skyrmion deflection in the TM- and in the RE-

dominated cases. We observed that indeed the gyrotropic deflection is negative in both RE-dominated cases and positive 

in the TM-dominated one. The sign, as well as the deflection angle, matched quantitatively with the model. The reversal 

of the gyrotropic deflection with the sign of LS, by temperature and by alloy composition, demonstrates that the deflection 

can be tuned and eliminated in RETMs. This, along the observed low pinning and high mobility, makes GdCo a promising 

material for the study and applications of skyrmions. 
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Magnetic skyrmions are nanometer-size chiral spin textures that hold promise for their implementation in 

novel spin-orbitronic devices and for their use in novel computation paradigms sach as in neuromorphic or 

reservoir computing schemes.[1] The specific magnetic configuration shown by magnetic skyrmions confers 

to them the so-called topological protection which enlarges the energetic barriers of these stable or metastable 

states. The latter, confers to magnetic skyrmions a large robustness but also it hinders their nucleation as the 

aforementioned energetic barriers must be overcome. This can be achieved by employing external excitations 

as electric currents or magnetic fields or by modifying the energetic landscape making it possible to access  

skyrmionic states. In the recent years the exploitation of the magnetoelectric effect in multi-layered 

heterostructures with spinorbitronic capabilities has been boosted thanks to the evolution of materials and 

surface science and nanotechnology.[2] This allows for the modification of magnetic properties of the sample 

in a localized and ultrafast manner with a reduced power consumption and with an ease implementation in 

magnetoelectric devices.  

 In this work we analyse the nucleation of magnetic skyrmions in patterned nanodots by exploiting the 

voltage-controlled magnetic anisotropy (VCMA). The work has been carried out by considering a 

micromagnetic model in which the VCMA is introduced following theoretical and experimental reports. The 

results show that the probability of nucleating magnetic skyrmions is increased when following a quasi-

adiabatic path in which the system is able to show always the most stable configuration during the recovery of 

the magnetic anisotropy. A detailed description of the nucleation process will help in the design of a reliable 

and universal protocol for the nucleation of magnetic skyrmions in magnetic trilayers. 

 

Acknowledgements  

The authors acknowledge fundings received from  the Regional Government of Madrid, Ministry of Science 

and Innovation MCIN/AEI and the European Union through projects P2018/NMT-4321 (NANOMAGCOST-

CM), PID2021-122980OB-C52 (ECLIPSE-ECoSOx) and PCI2019-111867-2 (SOgraphMEM). IMDEA 

Nanoscience Institute is supported by the “Severo Ochoa” Programme for Centres of Excellence in R&D, 

(MINECO grant CEX2020-001039-S). We acknowledge NVIDIA corporation for the donation of the GPU 

Quadro P6000 used in the micromagnetic simulations. 

 

References  

[1] A.Fert, N. Reyren, V. Cros, Nat. Rev. Mat.  2 (2017) 17031. 

[2] F. Matsukura, Y. Tokura, H. Ohno,  Nat. Nanotechnol.  10 (2015) 

209. 

 

 
Figure: Energetic landscape during the voltage induced nucleation of magnetic 

skyrmions in nanodots
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The topological Hall effect (THE) provides a way to electrically detect magnetic skyrmions. This work 

includes an ab-initio computational study of the THE arising from stable magnetic skyrmions [1] formed in the 

Fe atomic layer of the ultrathin film Pd/Fe/Ir(111) [2]. Our simulations are performed employing the non-

collinear spin-density-functional theory within the full-potential relativistic Korringa-Kohn-Rostoker (KKR) 

Green function method combined with the semiclassical Boltzmann transport equation [3,4]. We analyze the 

resistivity and the Hall angle of the system, and we discuss the dependence of the THE on disorder, modelled 

by an additional electron scattering term. The effect of the skyrmion size on the Hall angle is also examined. 
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Figure: Magnetic skyrmion formed in ultrathin film 

Pd/Fe/Ir(111).
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Continuous transformations, so-called homotopies, between different magnetic states, e.g., statically stable 

solitons, represent not only the fundamental interest but might also be relevant for future applications. 

However, the search for such homotopies can be challenging. In my talk, I demonstrate that continuous 

magnetic transitions can be efficiently calculated using the well-established geodesic nudged elastic band 

(GNEB) method [1]. In general, the outcome of the GNEB calculation represents a minimum energy path 

(MEP), thereby providing information about the energy barrier and rate of transition between the states. We 

apply this method to the 2D chiral magnetic solitons. By mapping the MEP to the third spatial direction, we 

found a series of reliable initial guesses for non-trivial 3D solitons – hybrid skyrmion tubes[2] (Fig.1). 

Moreover,  we show the GNEB method helps explore the diversity of chiral magnetic solitons, which has not 

been known so far, so-called tailed skyrmins[3]. Finally, I will discuss the applicability of the GNEB method 

to hopfions, skyrmion braids, and other 3D magnetic textures. 
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Figure 1: (a) and (b) Isosurfaces 

𝑛𝑧 = 0 for ordinary and hybrid 

skyrmion tubes. (c)–(h) Cross 

sections of the hybrid tube.
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Spin-orbit torques (SOTs) have earned a wide research interest being a fast, low-power, and effective 

technique for the manipulation of magnetic texture in spintronic devices (such as spintronic memories, 

magnetic oscillators, logic devices and so on) [1]. Current-induced SOT arises from the spin Hall and/or Rashba 

effect, where an in-plane electric current induces a spin accumulation at a heavy-metal (HM)/ferromagnetic 

(FM) layer interface via the spin-orbit coupling. The spin current then diffuses into the adjacent FM layer and 

exerts two torques on the magnetization, which can switch the magnetization and can lead to magnetic domain 

walls (DWs) [2] or skyrmions motion in the FM layer [3].  

In this work we present an exhaustive micromagnetic and experimental study of SOT-driven DW motion, 

investigating the optimal parameters that allow efficient control of the dynamics of the DW by tuning the DMI, 

the current density, and the relative angle between the current direction and the DW magnetization. First, we 

performed micromagnetic simulations for a disordered stripe with an up/down DW perpendicular to the Ox 

axis direction and along the Oy axis direction. Our 1 μm wide and 1 nm thick Co stripe is discretized in 2 nm 

× 2 nm × 1 nm cells and is placed on top of a HM layer of Pt. Current pulses with different densities and widths 

are applied at different angles (45°, 0° and -45°) with respect to the Ox axis direction. In principle, the DW 

velocity depends on the charge current density and the projection of the DW magnetization on the charge 

current direction 𝑣 ∝  −𝐽𝑆𝑂𝑇𝑐𝑜𝑠(𝛼 − 𝛽) [4]. For positive charge currents, when the current is applied at 45° 

and 0°, we observe a threshold current below which the DW is pinned by the disorder. Above the threshold 

current, the DW velocity increases with the current. We also observed that for the current applied along the 

stripe, the DW velocity is symmetric with respect to the change in the current sign, while for the current applied 

at 45° or -45°, there is a significant asymmetry. These results indicate that the DW propagates in one direction 

and the reversed motion is blocked. This is the striking feature of our results and is reminiscent of diode-like 

behaviour.  

In order to validate the results of the micromagnetic simulations, we performed pulse current-induced DW 

motion experiments using polar Magneto-Optical Kerr Effect (pMOKE) microscopy. The samples were 

patterned using standard UV lithography technique from perpendicular magnetized Pt 4 nm/Co 1 nm/Pt 1.5 

nm stacks grown by magnetron sputtering on Si/SiO2 substrates. The lithography process was optimized to 

reduce the edge roughness, which is an important source of pinning centres for the DWs. The first lithographic 

step consisted in the patterning of a 10 m wide Pt/Co/Pt. In a second step, different Co/Pt devices with 

geometries that allows the application of the current at different angles (45°, 0° and -45°) relative to the DW 

were defined on top of the 10 m wide stripe. The pMOKE experiments confirmed the asymmetric diode-like 

behaviour of the DW motion in our optimized samples. 

These types of devices with asymmetric diode-like DW motion have the potential to be used for the 

development of DW logic devices.  
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Multistable magnetic systems hosting distinct co-existing topological spin textures such as skyrmions and 

skyrmion bags [1] are both fundamentally interesting and technologically important. However, the large 

number of degrees of freedom makes theoretical investigation of mutlistable magnetic systems challenging. 

Here, we present a methodology combining global optimization based on recursive traversing between energy 

minima via saddle points on the energy surface [2], and harmonic transition state theory [3]. The methodology 

makes it possible to predict previously unknown metastable magnetic states, identify co-existing transition 

mechanisms between them, and ultimately simulate long time scale finite temperature magnetization dynamics 

of a multistable magnetic system. 

We apply the method to the highly exchange frustrated magnetic system Rh/Co/Ir(111), parametrized using 

the density functional theory, which is known for hosting skyrmions at zero magnetic field [4], and demonstrate 

a variety of co-existing topological spin textures and transition paths between them, see Fig. 1. We compute 

the rates of individual transition between the magnetic states and use them to simulate kinetics of the system 

at various temperatures. Our results demonstrate usefulness of the saddle point search-based optimization 

method for the characterization of complex, multistable magnetic systems. 
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Figure 1: Application of the 

saddle point search method to 

the Rh/Co/Ir(111) system. 

Starting from metastable states 

associated with local energy 

minima (red, a,b,c,d,e), the 

method produces neighbouring 

energy minima by calculating 

saddle points on the energy 

surface (green). (f): Colour 

coding of the magnetic moment 

orientation. 
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Spin-orbit torque induced current magnetization switching (SOT-CIMS) 

provides an energy-efficient way of manipulating the magnetization in the 

ferromagnetic layers. We present a detailed study of Dzyaloshinskii–

Moriya and spin-orbit interactions in the Ti(2)/Co(1)/Pt(0-

4)/Co(1)/MgO(2)/Ti(2) (thicknesses in nanometers) patterned into 

micrometer-sized Hall-bar devices. Here, the Pt is used as a source of the 

spin current, and as a nonmagnetic spacer whose variable thickness enables 

the magnitude of the ferromagnetic interlayer exchange coupling (IEC) to 

be effectively tuned [1]. From anomalous Hall effect (AHE), anisotropic 

magnetoresistance (AMR) and spin Hall magnetoresistance (SMR) 

measurements, we found that the increase in Pt thickness (tPt) leads to the 

reorientation of Co-magnetizations from the in-plane to the perpendicular 

direction at tPt ≈ 1.3 nm. Further increase in Pt thickness, over 3 nm, 

reduces the ferromagnetic coupling and consequently, two weakly coupled 

Co layers become magnetized 

orthogonally to each other. From 

analysis of the Stokes and anti-Stokes peaks spectra measured by the 

Brillouin light scattering (BLS), the value of effective DMI constant (Deff) 

was determined as a function of Pt spacer thickness (Fig. 1). These 

quantities reach their highest value for Pt thicknesses of around 2 nm, 

where the perpendicular anisotropy is the largest [1]. Magnetic domain 

images obtained by the polar-magnetooptical Kerr microscopy (P-MOKE) 

demonstrated the skyrmion bubble domains in the region of strong 

coupling, which disappears with decreasing ferromagnetic coupling. The 

asymmetric expansion of the bubble domain indicates the 

counterclockwise (CCW) chirality of the Néel-type DWs (Fig. 2). The 

results obtained for the trilayer were compared with the Pt(4)/Co(1)/MgO 

bilayer system. Finally, we investigated SOT-CIMS in both systems and analyse the switching mechanism 

using Landau-Lifshitz-Gilbert-Slonczewski equation.  
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Fig. 1 (a) Effective DMI constant as a 

function of Pt layer thickness; (b) 

perpendicular anisotropy constants of the 

top (K1) and bottom (K2) Co layers, 

respectively. Green dashed line indicates 

the maximum value of Deff. 

(a) 

(b) 

Fig. 2 Differential P-MOKE image of 

bubble domain growth with an applied in-

plane Hx and perpendicular Hz field for 

Co(1)/Pt(2.2)/Co(1). Orange ring 

indicates the initial position of the bubble 

domain.  
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Cylindrical magnetic nanowires are a prototypical system for exploring the physics of magnetization dynamics, 

and are also proposed as building blocks for three-dimensional storage devices. They host a topologically-unique 

Bloch-Point-Wall (BPW), which is predicted to push back the Walker limit and reach velocities in excess of 1 km/s [1]. 

A crucial feature of BPWs and other spin textures in nanowires, common to three-dimensional systems, is curling of 

magnetization induced by dipolar energy. Another key feature is the long-overlooked strong Œrsted field that arises 

when an electric current flows in the wire, while playing a key role by directly coupling to curling structures. Here we 

propose an overview of recent developments in the field, combining micromagnetic simulations, synthesis, and static 

and time-resolved advanced magnetic microscopy. 

In a recent experiment, we reported BPW velocity above 600 m/s under a ns pulse of spin-transfer-torque [2], 

dynamically stabilised by the Œrsted field during motion. Simulations suggest a non-trivial underlying  mechanism for 

the switching of circulation in case of an initially-antiparallel Œrsted field, with interplay between volume topological 

objects (Bloch points) and surface objects (vortex-antivortex pairs). 

In search of an extra handle to control domain walls, we also considered Permalloy nanowires with short 

Fe80Ni20 chemical modulations, and diameter ~100 nm. Magnetization spontaneously curls at the modulations, and can 

be switched by a ns Œrsted field, similar to BPWs [3]. We then investigated the interplay of modulations and walls, 

which depends on their relative curling, and promotes various types of DW transformations (FIG.1 a-c). Finally, we 

provide 50 ps time-resolved experiments of both modulation and BPW switching (FIG. 1 d) that allow direct bridging 

with the micromagnetic simulations.  
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Figure 1: a) Micromagnetic 

simulation (top) and ptychographic 

reconstructed XAS and XMCD 

images (bottom) of  a BPW pinned 

at a chemical modulation. b) and c) 

show DW transformations after the 

application of a 2 ns pulse of J = 

2x1012 A/m2 to state in a). d) Time 

resolved STXM imaging of BPW 

circulation switching. 
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The main origin of the chiral symmetry breaking and, thus, for the magnetochiral effects in magnetic 

materials is associated with an antisymmetric exchange interaction, the intrinsic Dzyaloshinskii-Moriya 

interaction (DMI) [1,2]. The later manifests itself in magnetic materials or layer stacks with structural space 

inversion symmetry breaking. The DMI is responsible for the formation of non-trivial chiral and topological 

spin textures (e.g. skyrmions, bubbles, homochiral spirals and domain walls), that are envisioned to be utilized 

for prospective spintronic devices. At present, tailoring of magnetochirality is done by the selection of materials 

and adjustment of their composition.  

Alternatively, we demonstrate that space inversion symmetry breaking of the magnetic order parameter 

appears in geometrically curved systems [3]. In curvilinear ferromagnets, curvature governs the appearance of 

geometry-induced chiral and anisotropic responses, which introduce a new toolbox to create artificial chiral 

nanostructures from achiral magnetic materials suitable for the stabilization of non-trivial chiral textures 

[4,5,6]. Moreover, curvilinear geometry also leads to the appearance of non-local chiral effects, that arise from 

the asymmetry of the top and bottom surfaces and existence of both in- and out-of-plane magnetization 

components of different parity with respect to the reflection procedure [5]. Recently, we demonstrate the 

existence of non-local chiral effects in geometrically curved asymmetric permalloy cap with the vortex texture. 

We find that the equilibrium vortex core obtain both bend and curling deformation, that are dependent on the 

geometric symmetries and magnetic parameters.  
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Beyond the large number of studies on 2D topological textures such as magnetic skyrmions, a new interest has 

surged for more complex magnetic quasi-particles that display variations over the thickness, i.e., three-

dimensional (3D) objects, leading to the discovery of new categories of topological texturese.g. truncated 

skyrmions [1], bobbers [2] or even hopfions [3] in magnetic multilayers.  

In this work, we show how by engineering Pt/Co/Al based multilayers with variable Co thickness, we observe 

the signature of new textures, called skyrmionic cocoons [4] that are only present in a fraction of the magnetic 

layers. Interestingly, these cocoons can coexist with more standard ‘tubular’ skyrmions going through all the 

multilayer as evidenced by the existence of two very different contrasts in the magnetic force microscopy 

(MFM) images recorded at room temperature that can be easily correlated with the corresponding 

micromagnetic simulations (Fig. 1a-b). One major shortcoming of studying 3D textures is the difficulty to 

access information about the bulk magnetization. To this end, we also performed magneto-transport 

measurements as well as X-ray measurements at various synchrotrons. In Fig. 1c, an image acquired by 

holography, a transmission technique, clearly shows different contrasts that thus corresponds to objects with 

various vertical extension. Moreover, we have also obtained a reconstruction of the magnetization, measured 

with X-ray laminography (not shown) evidencing the different magnetic textures in our aperiodic multilayers. 

Their coexistence and the discovery of a novel magnetic texture are particularly interesting as they can open 

new paths for three-dimensional spintronics. 
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Figure: (a-b) experimental MFM phase maps displaying two types of textures (two different contrasts). (c) X-ray Fourier transform 

holography, a transmission technique, showing isolated cocoons (gray dots) and paired ones (black dots).
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Three-dimensional nanomagnets and curved magnetism are nowadays exciting topics in Nanomagnetism. The 

appearance of novel spin textures and topologically protected magnetization states may be the key to develop 3D 

spintronic devices for magnetic data storage, logic and sensing [1]. One of these exciting architectures are ferromagnetic 

nanotubes (NTs), in which the predicted core-less spin states are ideal for stable and fast domain wall motion beyond the 

Walker limit [2]. In this context, Focused Electron Beam Induced Deposition (FEBID) has become an exceptional 

nanolithography technique to produce high-quality 3D magnetic architectures. 

In this work, FEBID growth [3] and  thermal annealing procedures [4] have been combined to synthesize 3D cobalt 

nanotubes. 12-nm-thick cobalt layers have been deposited on vertical Pt-C nanowire templates with a diameter of 70 

nm, and then annealed at 450 ºC in high vacuum to produce high-purity, chemically and structurally homogeneous Co 

NTs (see Fig. 1a,b). Quantitative magnetic imaging of the remanent state and domain wall structure of a 3D ferromagnetic 

cylindrical NT has been achieved by off-axis Electron Holography (EH). Experiments carried out in an aberration-

corrected Lorentz (field-free) transmission electron microscope have enabled the imaging of the remanent magnetization 

states. Both as-grown and thermally-annealed cylindrical NTs evidence the nucleation and pinning of a head-to-head 

vortex domain wall, whose structure has been confirmed by detailed micromagnetic simulations, as shown in Fig. 1c-e. 
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Figure 1: Structural, chemical and magnetic characterization of annealed FEBID-grown Co nanotubes. (a) Cross-sectional HAADF-

STEM and (b) STEM-EELS chemical map (green = cobalt, red = oxygen, blue = carbon). (c) Bright field image. (d) Electron 

holography magnetic flux lines. (e) Spin configuration obtained by micromagnetic simulation.
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The implementation of new groundbreaking technologies is increasingly requiring a full control of the 

magnetic properties of materials at the nanoscale. Besides the optimization of alloy composition, crystalline 

structure and geometry of the nanomaterials, magnetic heterostructures are postulated as target systems for the 

precise tunning of functional magnetic properties. In this regard, ferromagnetic(FM)/antiferromagnetic(AFM) 

coupled layers have been widely used to modify or generate unidirectional magnetic anisotropies, which is of 

great interest in heads of magnetic recording media based on giant magnetoresistance[1]. In addition to 

studying the magnetic properties and Exchange Bias effect on stacked thin films nanostructures, FM/AFM 

interactions have been also pursued in core/shell nanoparticles. However, core/shell cylindrical nanowires with 

FM core and AFM shell are investigated in a lesser extent. In this work, pure electrochemical approach has 

been used to fabricate core(FM)/shell(AFM) Ni@(NiO,Ni(OH)2) nanowire arrays avoiding thermal oxidation 

procedures incompatible with integrative semiconductor technologies. Their morphological and compositional 

characterization have been carried out by SEM and HR-TEM techniques so as by XPS analysis. Temperature 

dependent magnetic hysteresis loops, thermomagnetic curves and FORC analysis, have been used to determine 

the influence of the electrochemical modification of Ni nanowires’ surface on their magnetic properties. First 

of all, a magnetic hardening of nanowires along the parallel direction of applied magnetic field with respect 

their long axis (easy magnetization axis) has been found to be around 17% (43%) at 300K (50K). On the other 

hand, when field cooling (3T) the Ni@(NiO,Ni(OH)2) nanowires below 100K along their easy magnetization 

axis, an increasing exchange bias effect has been encountered as the temperature decreases. . 
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Figure 1: a) SEM image of electrochemical surface 

modified for Ni@(NiO,Ni(OH)2) nanowires. The inset 

shows a high magnification HRTEM image of a single 

nanowire.  b) FORC distribution measured at 50K shows 

two different magnetic behaviours ascribed to the different 

magnetic interactions between the core and the shell of the 

nanowires.
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Achieving high velocities of magnetic domain walls is a crucial factor for their use as information carriers 

in modern spintornic applications. Unfortunately, in ferromagnetic materials the domain wall dynamics under 

applied fieldor current suffers from  the so-called Walker breakdown phenomenon [1]. Cylindrical geometry 

offers possibilities to achieve very high velocities of magnetic domain walls due to the predicted absence of 

this effect. In our numerical modelling [2], we report very high velocity  (up to 14 km/s) of the Bloch point 

domain wall under applied field in cylindrical magnetic nanowires of high magnetization value such as Fe. 

Domain wall is predicted to have a conical shape due to different magnetization propagation speed on the 

nanowire surface and in its center. 

The obtained velocities are much higher than the ``magnonic (or relativistic) limit", estimated analyticlaly 

from the spinwave spectrum as being close to 2 km/s. We associate the increase of velocity to the jet-propulsion 

effect by a constant ejection of new Bloch points from the domain wall. The internal instabilities break the 

cone and give birth to a pair of domain walls which are ejected by the main  comain wall. This creates a jet 

propulsion effect, accelerating the  DW  propagation along of the nanowire axis. The effect is larger in 

nanowires with high saturation magnetization due to its magnetostatic origin. 
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Figure: Images of domain wall dynamics in Fe cylindrical nanowire of 60 nm diameter under applied field B=60mT, showing the 

elongation of the Bloch point domain wall and ejection of a pair of Bloch points.
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Many theoretical and micromagnetic simulation reports over the past 20 years have considered domain walls 

and their motion in cylindrical magnetic nanowires [1]. A specific aspect in them is the existence of a unique 

domain wall, consisting of a Bloch point surrounded by azimuthal curling of magnetization at the wire 

periphery, whose velocity is predicted to be around 1km/s. Experiments have confirmed its existence and speed 

of several hundreds of m/s. In parallel, more elaborate situations are being explored in theory, simulation and 

experiments, such as smple or core-shell tubes, wires modulated in diameter or chemical composition etc. 

Here we consider Permalloy Fe20Ni80 nanowires with micrometers-long segments separated by the insertion 

of Fe80Ni20 platelets of thickness a few tens of nanometers. Magnetostatic energy induces the occurrence of 

curling magnetization at the modulations, whose circulation has been shown to be switchable using 1-10 ns 

electrical current pulses, driven by the associated Œrsted field [2]. Here, we report time-resolved (TR) 

magnetic imaging using Scanning Transmission X-ray Microscopy (STXM), revaling their switching 

mechanism with a 50 ps time resolution. The spin texture is very sharp during the billions-averaged TR series, 

indicating a very reproducible process. The threshold current for switching is around 5 × 1011 A/m2. Above 

typically 7 × 1011 A/m2 the circulation switching occurs in less than 200 ps. This is similar to the rise time of 

the current pulse at the sample. This points at an ultrafast swiching mechanism, which we explain by the 

strength of Œrsted field and dynamic dipolar field in nanowires. When approaching the current threshold the 

switching time tends to diverge, consistent with expectations from theory and simulations. A comparison with 

micromagnetic simulations and analytical simulations is underway, with a view to provide a comprehensive 

picture of this ultrafast phenomenon, which we believe should be common to other curvilinear systems. 
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TR differential magnetic images under various densities of charge current and time 

steps (second row). The top one is the (static) initial state, displaying curling at the 

modulation. Curling of magnetization in the domains during the pulse is a dynamic 

effect, resulting from the Œrsted field. It disappears after the pulse ends, leaving the 

switched circulation at the modulation (not shown here). 
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One of the most promising magnetic systems studied in the last years are the three-dimensional (3D) 

nanostructures with curved geometry where novel and interesting magnetization textures and dynamics are 

involved [1-2]. The future implementation of these nanostructures in 3D spintronic devices require the control 

of domain wall dynamics by means of current pulses. While this has been extensively studied in 2D magnetic 

strips, few reports exist in 3D cylindrical geometry, where Bloch Point domain walls are expected to have 

intriguing properties. Here we report this investigation in cylindrical magnetic Ni nanowires with geometrical 

notches. Experimental work based on synchrotron X-ray magnetic circular dichroism (XMCD) combined with 

photoemission electron microscopy (PEEM) indicates that large current densities induce domain wall 

nucleation while smaller currents move domain walls preferably against the current direction (see Figure). In 

the region where no pinning centers are present we found domain wall velocity of about 1 km/s. Thermal 

modelling indicates that large current densities temporarily raise the temperature in the nanowire above the 

Curie temperature leading to nucleation of domain walls during the system cooling. Micromagnetic modelling 

with spin-torque effect shows that for intermediate current densities Bloch Point domain walls with chirality 

parallel to the Oersted field propagate antiparallel to the current direction. In other cases, domain walls can be 

bounced from the notches and/or get pinned outside their positions. We thus find that current is not only 

responsible for the domain wall propagation but is also a source of pinning due to the Oersted field action [3]. 
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Figure: Thermal nucleation and fast current-

induced Bloch Point Domain Wall (BP DW) 

motion in cylindrical modulated nanowires.
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Three-dimensional (3D) magnetic nanostructures allow the generation and control of novel effects that can 

give rise to the next generation of functional magnetic nanostructured metamaterials and devices[1]. This work 

reports some of our latest results on the synthesis and characterization of different interconnected Co nanowires 

forming a dense and ordered magnetic system: Co 3D Nanowire Networks (3DNN). These nanostructures were 

synthesized by the electrodeposition of Co for 3D ordered porous alumina templates [2-4].The route allows for 

control the order and some geometric features compared to other synthesis approaches [1]. The resulting 3DNN 

consist of hexagonally ordered nanowires with an inter-wire distance of 65 nm and a diameter of 50 nm. These 

nanowires are interconnected with a net of perpendicular or transversal nanowires (TNW) of around 30 nm in 

diameter. Meanwhile, the TNW is distributed in levels with well-defined distances between them of 450, 650, 

and 220 nm. The magnetic characterization consisted of hysteresis loops, first magnetization curves, and first 

order reversal curves at 0 (in-plane, IP) 30, 60, and 90º (out of plane, OOP) from the perpendicular NW main 

axis. All the characterized Co 3DNN arrays present different anisotropic magnetic responses compared to 

similar diameter and interwire distance Co NW arrays in porous alumina. The different responses of Co 3DNN 

depend on the distance between TNW. FORC measurements at different angles provided key information about 

the magnetic interactions in these 3D nanostructures.  
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Figure: a) Scheme of the cross section and top view of Co 3DNN (LNW and TNW are denoted by arrows). For 3DNN with 200 nm 

between TNW b) Hysteresis loops c) first magnetization curves. d) and e) IP and OOP FORC diagrams.
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Magnetic skyrmions and other chiral spin structures are subject to intense research for their interesting 

physics and potential future applications. 3D magnetic solitons such as bobbers [1,2] or truncated skyrmions 

[3] promise even richer physics and higher information density, but have not yet been studied as extensively 

as their 2D counterparts. A versatile platform for the study of such textures are Pt/Co/Al-based multilayers 

with variable thickness of the individual magnetic layers. These materials stabilize 3D magnetic cocoons, 

solitons localized in a fraction of the magnetic layers that can coexist with tubular skyrmions [4]. 

In this work, we use high resolution, synchrotron-based imaging techniques (Fourier transform holography, 

FTH, and Scanning transmission x-ray microscopy, STXM) to advance the study of the structure and behavior 

of these magnetic solitons. Owing to the exceptional resolution and contrast of FTH, we obtained detailed 2D 

images of the magnetic configuration of the material, clearly resolving different coexisting states (Fig. 1a) and 

unveiling a dipolar repulsion between worm-like domains and magnetic cocoons (Fig. 1b). 

We also observed a new type of 3D feature which we name the partial worm, an isolated worm-like spin 

texture also present only in a fraction of the multilayer stack (Fig. 1c). 

Moreover, we demonstrated the current-driven nucleation of three-dimensional cocoons from magnetic 

states where partial worms are present (Fig. 1c). A sistematic study of the process suggest that the nucleation 

is driven by thermal effects (as for skyrmions) and that cocoons are preferentially nucleated at pinning points 

of the material (Fig. 1d). A similar relation to pinning points was also observed after field-induced nucleation, 

suggesting an important relationship between magnetic cocoons and material defects.  
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Figure 1: (a) High resolution image of a magnetic state hosting skyrmions and cocoons and relative linescans. (c) Domain-cocoon 

repulsion event. Red lines mark the positions of the domain wall and cocoons, while arrows highlight their motion. (c) cocoon 

nucleation via current pulses. (d-e) Maps of cocoon nucleation probability after current pulses and field cycling.
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Three-dimensional nanomagnetic systems, with novel and unconventional spin textures, represent an 

exciting platform to explore new magnetic phenomena, and also offers possibilities for the development of 

more efficient, capable and multifunctional technologies [1]. The three-dimensional geometry is predicted to 

have a significant influence on the dynamics of magnetic domain walls [2], soliton-like textures that form the 

basis of many spintronics devices proposed in recent years. In particular, through the introduction of curvature 

and torsion, properties such as anisotropy and chirality can be directly induced and controlled [3,4]. In this 

way, new physics and functionalities can be realised, from threedimensional chiral spin states [5] to ultrafast 

domain wall dynamics [6].  

Here, we experimentally explore the influence of 3D geometry on the energetics of domain walls by 

introducing curvature into a magnetic nanowire system. By a careful design of the geometry of the 

nanostructures, grown by focused electron beam induced deposition (FEBID) [7], we are able to stabilize Bloch 

point domain walls and introduce well defined pinning positions. By measuring XMCD-images with soft x-

ray magnetic microscopy after the applications of magnetic fields we demonstrate the control of the pinning 

strength by tuning the curvature of the nanostructure (Figure 1) . This insight into how control can be obtained 

via complex geometries will help pave the way to the next generation of 3D spintronic devices. 
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Figure1: a) XMCD image of an undulating 

structure after domain wall nucleation  where the 

domain wall position is indicated with a red arrow. 

b) Zoom of the region with a domain wall of the 

XMCD showed in a). c) zoom of the same domain 

wall after rotating the sample to measure 

perpendicular to the wire. Yellow  arrows mark the 

direction of the incoming beam. The scale bar is 1 

µm in all cases. d) Depinning field as a function of 

radius of curvature extracted from a sequence of 

experiments applying magnetic fields parallel to 

the long axis of  the structure.
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Recently, micromagnetic modeling has shown that curved magnets exhibit unusually rich phase diagrams, 

including chiral or topological spin states. [1,2] This is particularly relevant in 2D magnetic monolayers, such 

as CrI3, given their extreme flexibility and natural tendency to rippling. However, an understanding of such 

effects in real materials, from first principles theory, is challenging due to the breaking of translational 

symmetry. We have used non-collinear-spin density-functional theory to study the (flexomagnetic) coupling 

between magnetism and curvature in monolayer CrI3. We show a crossover from a magnetization normal to 

the surface, to a cycloidal spin state, with increasing curvature. This cycloidal state is stabilized by curvature-

induced, effective Dzyaloshinskii–Moriya contributions to the magnetic energy, and alterations of the 

magnetic anisotropy. While these terms remarkably appear as non-relativistic, geometric effects, in line with 

earlier predictions, our results reveal an unexpectedly large impact of spin-orbit coupling on their curvature 

dependence. [3] 
Additionally, we use our results to derive a flexomagnetic coupling tensor and generalize our description for different 

geometries and magnetization states. This leads to predictions of new effects, such as 

flexomagnetoelectric/flexomagnetostrictive ones.  
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Topological or non-uniform geometric media may offer new 

possibilities for manipulating spin waves. 3D networks can facilitate 

interactions and collective effects in all dimensions, enabling new 

phenomena to be studied [1]. Gyroids are among the most promising 

yet largely unexplored structures in magnetism. They are defined by 

chiral triple junctions and periodicity along all three spatial directions 

(Fig. 1).  

Nickel gyroid nanostructures were fabricated by thermally 

annealing a block copolymer template, selectively dissolving one of the 

gyroid-forming blocks and electrodepositing nickel into  

the voided right-handed gyroid network. The orientation of the gyroid 

network toward the static magnetic field axis appeared to be  

a critical factor in broadband ferromagnetic resonance measurements 

since we observed a strong impact of crystallography on the spectra 

signals as a variation in its primary intensities. Using the finite element 

method solver tetmag [2], we performed micromagnetic simulations of 

gyroid systems (Fig. 2) to understand better and explain the 

experimental results. 

The findings demonstrate that geometric anisotropy can contribute 

significantly to the alternation in the intensity of resonance signals in 

rotating gyroid samples. Furthermore, ferromagnetic resonance measurements and micromagnetic simulations 

showed that the spin-wave spectra of nm-scale gyroids depend on the external magnetic field's orientation 

towards crystallography. These results offer great potential for developing 3D nanomaterials for magnonic 

applications. 
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Figure 1: A geometric model of gyroid 

containing 4×4×4 unit cells 

(200×200×200 nm) was used. The three 

main symmetry directions of the gyroid 

network are shown below in the colors 

corresponding to the planes crossing the 

structure. 



 
SYMPOSIUM 14. ORAL PRESENTATIONS 

References 

[1] P. Fischer, D. Sanz-Hernández, R. Streubel, A. Fernández-Pacheco, APL Materials 8 (2020) 010701. 

[2] R. Hertel, S. Christophersen, S. Börm, Journal of Magnetism and Magnetic Materials 477 (2019) 118-123.

Figure 2: The resonance frequency spectra obtained from 

micromagnetic simulations. Different colors indicate the 

crystallographic direction along which the 300 mT field is 

applied, while the points marked with circles indicate the 

volumetric ferromagnetic resonance. In the order of 

occurrence, visualizations and values of resonant frequencies 

are visible as insets of the charts. The color scale corresponds 

to the amplitude modulus of the dynamic magnetization 

component. 
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B2-ordered FeRh undergoes a thermally activated first-order phase transition between antiferromagnetic 

(AF) and ferromagnetic (FM) order upon heating, with a transition temperature between 350 - 380 K [1], 

making it an ideal candidate for use in a wide range of magnetic storage architectures [2]. The evolution of 

magnetic domains through the transition has been well-characterized [1-5]. However, behaviours such as the 

domain nucleation mechanism and subsequent evolution of the magnetic domains along the sample thickness 

through the phase transition remain unclear [1,3-5]. Here, we present three-dimensional (3D) reconstructions 

of the magnetic structure through the sample volume at various temperatures through the phase transition, 

achieved using magnetic laminography [6-7]. Imaging cross-sections through the sample thickness reveal that 

domains for both types of magnetic order nucleate at the surface and travel into the bulk of the sample with 

changing temperature. Creating a complex 3D magnetic structure, in which the evolution of the magnetic state 

along the sample thickness with temperature is non-uniform. We also observe quasi-uniform FM domains at 

310 K when heating, in contrast to the expected flux-closed state [1], as well as AF regions where FM domain 

walls are expected. Both observations can be attributed to the exchange coupling between adjacent AF and FM 

regions, which plays a key role determining the FM configuration in this material. 
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Figure: Reconstructed magnetic state when heating. (a)-(c) show the 

magnetic state for the top surface of the lamella. The sample area is shown 

in colour, which depicts the magnetization direction shown in the colour 

wheel in panel (a). The pink areas are those within the sample that are AF. 

At 310 K the sample shows a quasi-uniform FM domain, which develops 

into multi-striped domain at 375 K. The region between two adjacent, 

oppositely magnetized domains is the last to transition to being FM. 
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Cobalt ferrite is a ferrite with the highest magnetocrystalline anisotropy for cubic spinels. By increasing the 

iron content, its magnetic properties are strongly modified, up to reaching the pure iron spinel composition, 

magnetite. The latter is a soft ferrimagnet with a higher saturation magnetization. In the past we have shown 

that high-temperature oxygen-assisted molecular beam epitaxy provides epitaxial, micron-sized, crystallites of 

non-stoichiometric cobalt ferrite [1,2]. These crystals have a high crystalline quality and their magnetic 

structure has been studied in detail [3]. In this work we show how the magnetic properties of such crystals can 

be changed in-situ by modifying the composition. By depositing additional iron in oxygen atmosphere at high 

temperature, cobalt is expelled from the crystals, thus reducing their cobalt content, and therefore, their 

magnetocrystalline anisotropy. We map the island’s magnetic domain structure by x-ray magnetic circular 

dichroism in photoemission microscopy (XMCD-PEEM). Azimuthal rotation of the samples provides the full 

vector magnetization of the crystals, allowing to observe the changes from a structure determined by 

magnetocrystalline anisotropy to one where the shape anisotropy plays a larger role on the same object (see 

Figure 1). 
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Figure: Left: In-plane magnetization of a 

cobalt ferrite island grown on Ru(0001). 

Right: in-plane magnetization after 

removing part of the cobalt from the 

island. Magnetic contrast is achieved by 

XMCD-PEEM at the Fe L3 absorption 

edge.
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Improving computing energy efficiency is one of the major challenges of XXIst century society. The current 

model of data reading and storage, based on charge transport, is unable to follow the exponentially growing 

demands. One of the most prominent alternatives to tackle this problem is taking advantage of the electron 

spin. This not only provides a new degree of freedom for information storage, yet it opens the way to 

topologically protected spin textures to be exploited as new information carriers. 2D-spin textures, known as 

skyrmions, are nanoscale size, stable even above room temperature, and require a low driving current density, 

enabling their implementation into (spintronic) circuits and devices [1]. Very recently, the possibility to use 

such magnetic solitons for non-conventional computing schemes, like reservoir computing, has been probed 

[2]. Nevertheless, within the neuromorphic framework, higher dimensional computational spaces are 

advantageous, and the limited internal degrees of freedom of skyrmions are not sufficient for complex tasks. 

Aiming to expand a topologically stabilized spin texture towards three dimensions, theoretical and 

experimental efforts have been pursued to investigate the feasibility of topological spin textures in materials 

[3- 5]. Among the most promising candidates, magnetic multilayer stacks, where the interplay between 

exchange, anisotropy, Dzyaloshinskii–Moriya and dipolar interactions can result in a stable 3D-topological 

spin texture, are promising [5, 6]. Notwithstanding, the role of each interaction and how to tune their interplay 

to obtain the desired spin configuration, still needs to be understood.  

In this work, we have produced magnetic multilayers in the form [Pt/CoxFe80-xB20/Ir(Ru)]n, with varying 

layer thickness, repetitions (n) and magnetic composition to understand the role of each parameter in the 

stabilization of spin textures. Moreover, we have explored the role of lateral confinement in the stabilization 

of 3D topological spin textures by patterning magnetic multilayers with perpendicular magnetic anisotropy into 

nanodisk shape from several µm to hundred nm diameter size, aiming to relate the critical size range where 3D 

topological spin textures can be hosted. Indeed, a good control over the parameters needed to stabilize magnetic 

solitons is key to their applications, which go beyond those of skyrmions. As an example, the implementation 

of hopfions in neuromorphic designs, viewed as an anisotropic 3D-object whose state can be controlled, enables 

to modulate the scattering path in such a way that meta-learning can be realized [7]. 
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Magnetoresistance (MR) is a key property of magnetic materials for advanced information storage or magnetic 

sensors. MR is mainly studied in thin film geometry, but the investigation of MR in 3D nanostructures currently 

becomes exciting from fundamental and application point of view.[1] At the same time, the control of MR by 

an external stimuli is important for application. Voltage-control of magnetism (VCM) is a promising pathway 

providing energy efficiency and easy applicability. In this context, magneto-ionic control based on ion 

migration and electrochemical reactions is an emerging route to VCM, providing advantages such as non-

volatility and low voltage operation. The reversible magneto-ionic control of various magnetic properties such 

as magnetization, coercivity or exchange bias has been demonstrated already,[2] but only a few studies target 

magneto-ionic control of MR to date. 

We use iron oxide/iron as magneto-ionic material, in which electrochemical switching between ferromagnetic 

iron and weakly magnetic iron oxides can be exploited to reversibly change the magnetism. In a recent study 

of sputtered FeOx/Fe thin films in stripe geometry we demonstrate the magneto-ionic manipulation of MR, 

achieving even a voltage-controlled sign change of MR.[3] As the magneto-ionic effect relies on reactive 

interfaces, stronger effects are expected for higher surface-to-volume ratios. In order to realize a 3D magneto-

ionic system we took advantage of a Au aerogel as conductive template and deposited a nanometer thin iron 

layer by self-terminating electrodeposition.[4] TEM and EELS mapping showed a 5 to 10 nm iron oxide/iron 

layer surrounding the Au aerogel ligaments. On these 3D FeOx/Fe/Au aerogel nanostructures, we demonstrate 

reversible voltage-controlled magneto-ionic control of MR at room temperature. At a magnetic field of 2 T a 

MR of -0.04 % (-0.01 %) for the reduction (oxidation) state is achieved, representing relative MR changes 

between reduced and oxidized state by 300 %. Future optimization of such magneto-ionically controlled 3D 

nanomaterials can advance the development in low-power sensors and 3D computational or information 

storage devices. 
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Figure: Magnetoresistance of FeOx/Fe covered Au aerogel measured  

in situ during the polarization in 1 M LiOH solution  

at ERed = −1.84 V (blue) and EOx = −0.12 V (red).
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Magnetization switching in nanosized systems is interesting for developing novel spintronic devices. 

We grow Fe3O4 thin films on self-assembled SiO2 nanospheres to investigate the effect of the nanospheres 

curvature onto the magnetization of the iron oxides ultrathin film.  On the one hand, iron oxides have the ability 

to switch their magnetic and electrical states by varying their oxygen content. Controlling the oxygen content 

at the interfaces of complex heterostructures is key to controlling the switching phenomenon. On the other 

hand, by varying the film thicknesses down to the ultrathin regime, we manipulate the magnetization properties 

particularly at the interfaces[1-5].  Therefore, we aim to vary the magnetic anisotropy and thickness of thin 

films by the curvature of nanosphere patterned substrates achieving magnetization switching in magnetic thin 

films through the influence of the periodic curvature. We grow a series of Fe3O4 films with thicknesses 4, 8 

and 40nm on 50nm and 200nm diameter SiO2 nanospheres. The SiO2 nanospheres are deposited on SrTiO3 

(STO) substrates using an improved variant of the drop-casting method[6]. On top of these nanospheres, we 

grow Fe3O4 thin films via pulsed laser deposition (PLD) that form either isolated or interconnected caps of 

Fe3O4 depending on the film thickness as well as on the nanosphere diameter, as observed by scanning electron 

microscope (SEM) and grazing-incidence small-angle X-ray scattering (GISAXS). The quality of the films on 

the nanospheres is investigated by atomic force microscopy (AFM) and X-ray diffraction (XRD). We 

investigate the magnetization reversal of these caps by MFM and SQUID by measuring magnetic hysteresis 

loops. The MH curves show a change at low fields for curved Fe3O4/SiO2 in compare to the flat Fe3O4 films. 

The differences in MH curve must be related to the geometry of Fe3O4 thin films grown on nanosphere-

patterned substrate compared to a flat substrate. We also study the effect of the oxygen content and the reduced 

film dimension onto the Verwey transition by measuring magnetization versus the temperature curves. In the 

next step, we will investigate the possible formation of a vortex state by grazing-incidence small-angle neutron 

scattering (GISANS), polarized neutron reflectometry (PNR) and X-ray magnetic circular dichroism (XMCD-

PEEM). Planned is to detect the electric switching within the nanocaps using conductive AFM. 
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Figure: SEM (left), GISAXS pattern at an  incident angle of 0.175 (middle) and the magnetic hysteresis loop at 10K (right) 

of 30nm Fe3O4 thin film on 200nm SiO2 nanospheres on SrTiO3 substrate.



 
SYMPOSIUM 14. POSTERS 

Influence of i-DMI on the spin-wave nonreciprocity of permalloy nanotubes. 
V. M. García-Suárez1,2and L. M. Alvarez-Prado1,2* 

1Departamento de Fisica, Facultad de Ciencias, Universidad de Oviedo, C/ Federico García Lorca 18, 

Oviedo 33007, Spain 
2Centro de Investigacion en Nanomateriales y Nanotecnologia (CINN), Av. De la Vega 4-6, El Entrego 

33940, Spain 
                                                                              *lmap@uniovi.es 

 

3-D magnetic materials hold promising performances for computational capabilities and sensors devices [1]. 

The ability to tailor these magnetic properties is of paramount importance, e.g.: for reducing the footprint of 

the different components. We propose in this work, by means of micromagnetic simulations, a way to tune the 

output of  the nanotube (one of the arquetypal stuctures proposed for 3D magnetism). Recent works have shown 

that a permalloy (Py) nanotube can emit spin waves (SW) from a local source in a non-reciprocal way [2]. If 

the Py nanotube is further covered by a metal possesing a high spin-orbit an interfacial-Dzyaloshinskii-Moriya 

exchange (i-DMI) is developed at the Py located near the nanotube’s surface. This interacton bears its own 

source of non-reciprocity which becomes competitive/additive to the curvature-induced non-reciprocity of the 

nanotube (present even in the absence of i-DMI) [3]. We have adapted the free available simulator MuMax3 

[4] to include the i-DMI in line to [5] (dealing with nanodisks). Figure 1 shows that: i) the moving-forward 

SW’s wavelenght (black) is always greater than the moving-backward SW’s wavelength (red), ii) for a 

moderate i-DMI strength (1 mJ/m2) the SW characterized by smaller wavelengths can be changed a 15% 

relative to its value under no i-DMI. At the same time, the other SW is hardly affected (~1.4%). It will be 

shown that, at high excitation frequencies, the former SWs belong to the SWs exchange-driven regime 

presenting long propagation lengths [6]. A detailed account of the methodology used and the changes observed 

in the nanotube’s magnetic states, under different i–DMI strengths, will be given. 
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Figure 1: Change of SW wavelength with the i-DMI strength. The SW moves towards the rigth (red) and the left (black). A Py 

nanotube, is excited with a local 10GHz BAC. The outer (inner) radius of the nanobe is 30nm (20 nm). 
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Magnetic chirality is a key ingredient in the formation of 

complex spin structures such as chiral domain walls, skyrmions 

and hopfions. The standard method to create magnetic chirality 

is to either employ particular noncentrosymmetric crystals [1] 

or multilayered hetero-structures without mirror symmetry [2].  

Using 3D printing nanoscale methods [3], we recently 

demonstrated the control of magnetic chirality via 3D 

geometrical effects [4-6]. As shown in Fig. 1a, we can define 

nanoscale interfaces where two magnetic domains of opposite 

structural chirality are forced to meet at a nanometric volume, 

promoting the formation of complex 3D spin states [4].  

After previously demonstrating spin-geometry coupling in 

these double-helix structures [5], here we will present recent 

results where we studied the magnetization reversal of the 

system under magnetic fields applied in different directions. 

Using synchrotron x-ray imaging and complementary 

micromagnetic simulations, we show how interfacing of two 

opposite geometrically-chiral domains and different magnetic 

field protocols it is possible to generate metastable complex 

chiral spin structures at will. This is a very attractive approach 

which opens a route for future experimental studies on their 

spin structure and unconventional dynamics [7,8]. 
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Figure 1: a SEM image of double-helix structure 

with a chirality interface marked by *. Scale bar 

measures 150 nm. b Due to coupling between 

magnetic and geometrical chirality, complex 

metastable spin textures, such as Skyrmion tubes, 

can be generated  

by field protocols. 
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The emerging field of 3D nanomagnetism demands for the development of novel techniques for the 

characterisation of 3D spin states and geometries at the nanoscale with high sensitivity and spatial resolution 

[1]. The complex geometry and magnetic configuration of 3D nanostructures makes probing and interpretation 

of these measurements particularly challenging in comparison with their 2D counterparts. One of the most 

frequently used methods of characterisation of planar (2D) magnetic systems, successfully applied to both 

nanostructures and thin films [2], is the magneto-optical Kerr effect (MOKE).  

Recently, our group has extended the MOKE method to probe 3D nano-geometries via the application of 

dark-field MOKE [3]. In dark-field MOKE experiments, different planes of a 3D nano-geometry reflect light 

at different angles, allowing to detect and analyse the magneto-optical signal independently from each of them. 

This technique was first introduced to study the controlled injection of domain walls in 3D magnetic nanowire 

conduits [3], and details about the method and a thorough comparison with standard 2D MOKE have been 

recently covered [4].  

In this contribution, we present application of dark-field MOKE for the characterisation of 3D magnetic 

nanostructures with different geometries and materials. Using 3D ramped nanowires as an example (see Fig. 1), 

we will discuss the sensitivity limits of the method, linking it with the minimum dimensions of a 3D nano-

geometry that we can currently probe. Also, the experimental system that we have recently developed, 

specifically dedicated to the dark-field MOKE technique, will be presented. This setup, allowing to apply 

complex vector magnetic fields, provides high versatility to probe a range of 3D geometries. 
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Figure a) 3D printed ramped nanowire 

made of Permalloy; b) illumination of 

the structure with a laser spot (not in 

scale) to perform dark-field MOKE  c) 

schematics of dark-field MOKE 

detection for a nanowire grown at an 

angle on a substrate, with both planes 

leading to two distinct specular 

reflections (Taken from [4]).   
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Magnetic metamaterials are studied as elements for shaping magnetic fields. They are composed by internal 

repetitive (magnetic) elements that results in effective (magnetic) properties than cannot be found in natural 

materials. Their potential applications include magnetic cloaking [1], transport of magnetic fields through 

predefined paths (magnetic hoses) [2], concentration and harvesting of magnetic energy at distance [3], or 

magnetic illusion by using effective negative-permeability systems [4], for example. All these applications 

have been proposed considering lineal soft or hard magnetic elements in combination with ideal perfect 

diamagnets (i. e, ideal superconductors). Here we present a different type of metamaterials composed by 

multiple ferromagnetic thin plates containing magnetization structure, i. e. a skyrmion. Since the skyrmions 

can be confined in plates with typical size side of few tens of nanometers, we can define and evaluate the 

effective permeability of such systems at scales of the order of the micrometer. We present how to evaluate the 

effective permeability in these systems and show results as a function of the internal structure of the 

ferromagnetic plates. We also discuss how these values can be tuned externally and discuss some of the 

potential applications one could obtain. 
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The peculiar features and novel exotic phenomena displayed by three-dimensional (3D) network 

architectures made of arrays of nanowires (NWs) and nanotubes (NTs), lead to new possibilities for broad 

number of applications, such as nanodevices in nano-electronics, energy harvesting and storage systems, high-

density data storage and magnetic sensors. Metallic NWs can be readily fabricated through several techniques, 

being one of the most versatile methods the electrochemical deposition by employing nanoporous alumina 

membranes as nanopatterned templates. Additionally, atomic layer deposition (ALD) is also a reliable physico-

chemical deposition technique offering large area and optimal conformality of coatings, typically with metallic 

oxides, made on 3D nanostructured surfaces. Many works refer to the use of ALD technique for obtaining 

tailored 3D nanostructured networks based on template-assisted procedures, such as geometrically segmented 

arrays of NWs, or multilayered NTs and thin films [1]. Here we present the latest research on magnetic NWs 

forming building blocks of complex 3D nanostructures with modulated geometry and composition. To achieve 

further improvements in these research fields, a complete understanding of the magnetic properties exhibited 

by these 3D complex nanostructures is needed, including their magnetization reversal processes and control on 

the magnetic domain walls movement [2]. The magnetic properties of these 3D modulated nanostructures and 

their magnetostatic interactions are investigated by vibrating sample magnetometry (VSM) together with 

magneto-optical Kerr effect (MOKE) measurements, and first order reversal curves (FORC) analysis, allowing 

us to extract the individual magnetic properties of each single entity from the global magnetic behaviour of the 

array (see Figure 1). Furthermore, micromagnetic simulations performed by mumax3 helped us to determine 

the main mechanisms that govern their magnetization reversal process. These results set an appealing strategy 

for the design of novel 3D magnetic storage and spintronic devices based on geometrical and compositional 

modulated nanowires that has not been envisaged up to know. 
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Figure 1: a) SEM image of diameter 

modulated FeNi nanowires synthesized 

by electrochemical deposition in 

tailored nanoporous alumina template. 

b) VSM room temperature hysteresis 

loops of ferromagnetic nanowires array 

shown in a), measured by applying the 

magnetic field along the parallel and 

perpendicular directions to the 

nanowires length axis.
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We have investigated the electronic band structures for oxygen-adsorbed ferromagnetic Fe(001), as well as 

that for clean Fe(001) by means of ARPES, Spin-ARPES and DFT calculations. The Fermi surface of the 

oxygen adsorbed surface is significantly richer in structures compared with the calculated Fermi surface for 

clean Fe(001) by bulk band calculation (Fig. (a)). The spin polarization analysis by Spin-ARPES reveals that 

all the observed states are fully spin polarized also after the oxygen adsorption. This fact, as well as the 

symmetry analysis, enables us to identify the observed states. Surprisingly the Fermi surface of O/Fe(001) 

mimics the calculated bulk Fermi surface for clean Fe(001) at kz=0 (Figs. (b) and (c)). Interestingly many of 

oxygen-induced states are actually slightly observed before the oxidation as surface states of clean Fe(001). 

Oxygen adsorption emphasizes such surface states in photoemission, as if the oxygen adsorption confines the 

3D bulk Fe electrons in the Surface, giving them 2D character. These findings are significant for full 

understanding of how 2D O2p electrons and 3D Fe3d electrons hybridize to form 2D O2p-Fe3d bands, and for 

the reason behind the enhancement of the surface magnetization of clean Fe and O/Fe is compared to the bulk. 

 

 
(a)                                                       (b)                                             (c) 

 
 
Figure: (a) Measured Fermi surface by ARPES for O/Fe(001) with h = 50eV. Red (blue) dotted lines denote the calculated Fermi 

surface of majority (minority) spin bands for h = 50eV (kz ~ 0.1 x 2/a). Calculated Fermi surfaces for bulk Fe at kz=0 for majority 

spin bands (b) and minority spin bands (c).
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Three dimensional magnetic systems promise significant opportunities for applications, for example providing 

higher density devices [1] and new functionalities associated with complex topology and greater degrees of 

freedom [2]. In particular, when we pattern three dimensional nanogeometries, we gain control over the 

energies and behaviour of magnetic textures.  

Here, I will present our recent work studying the behaviour of domain wall textures in such patterned three 

dimensional magnetic nanostructures [3]. By patterning complex geometries with nanoscale resolution [4], one 

can design structure combining curvature, chirality and high inter-structure coupling, leading to the realisation 

of highly coupled curvilinear systems that not only host new types of domain walls, but offer a route to 

controlling their behaviour.  

These new capabilities open the door to complex three-dimensional magnetic structures, and their dynamic 

behaviour, of relevance not only for the fundamental understanding of three dimensional nanomagnetism, but 

also potentially for future spintronic devices. 
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The control of the magnetization processes along elongated structures is key for the development of novel 

magnetic devices [1]. In this sense, recent studies have shown that cylindrical nanowires have more complex, 

and exciting spin textures than their 2D counterparts, which make novel physics phenomena arise [2]. 

Therefore, these nanowires are suitable for building blocks of a new generation of magnetic devices. For this, 

the control of their magnetization processes is a must. 

Electrodeposition is a versatile tool for the synthesis of cylindrical nanowires with controlled morphology 

and composition [3]. This technique allows the introduction of changes in composition during the growth 

procedure along the axial direction, which directly impacts the magnetic properties and magnetization 

dynamics of the magnetic nanostructures [4]. In a previous work, we show the possibility of modulating the 

composition along the radial direction in electrodeposited magnetic nanowires, producing multilayered 

structures in which the composition and thickness of each layer can be controlled independently [5]. This 

possibility increases the degrees of freedom to harness the magnetization during the growth.  
In this work, we present a detailed study of the magnetic properties of such structures. In particular, we report on the 

growth and characterization of Co/Au/permalloy and Co/Au/Ni nanowires, in which the composition is varied along the 

radial direction. The hysteresis loops measured in arrays of nanowires, as well as micromagnetic simulations of individual 

nanowires, show how the coupling between layers can be controlled by carefully selecting the thickness of the Au 

interlayer, the thickness of the external ferromagnetic layer and the magnetic anisotropy of the external layer.  
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The role that geometry and topology play in emergent order parameters has become an important topic in 

theoretical and experimental studies in different areas of physics [1]. A general theoretical framework to 

describe statics and dynamics of curved magnetic wires and surfaces has been developed recently, providing a 

starting point to study magnetization configurations in curvilinear structures [2]. New terms such as induced 

effective anisotropies and emergent Dzyaloshinskii-Moriya interactions appear as a consequence of curvature, 

which are responsible for magnetochiral effects, not present in the conventional cases. In this work, we have 

particularized the study to anti- and ferromagnetic (FM) helices, that are the simplest curves with constant  

and . By performing atomistic Monte Carlo simulations, we have validated the micromagnetic theoretical 

framework that predicts stable magnetization transitions between quasi-tangential (QT) to onion-like 

configurations [2]. Varying the curvature  (or radius R) and torsion  (or pitch p), we have obtained phase 

diagrams for the FM and AF cases for different kinds of magnetocrystalline anisotropies, extending them 

beyond the limits of application of the micromagnetic model. In a second part of the work, we will study the 

effects of curvature in systems where exchange determines the global magnetization direction, but the global 

magnetic order is dominated by dipolar interactions. This is the case of nanoparticle assemblies, colloidal 

magnets, magnetic beads or molecular clusters, that can be treated as magnetic macro-dipoles [3]. We will 

show that in dipolar helices a rich variety of equilibrium configurations can be reached by tuning the angle 

between consecutive dipoles. They include QT states, entwined head-to-tail magnetic helices that have a 

periodicity different from the generative helix and FM or AF ordered chains along the helix axis. Varying the 

radius or the pitch of the helix, abrupt transitions between states having zero and sizable net magnetization can 

be induced, which could be achieved experimentally by applying stress to the helix ends and be used as 

magneto-mechanic sensors. 
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Figure: Ground states of a dipolar helix (R=1, p=/2) and their staggered magnetization along the helix axis.
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  Controlling the magnetic ground states at the nanoscale is a long-standing basic research problem and an 

important issue in magnetic storage technologies. [1] Here, a nanostructured material that exhibits very unusual 

hysteresis loops due to a transition between a magnetic vortex and double pole states is designed. [2]  
 
 

   Arrays of 700 nm diamond-shaped nanodots consisting of Py(30 nm)/Ru(tRu)/Py(30 nm) (Py, permalloy 

(Ni80Fe20)) trilayers were fabricated by interference lithography and e-beam evaporation. In this work, it is 

shown that varying the Ru interlayer spacer thickness (tRu) the interaction between the Py layers can be 

modified. [2] We explain that this interaction is mainly mediated by two mechanisms: magnetostatic interaction 

that favors antiparallel (antiferromagnetic, AFM) alignment of the Py layers and interlayer exchange 

interaction that oscillates between ferromagnetic (FM) and AFM couplings.  
 
 

   For a certain range of Ru thicknesses, FM coupling dominates and magnetic vortices arises in the upper 

and lower Py layers. For Ru thicknesses at which AFM coupling dominates, the magnetic state in remanence 

is a double pole structure. The results showed that the interlayer exchange coupling interaction remains finite 

even at 4 nm Ru thickness. The magnetic states in remanence, observed by Magnetic Force Microscopy 

(MFM), are in good agreement with corresponding hysteresis loops obtained by Magneto-Optic Kerr Effect 

(MOKE) and micromagnetic simulations (Mumax3).  
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Figure: a) Schematics of the trilayer structure and the dot array. b) Micromagnetic simulations scheme of two magnetic configurations 

at zero external field. c) Longitudinal MOKE hysteresis loops with magnetic field parallel to the main axis of the square array in the 

substrate plane for samples with different Ru thickness. Insets: MFM images of the array in both states: vortex and double pole. The 

cartoon in the right of the loop schematizes the relative magnetization between both layers in the vortex and double pole states.
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In recent years, curvilinear nanomagnetism is attracting attention for the broad range of effects emerging in 

curved geometries that are appealing for the innovative developments in stretchable and magnetoelectric 

devices, microrobots, sensors, flexible magnetic memories and nanoelectronics [1-5]. 

These phenomena encompass a vast range of exchange- and Dzyaloshinskii-Moriya (DMI)- induced 

interactions that typically result in topological magnetization patterning in shells, chiral symmetry breaking, 

and pinning of domain walls [1-5]. Less attention has been paid though to the role of the curvilinear effects in 

the magnetization dynamics of domain walls in curved geometries [4]. From application perspectives, spin-

orbit torques are appealing as an alternative way to achieve the manipulation of magnetic domain walls and 

magnetization [8] with the breakthrough of lower power consumption. Recent developments in ultra-thin 

planar asymmetric multilayered strips describe a method to extract DMI and damping estimations from the 

dynamical tilt of domain walls from static measurements [9]. Following a similar approach, here we provide 

first results in single 100 nm-wide thin periodically corrugated strips of CrOx/Co/Pt with thickness of 2 nm 

and average curvature of 0.06 nm-1, tailored for an enhanced exchange-induced DMI. The orientation of the 

corrugation is tuned from the parallel to the perpendicular direction of the strip axis in different strips. 

Our results indicate that curvature plays a crucial role in the pinning and tilting of domain walls through DMI-

induced and exchange-induced effects. In particular, DMI-induced anisotropy leads the pinning mechanism, 

while its combination with exchange-induced effects enhances the domain wall tilt. This opens a perspective 

for quantification and design of curvature-induced effects with application prospects in current challenges of 

spin-based nanoelectronics [10]. 
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Plasmonics represents a unique approach to confine and enhance electromagnetic radiation well below the 

diffraction limit, bringing a huge potential for novel applications, for instance in energy harvesting, 

optoelectronics, and nanoscale biochemistry. To achieve novel functionalities, the combination of plasmonic 

properties with other material functions has become increasingly attractive. In this talk, I will review the current 

state of the art, challenges, and future opportunities within the field of magnetoplasmonics in confined 

geometries, an emerging area aiming to merge magnetism and plasmonics to either control localized plasmons, 

confined electromagnetic-induced collective electronic excitations, using magnetic properties, or vice versa 

[1,2]. I will begin by highlighting the cornerstones of the history and principles of this research field, by 

focusing on the the use of localized surface plasmons to enhance magneto-optical effects in metallic systems, 

in the framework of active flat-optics metamaterials for light polarization control as well as for biochemical 

sensing. I will then try to provide a roadmap of its future development by showcasing raising research directions 

in hybrid magnetoplasmonic systems to overcome radiation losses and novel materials for magnetoplasmonics, 

such as transparent conductive oxides and hyperbolic metamaterials [3,4]. Finally, I will provide an overview 

of recent developments in plasmon-driven magnetization dynamics, nanoscale opto-magnetism and acousto-

magnetoplasmonics. I will conclude by giving an outlook on the future of the field, showcasing new possible 

directions to achieve a full control of magneto-optical effects and their enhancement by using nanoscale 

materials, as well as drive magnetic phenomena with plasmons at the atomic and sub-femtosecond timescales. 
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Above a critical thickness, in the order of tens to hundreds of nanometers, transition metal thin films with 

low perpendicular magnetic anisotropy (PMA) present a stripe domains structure [1]. Compared to high PMA 

thin films such as Co/Pt multilayers, in which such a stripe domains structure can also be observed albeit with 

a lot smaller critical thickness (few nanometers), the domains are not fully magnetized out of plane and the 

transition between adjacent domains is not very steep. This gives rise to more complex magnetic structures, 

with magnetic caps at the domains extremities for example, which could be exploited for spintronics 

applications [2]. For these potential applications, it is fundamental to be able to control the magnetic structure. 

One way to realize this control is to use optical excitation of the system [3]. Moreover, using the shortest laser 

pulses possible, in the femtosecond range, opens up the possibility to realize ultrafast devices. 

Here, we will report on the magnetization dynamics induced by an near infrared (NIR) femtosecond laser 

pulse in three types for Ni based thin films: pure Ni, Ni1-xFex and Ni1-xCox. To probe the nanometric magnetic 

structure of these systems we used high order harmonics (HHG) of NIR femtosecond laser in resonance with the Fe, Co 

and Ni M2,3 absorption edges between 50 and 70 eV (about 20 nm). Indeed, resolving the magnetic structure requires 

very short wavelengths which cannot be reach in the NIR or visible range. At resonant energies, the magnetic domains 

structure acts as a diffraction grating and recording the diffracted orders on a CCD camera allow us to retrieve time-

resolved informations on this structure. We have pioneered this type of experiment for the study of ultrafast magnetization 

dynamics in high PMA systems by following the demagnetization of Co/Pt multilayers in a transmission geometry [4]. 

The films we want to study here are much to thick, between 100 and 300 nm, for conducting a transmission experiment 

at the M2,3 absorption edges. Fortunately, we have recently shown that it is possible to conduct similar experiments in 

reflection geometry and to study films of arbitrary thickness [5]. This has the advantage to enhance the sensitivity to 

surface structures which may arise in low PMA films.  
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The longitudinal spin Seebeck effect describes the transfer of a spin current from a magnetic insulator driven 
by a temperature gradient. Here we present our recent studies on the longitudinal spin Seebeck effect on the 
picosecond timescale in both ferromagnets and antiferromagnets using THz emission spectroscopy [1]. As a 
function of temperature, we observed a different temperature dependence compared to DC electrical studies 
carried out in the same temperature range. By comparing different antiferromagnets belonging to the same 
family of fluoride perovskites we are able to correlate the spin transfer efficiency with the bands of the 
magnon spectrum.   
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Optical control of propagating spin waves in yttrium iron garnet (YIG) films enables active reprogramming 

of the magnonic band structure [1] and the redirection of spin-wave transport [2]. For practical devices, real-

time manipulation of spin waves should be fast and confined to small areas. Here, we report optical control of 

propagating spin waves on the nanosecond time scale in a YIG film with plasmonic nanodisk arrays patterned 

on top. The YIG film is 250 nm thick and the Au nanodisks are 50 nm thick and have a diameter of 180 nm. 

By ordering the Au nanodisks in a square array, we intentionally utilize the excitation of collective surface 

lattice resonances (SLRs) to control the absorption of incident laser light. We maximize the absorption of 915 

nm laser pulses by tuning the period of the nanodisk array [3]. Under optimized conditions, we demonstrate 

that the transmission signal between two parallel microwave antennas in broadband spin-wave spectroscopy 

measurements can be turned off by a 400 ns laser pulse, while a partial reduction in the spin-wave signal is 

attained for shorter pulses. The fast optical control of propagating spin waves is explained by efficient 

thermoplasmonic heating of the YIG film under SLR excitation, as confirmed by a measured reduction of the 

saturation magnetization and finite-difference time-domain simulations. Various prospects of local optical 

control of spin waves through plasmon excitation will be discussed. 
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Networks of interacting, bi-stable, single domain nanomagnets have been used to study collective 

phenomena in frustrated systems like in Artificial Spin Ices (ASIs), which are of interested not only for their 

ability to shed light on fundamental physics but also for their potential applications in magnonic devices, future 

energy efficient logic devices, and novel computing schemes [1]. The nanomagnets in these systems have the 

ability to spontaneously change their direction of magnetization in order to reduce their magnetostatic energy 

and, increasing the temperature allows to significantly accelerate this relaxation [2]. The heating of ASIs has 

typically been made by global heating of the entire network (i.e. sample) using a hotplate; however this method, 

apart from being slow and energy inefficient, is also lacking selectivity in the heating. By means of 

thermoplasmonic laser heating, however, these limitations can be circumvented and sublattices or even single 

elements within the network can be heated to temperatures of 100s of K at the sub-nanosecond time scale [3-

4].  

In these networks of interacting nanomagnets bits of digital information (1’s and 0’s) can be enconded in 

the direction of their individual magnetization. By defining input and output nanomagnets these networks can 

be used for creating nanomagnetic logic (NML) devices where the computation is performed by the 

magnetostatic interaction and the result expressed by the more favorable (relaxed) direction of magnetization 

of the output nanomagnet [5]. 

To give one prof of concept for how the nanomagnetic and thermoplasmonic properties of hybrid noble 

metal/ferromagnetic nanostructures can be used to design functional metamaterials we proposed a 

reconfigurable Boolean NML gate [6]. Here we will show the experimental implementation of such gate from 

the design process and nanofabrication to the magnetical and optical characterization as well as visualization 

of the NML by means of force microscopy.  
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We will present a mechanism of magnon-plasmon hybridization in ferromagnetic (FM) and anti-ferromagnetic 

(AFM) systems [1]. This mechanism is based on the electronic spin-orbital coupling (SOC) and s–d(f) 

exchange interaction. The key point of the mechanism is the non-equilibrium spin density induced by the 

electric field associated with plasmon oscillations (via the  Edelstein effect).  This plasmon-induced spin 

density becomes coupled to the localized spins (and thus effectively to magnons) via the s–d exchange 

interaction. The strength of the magnon-plasmon coupling depends on the magneto-electric susceptibility of 

the system and on the wavevector at which the bare magnon and plasmon dispersion curves cross each other.  

The magnon-plasmon interaction leads then to the level repulsion (or level anticrossing).  

In the case of antiferromagnets, the degeneracy of the two magnon modes is lifted in the presence of an external 

magnetic field, so one finds then two separate hybrid modes.  

The proposed mechanism is applicable to 3D as well as  2D systems. We will focus mainly on 2D materials, 

where the magnon-plasmon hybridization can be easily achieved owing to low frequency of plasmons (the 

plasmon energy vanishes in the limit of zero wavevectors). The proposed hybridization opens a link between 

magnonics and plasmonics.   
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Miniaturization of magnonics into the exchange-dominated regime is essential in the development of future 

magnonic devices beyond CMOS signal processing. However, the generation and detection of spin waves  of 

small wavelength 𝜆 remain a challenge. Here, we demonstrate the investigation of sub-100nm-wavelength 

magnons by small angle X-ray scattering (SAXS), a technique that has been mainly explored in the context of 

static spin textures so far. Our  approach closes the gap between established optical methods with resolution 

limited to the sub-μm range and inelastic scattering exhibiting a resolution only below the 10 nm range. 

Furthermore, compared to real-space methods, e.g. STXM, essential characteristics of the magnon dynamics, 

such as its dispersion, can be directly accessed in reciprocal space. Resonant X-ray scattering from magnons  

is very sensitive and gives further access to the types of excited modes, their coupling and scattering 

mechanisms, as well as nonlinearities. We demonstrate all these effects to appear in 100nm thick ferrimagnetic 

yttrium iron garnet (YIG) in which we excite propagating small-wavelength spin waves by the exploitation of 

ferromagnetic grating couplers (GCs) in the GHz frequency regime. The method is not limited to the magnon 

frequency and has the potential of establishing as a novel standard tool for the study of small-wavelength 

magnonics. The work is supported by SNSF via grant 197360. 
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Figure: Scattering signal of a 𝜆 ∼ 100 𝑛𝑚 wavelength magnon (left). The bright upper/lower peaks correspond to the main 

propagation direction of the corresponding Damon-Eshbach (DE) spin wave mode. The azimuthal distribution of the scattering signal 

reveals that spin wave scattering into other modes takes place. The mode corresponding to a perpendicular propagation direction 

with respect to the main excited mode (i.e. backward volume mode) corresponds to a wavelength of ∼ 80 𝑛𝑚, resulting in a slightly 

elliptical shape of the scattering ring. Right: Directly accessed dispersion relation in the DE configuration. Marked k-vectors reflect 

the geometry of the grating coupler (GC), with k1 the most efficiently excited vector of the coplanar waveguide, G the reciprocal 

lattice vector of the GC, and PSSW the perpendicular standing spin wave mode. The data reveal that the exchange dominated modes 

at larger wave vector agree well with the theoretical curve, while the modes with dominant dipolar contribution are subject to a 

pulling or conversion effect.
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The topological transport of magnons is a popular alternative to the electronic transport for novel spintronic 

applications due to the absence of Joule heating and the large range of frequencies in these systems. The 

magnonic transport has been investigated in various platforms (ferro- and antiferromagnets) and is 

characterized by anomalous mechanisms such as the thermal Hall effect and the magnon Nernst effect. The 

usually employed framework of Linear Spin Wave Theory, in fact, does not take into account effects as magnon 

lifetime damping [1], energy renormalization [2] and topological phase transitions [3] that arise purely due to 

magnon-magnon interactions and can alter the flow of magnons dramatically. In this work we primarily 

investigate the results of three and four magnon interactions in the topologically non-trivial collinear 

honeycomb antiferromagnet and the results of these interactions in the magnon Spin Nernst effect. If time 

allows the impact of magnon interactions in a noncollinear antiferromagnet will also be addressed. 
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Figure: The magnon Spin Nernst conductivity is plotted along the temperature for the non-interacting model for two different values 

of out-of-plane DMI (green and red line) and the interacting model (blue line). The interacting conductivity matches the non-

interacting one for low temperatures but as the temperature increases it approaches the negative values for a lower DMI.
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Surface Acoustic Waves (SAW) have been proposed to dynamically control Spin Waves (SW) propagation 

and even to generate SWs, in order to implement reconfigurable and energy efficient magnonic devices. Indeed, 

SAW technology is mature and widely used in today's sensors, filters and microwave circuitry, not 

withstanding the lack of tunability of SAW transducers. For this reason, a multitude of them are currently 

integrated in modern devices (e.g. mobile phones).  

Recently, the so-called SAW induced Ferromagnetic Resonance (SAW-FMR) has been observed by Weiler et 

al. [1] in Ni thin films by exciting SAWs in the GHz and sub-GHz regime in piezoelectric media. Moreover, 

SAW-FMR permits to induce spin-pumping in CoPt bilayers [2,3]. The SAW-FMR interaction is often 

described by taking into account only the uniform FMR mode. However, this approximation is rather crude, 

and it misses out the wealth of modes that can be excited in a ferromagnetic (FM) material. 

Here, we study SAW propagation in a Fe thin film epitaxially grown on a piezoelectric GaAs substrate. The 

SAW velocity and absorption show a dependence on the external magnetic field in amplitude and direction 

after coupling with the FMR. [4,5] The observed angle dependence can be described only by taking into 

account the spin wave dispersion. To interpret this dependence on the magnetic field angle, a phenomenological 

approach to the relative change in SAW velocity is implemented with the calculated spin wave dispersion 

curves. Our study permits to envisage SAW-based magnonic devices where a single IDT provides the energy 

needed to activate magnetization dynamics and SW propagation in hundreds if not thousands of magnonic 

waveguides, in a Joule heat free manner. 
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Moiré superlattices consisting of twisted layers of van der Waals materials [1] exhibit extraordinary electronic 

behaviours such as superconductivity and correlated topological states. The concept of moiré physics was recently 

applied in photonics to reconstruct photonic band structures providing novel functionalities such as magic-angle lasers. 

Magnons, quanta of spin waves, are collective excitations of magnetically ordered materials and can convey information 

without charge transport promising for low-power magnon computing. To date, moiré physics in magnonic systems has 

only been studied from a theoretical point of view [2]. In this work, we fabricated nanostructured moiré magnonic crystals 

based on low-damping yttrium iron garnet thin films. We report experimental observation of propagating spin waves at 

the edge of moiré unit cells using Brillouin light scattering spectro-microscopy. Spin-wave edge modes appear only 

around an optimal twist angle and are highly sensitive to the excitation frequency, which indicates their origin from mode 

hybridization with a moiré mini-flatband. Moiré spin-wave edge modes observed in this work, as the magnonic 

counterpart of the magic-angle electronic and photonic systems, open an emergent research direction of moiré 

magnonics. 
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Figure: Spin-wave edge mode profiles at different twist angles. a-c, SEM images of moiré magnonic crystals with twist angles of 3°, 

6°, and 9°, respectively. d-f, Spatial-resolved BLS measurement at a twist angle of 3°, 6°, and 9°, respectively.
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Magnetometry based on nitrogen-vacancy (NV) spins in diamond has recently emerged as a powerful tool 

for probing spin waves [1], the elementary excitations of coupled spins in magnetically ordered materials. In 

this work, I will focus on how we utilize scanning NV magnetometry, in which we use a NV sensor spin that 

is shallowly embedded in the tip of a diamond scanning probe, to image spin waves in a thin film insulator 

(figure). Specifically, I will focus on demonstrating the power of controlling the NV-sample distance for 

probing spin waves of varying spatial frequencies. 

Spin waves generate a rotating magnetic stray field 

with an amplitude that decays with increasing distance 

to the sample in which the decay length set by the spin-

wavenumber. Controlling the NV-sample distance is 

therefore crucial for selective probing of spin-

wavenumbers. 

In this work, I will present two applications for 

controlling the NV-film distance on the sub-

micron/nm scale, via lift-height measurements, to 

probe both coherent and incoherent spin waves: 
(1) I will demonstrate that our NV probe can be used as a 

spin-wave filter for selective imaging of short or long 

wavelength spin waves that are frequency degenerate 

[2].  

(2) I will show how microwave excitation of low-

wavenumber spin waves leads to a high-density and a 

unidirectional incoherent magnon gas. I will 

demonstrate how the spatial decay of the stray fields reveals the wavenumber content of both coherently excited spin 

waves with a well-defined wavenumber as that of the incoherent magnon gas [3]. 

These results reveal the power of scanning NV-magnetometry as a tool for spin-wave probing. Whilst 

showcasing that nanoscale control over the NV-sample distance enables wavenumber-selective imaging of 

magnetization oscillations and open up new avenues for imaging other coherent and incoherent spin-wave 

modes.  
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Figure: A diamond cantilever, with a nitrogen vacancy centre 

implanted ∼20 nm below the tip surface, is mounted in a 

scanning-probe setup and is used for detecting the stray field of 

spin waves that are excited by a gold stripline. The nitrogen 

vacancy spin is initialized using a green laser and read out via 

spin-dependent photoluminescence (PL). 
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In bipartite lattices, the sites from sublattice A have the nearest neighbours (NN) in sublattice B only. 

Therefore, the mods occupying one sublattice are not able to propagate (in tight-binding models with NN 

hopping) and the dispersion relation can by described as flat bands with zero group velocity. Such modes, 

localized without defects in a perfectly periodic and infinitely extended system, are called compact localized 

states (CLS) [1]. The well-known type of bipartite lattice is a Lieb lattice [2]. The CLS were already observed 

in photonic crystals based on Lieb lattices [3] but the studies on CLS in the magnonic system still need to be 

performed. We proposed a perpendicularly magnetized Ga-doped YIG layer as a base for a magnonic Lieb 

lattice where the lattice sites are mimicked by cylindrical inclusion made of YIG (without Ga-doping). We 

tailored the structure to observe the oscillatory and evanescent spin waves in inclusions and matrix, 

respectively. We calculated the dispersion relations exhibiting Dirac cones, almost touching each other at the 

M-point (with a very narrow gap ~15 MHz), intersected by a relatively flat band of magnonic CLS. Then, we 

supplemented our studies by considering the extended magnonic Lieb lattices, characterized by a larger number 

of weakly dispersive bands specific for CLS. The computations were performed by finite element method, 

using COMSOL Multiphysics. 
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Figure: (a) Dispersion 

relation for (b) magnonic 

Lieb lattice with 

perpendicularly applied 

field (100 mT) shows (c) 

Dirac cones intersected 

by the flat band (green 

sheet) where (d) compact 

localized states (M2
←) are 

found. 
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2D magnetic materials expanded the scope of material science to design devices that can offer a plethora of 

opportunities1. One of the most important groups of 2D magnetic materials is CrX3 (X: Cl, Br, I) where in 

particular CrI3 was the first 2D ferromagnet in the monolayer limit1. Another promising group of 2D magnetic 

materials is the MPS3 (M: Fe, Ni, Co, Mn) family, formed by van der Waals materials with excellent electronic 

and optical properties2-5. Despite all these properties make 2D magnets very interesting by themselves, the 

magnetism present in these materials is wide and yet not well understood, giving rise to exotic phenomena. 

Herein we present a theoretical methodology to analyse 2D materials, based in DFT calculations, Wannier 

Hamiltonians and Green functions. Using these techniques, the magnetic and exchange properties can be 

resolved in terms of chemical orbitals and improved with strain simulations that result in an increase of Curie 

temperatures and magnon propagation along the 2D materials,6,7 thus exploring alternative platforms for 

spintronic devices. 

 

 

 

 

 

 

 

 

 

Figure: Strain in 2D magnets: Exchange interactions, Curie temperature and magnons modes. 
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At finite temperature, the magnetization vector is not a fixed quantity. Quantized spin waves – magnons –

excited by thermal fluctuations reduce the magnetization relative to the full alignment of all spins. It is well 

known that magnons can carry or excite spin currents [1] and that the magnon population in turn can be 

modified by spin currents in ferromagnet (FM)/normal metal (NM)  bilayers [2]. The current-induced 

modulation of the population of magnons thus inevitably leads to a modification of the average magnetization 

[3]. The change of the total magnetization due to the magnon create-annihilation is depicted in the figure. 

The concept of nonlinear longitudinal and transverse magnetoresistance due to magnon creation-

annihilation follows naturally from this premise: the current-induced modulation of the population of magnons 

leads to a modification of the magnetization as depicted in the figure causing a change of the resistance. We 

describe the angular and field dependence of these nonlinear effects and evidence their role in the total 

nonlinear contribution to the transport in FM/NM bilayers. These contributions appear in both insulating and 

conductive FM [4]. Additionally, their angular dependence is not easily distinguishable from other current-

dependent contributions due to the spin orbit torques (SOTs), unidirectional magnetoresistances and 

magnetothermal effects observed in FM/NM bilayers [5].  

We show that the magnon creation-annhilation magnetoresistances appear prominently in Y3Fe5O12/Pt 

(YIG/Pt) bilayers due to the small damping of YIG. They are weaker but also present in conductive 

ferromagnets with larger damping such as Co or CoFeB. We further show that the similar angular dependence 

of the magnetoresistance and SOTs contributions to the Hall voltage can strongly affect the SOT estimation 

when using the harmonic Hall measurement method. When the magnon contribution is not unaccounted for, 

both the antidamping (AD) and fieldlike (FL) torque contributions strongly deviates from their expected field 

dependence and a correction needs to be performed to properly estimate their value. The AD torque, the most 

important parameter for spin orbit torque applications, is overestimated by 30% in Pt/CoFeB, 100% in  

W/CoFeB and one order of magnitude in YIG/Pt when not accounting for the magnonic contribution [6]. This 

can explain, at least partially, the discrepancy on the torque estimation observed in the literature. 
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Figure: annihilation and creation of 

magnons due to spin accumulation in the 

normal metal layer. The local magnetic 

moments are shown in purple.
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Spin-wave devices use wave interference to enable logic operations and offer a promising solution to reduce 

energy consumption in computational units. Energy-efficient spin-wave transducers are needed to compete 

with CMOS and while current-based system does not meet the energy requirements [1], magnetoelectric 

systems show potential for much higher power efficiency [2]. The device proposed in this study is based on 

magnetoelastic transducers (METs), a magnetoelectric system based on piezoelectric-magnetostrictive 

heterostructures where the transduction between voltage and magnetization is mediated by the strain. It consists 

of a PZT pillar, the piezoelectric element, embedded in 

a soft material and in contact with a CoFeB waveguide, 

the magnetostrictive element (figure 1 (a)). RF 

voltages are applied to the structure using top and 

bottom electrodes. The devices are fabricated using an 

extensive set of deposition and etching techniques, as 

well as common lift-off processes, whereas all the 

patterning steps were done by electron beam 

lithography. Here we report on the fabrication of spin-

wave devices based on METs with piezoelectric pillar 

dimensions down to 80 × 80 nm2 (figure 1 (b)) and their characterization by micro-focus Brillouin Light 

Scattering (BLS) spectroscopy. Figure 2 displays a BLS spectrum recorded for a device where the PZT pillar 

has lateral dimensions of 500 nm × 10 µm, and a CoFeB waveguide 10 µm wide. It is shown that the phonon 

spectra strongly depend on the geometry and size of the pillar due to quantization effects. The emission of spin 

waves depends on the magnetization direction with respect to the waveguide, a direction of 45° being more 

favourable for excitation (see Fig. 2). The magnetoelastic field and torque on the magnetization for different 

geometries were derived from the strain distributions obtained by device simulation in COMSOL Multiphysics 

software. We show that the excitation efficiency depends strongly on both the magnetization direction as well 

as on the strain configuration.  
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Figure 1: The magnetoelastic transducer device a) schematic b) 

cross section scanning electron microscopy image of a fully 

processed 80 by 80 nm2 device. 

Figure 2: Spectra of spin waves 

emitted by a 500nm x 10 μm MET in 

a 10 μm wide magnetic waveguide as 

a function of the external magnetic 

field amplitude and direction with 

respect the CoFeB waveguide. The 

applied RF frequency was 6 GHz. 
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The element-resolved study of ultrafast demagnetization processes is essential to understand the underlying 

local and nonlocal mechanisms that govern the magnetization dynamics in multi-component systems. 

Combining ultrashort soft-x-ray probe pulses with near-infrared pump pulses allows to follow the magnetic 

response of an excited system in an element-resolved way. Resonant reflectivity of soft x rays is thereby an 

invaluable tool for probing the magnetic response of intransparent samples via magnetic circular dichroism. 

However, the change of x-ray reflectivity is not simply related to the quench of the magnetization but reflects 

also the transient repopulation of electronic states and changes in the dielectric properties, for example caused 

by heat-induced strain. 

We present time-resolved experimental x-ray reflectivity data of the response of Co films in 

Cu/Co/Mn/Cu(001) to 100 fs near-infrared laser excitations of different fluences, performed at the femtosecond 

slicing facility of BESSY II. Recording the reflectivity at the Co L3 edge for opposite directions of sample 

magnetization, we separate magnetic and nonmagnetic contributions (Figure). We simulate the results by two 

different approaches. On the one hand, we use a purely thermal model, a time-dependent macroscopic 

magnetization, and heat-induced strain profiles. On the other hand, we employ time-dependent density-func-

tional theory to calculate the transient optical response to the laser-induced excitation and from that the 

reflected intensities. While both methods are able to reproduce the time dependence of the magnetic signal, the 

nonmagnetic change in reflectivity is captured satisfactorily only in simulations of the transient optical 

response function and has thus to be assigned to electronic effects.  

From the simulations, we derive a rule of thumb to know whether a reflected signal is dominated by the 

dielectric or the absorptive part of the dielectric function for given scattering conditions.  
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Figure: (a) Measured 

time traces of the 

resonant reflectivity at 

the Co L3 edge for 

opposite 

magnetization 

directions after 

pumping with a 100 fs 

laser pulse. (b) 

Decomposition of the 

measured signal into 

magnetic and 

electronic 

contributions.
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The ability to coherently control the state of magnetization in magnets with an ultrashort laser pulse has 

recently been the subject of extensive research [1]. This intense stimulus makes it possible to achieve ultrafast 

all-optical switching of magnetization. We can differentiate thermal-based switching in metals and non-thermal 

switching based on the photo-magnetic effect in dielectrics. The non-thermal switching mechanism originates 

from a precessional reversal of the magnetization driven by the photo-induced change of magnetic anisotropy. 

It was shown that using only a single, linearly polarized laser pulse is enough to reversibly switch the 

magnetization state in dielectric yttrium iron garnet (YIG:Co) films [2]. Such a switching does not require any 

external magnetic field and can be done at room temperature. In this condition, the magnetic anisotropy of the 

examined garnet is predominantly cubic, which results in four easy magnetization axes localized close to the 

cube diagonals of <111>-type. We recently demonstrated that by using double-shot femtosecond pulses with 

alternating linear polarization planes it is possible to re-write magnetization with a repetition rate of up to 20 

GHz in YIG:Co film with a non-zero miscut angle. [3]  

Here, using a double-shot time-resolved experiment setup, we studied the ultrafast photo-induced back-

switching in YIG:Co films with pure cubic symmetry without miscut angle. The lack of miscut provides the 

lack of symmetry degeneracy which provides the back-switching effect in which the even number of incident 

pulses leaves the same magnetic state, and the odd number of pulses reverses it. No need to control the 

polarization of the pump beam simplifies the system at the expense of non-deterministic switching. Moreover, 

we show that using two temporally separated stimuli gives a field for modifying and adjusting the precession 

and therefore the switching trajectories. We retrieve the ultrafast magnetization dynamics by utilizing an 

experimental setup with three color pump and probe geometry, with the ability to trace single-shot switching 

dynamics with the spatiotemporal resolution obtained by time-resolved imaging. [4] The use of two phase-

coherent pulses makes it possible, through their interference controlled by relative delay, to strengthen the 

precession amplitude, and thus to lower the switching threshold. On the other hand, impulses in the opposite 

phase will allow obtaining a complete freeze of precession. This effect was not observed with the sample with 

the non-zero miscut angle. 

Finally, we discuss the temporal delay between writing-erasing sequences and their properties using the 

back-switching regime in YIG:Co. Modification of the effective anisotropy using the sample temperature 

allows tuning the recording frequency in the range of 10-40 GHz. 
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        Recent progress in the field of magnonics and spintronics has sparked significant interest in studying phenomena 

related to magnons and phonons, both from a fundamental research perspective and for potential applications in 

information and communication technology [1-2]. Most recently, ultrafast electron diffraction studies of Ni films 

revealed that ultrafast interactions of spins with high-frequency phonons are decisive for the dynamics of rapidly 

demagnetized magnetic materials [3]. Here, we adopt a novel approach based on high repetition rate (1 GHz) 

femtosecond (fs) laser combs combined with micro-focused Brillouin light scattering microscopy (µBLS) to investigate 

the polarization characteristics of both phonons and magnons in NiFe thin films. The versatility of frequency comb 

enhanced µBLS [4] has proven to be an efficient way for ultrafast generation of sustained spin waves [5] and spinwave 

caustics [6]. 

Films of permalloy (Ni80Fe20) were sputtered onto c-plane sapphire 

substrates by dc magnetron sputtering under a 3 mTorr Ar atmosphere in an 

ultrahigh vacuum chamber. In the µBLS experiment, the sample is excited 

with a 1 GHz rep-rate fs-laser of wavelength 816 nm and probed with a 

continuous wave laser of wavelength 532 nm. The scattered beam from the 

sample is passed through a polarizer and guided to the tandem Fabry-Pérot 

interferometer for spectral decomposition of the light. Figure 1(a-d) shows 

the polarization maps measured for different external magnetic fields (µ0H) 

= 0, 520, 600, and 750 mT at fixed pump power of 40 mW. In the presence 

of the pump laser, a series of peaks, corresponding to the harmonics of the 1 

GHz rep rate, appear. We model the observed BLS counts (I) for various 

frequencies by considering the contribution of both phonons and magnons 

which is in good qualitative agreement with a sin2 dependence of the 

polarization angle. 
       𝐼 = 𝐴𝑃ℎ sin2(𝑥 − 𝜙𝑝ℎ) + 𝐴𝑚 sin2(𝑥 − 𝜙𝑚)                              (1)                                                             

The respective amplitudes of the phonons and magnons (𝐴𝑝ℎ and 𝐴𝑚) as 

well as the polarization angle for phonons (𝜙𝑝ℎ) have been extracted as a 

function of frequency. In stark contrast to thermally excited incoherent 

phonons/magnons, photons scattered from the coherently excited 

phonons/magnons exhibit a giant rotation of their polarization angle. The 

rotation is frequency and field dependent, showing a resonant behavior 

around the NiFe ferromagnetic resonance, where it changes sign (as shown 

in Fig. 1(e-f)). We observe the tunability of the magnetoelastic nature of SW modes with the magnitude of the applied 

magnetic field. Our study highlights the effectiveness of frequency combs for generating and investigating 

magnetoelastic sustain excitation in magnetic thin films at several GHz frequencies. 
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Figure 1: (a-d) Polarization maps for 

20 nm NiFe thin film measured at 

various applied magnetic fields. (e-f) 

The variation of the extracted angle 

for phonons as a function of 

frequency and field magnitude 

respectively. 
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We theoretically study the carrier dynamics in an itinerant ferromagnet due to electron-magnon scattering 

on ultrafast timescales. Our approach is based on a model band structure (“Stoner model”) for the electronic 

single-particle states, and the electron magnon-interaction is formally obtained as coupling to a Heisenberg 

model, which incorporates the magnetic properties of the itinerant ferromagnet [1]. We compute the dynamics 

of momentum resolved electron 𝑛𝜎=±,𝑘(𝑡) and magnon 𝑁𝑞(𝑡) distributions due to electron-magnon and 

electron-electron scattering, which are treated at the level of Boltzmann scattering integrals. We also include 

an Elliott-Yafet like spin relaxation mechanism due to spin-orbit coupling [2]. 

We find that electron-magnon scattering leads to a pronounced non-equilibrium for magnon modes at higher 

energies and wave vectors that couple directly to Stoner transitions as shown in the Figure. For reasonable 

parameters that capture some of the properties of magnons in iron, the electronic spin-flip scattering with 

magnons results in a momentum dependent absorption/emission of magnons and a transient increase of the 

electron spin polarization on a timescale of a few ten femtoseconds, which is then removed by the Elliott-Yafet 

spin relaxation. Such an increase of the spin polarization is also found in the dM/dt model, which has been 

introduced to model ferromagnetic demagnetization dynamics and spin current generation [3]. As we do not 

make its quasi-equilibrium assumption, we can go beyond the dM/dt model and demonstrate the non-

equilibrium features inherent in the demagnetization dynamics. We study the influence of magnon-phonon 

relaxation processes and different excitation conditions, and compare our results to recent experiments [4]. 
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Figure: Change of magnon distribution 𝛿𝑁𝑞(𝑡) due to electron-magnon and electron-electron scattering after excitation by 

instantaneous heating process. The region of 𝑞 values, for which electronic spin flip transitions are possible, starts around 2 nm-1 .
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The generation of spin currents is a key ingredient in spintronics-based memory devices such as spin transfer 

torque magnetic random-access memory (STT- MRAM). Since the discovery of ultrafast demagnetization [1], 

it is known that the magnetization in 3d ferromagnetic thin films can be quenched within ultrashort, sub-

picosecond time scales using femtosecond (fs) laser pulses. Several studies have demonstrated the generation 

and propagation of ultrashort spin current pulses [2–4] associated with such femtosecond laser excitation, 

which is capable of inducing ultrafast demagnetization in an adjacent layer. However, these works are focused 

on ferromagnetic 3d transition metals, while recent studies suggest that antiferromagnetic materials (AFM) are 

more promising for magnetization control in ultrafast spintronics devices. The rare-earth transition-metal (RE-

TM) alloy thin films, such as, FeGd are interesting for spintronic applications due to their antiferromagnetically 

coupled 3d and 4f sublattices and the possibility of manipulating the magnetization on ultrafast time scales in 

a controlled way [5].   

To measure the dynamics of both 3d and 4f elements, we utilized the element selective time-resolved X-ray 

magnetic circular magnetic dichroism technique at the femtoslicing beamline at the BESSY synchrotron, 

Berlin. We performed pump-probe delay time scans in an external magnetic field using 60 fs IR laser pulses 

(800 nm) to pump the top layer of our sample and ~100 fs X-ray pulses, with photon energy tuned to resonance 

with the elemental core level excitations, i.e., the Fe L3 and Gd M5 absorption edges, to probe the dynamics 

in the bottom FeGd layer of our sample.  

The sample used in this study has the following structure: FeGd/Cu/CoPt/Cu(60)/Pt spin valve structure on 

SiN membrane. Here, the pinned magnetic top layer CoPt/Cu (60)/Pt (6) has the purpose to generate the 

femtosecond spin current pulses which are then transported into the bottom FeGd thin layer. 

To distinguish the effect of these fs spin currents from pure thermal demagnetization, we have performed 

and compared the dynamics for antiparallel and parallel alignment of the top Co/Pt and bottom Fe 

magnetization. We could evidence a notable acceleration of the demagnetization dynamics for the antiparallel 

alignment which is explained by a sizable contribution of spin-torque on sub-picosecond time scales.  
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All-optical switching (AOS) of magnetic bits by femtosecond laser pulses shows great promise for fast opto-

spintronic memory devices [1]. The fastest (~1 ps) and most robust switching has been observed in 

ferrimagnetic materials containing the rare earth Gd. However, due to its electronic configuration, Gd-based 

materials are inherently soft, requiring large magnetic domains to store thermodynamically stable bits. This 

limits their suitability for high-density magnetic recording devices. More recently, Tb/Co-based multilayers 

with higher magnetic anisotropy have also been shown to be all-optically switchable [2]. Nevertheless, the 

reversal mechanism in this type of material is not understood yet, but evidence is growing that reversal takes 

place on much longer time scales (~100 ps) compared to systems with Gd only. 

 

Figure 1: a Cartoon showing the magnetic 

layers within the stack with arrows 

indicating local spin orientations. b Phase 

diagram extracted from MOKE hysteresis 

loops for the sample design shown in a. c, 

d, e Kerr microscopy images of the 

magnetic state of the sample after excitation 

with a single fs laser pulse at the 

approximate thicknesses indicated in b. 

 

 

In this work, we investigate synthetic ferrimagnetic multilayers containing both Gd and Tb (schematically 

shown in Fig. 1a) to better understand the role of the two rare-earth (RE) elements. We find perpendicular 

magnetic anisotropy and robust AOS in a broad range of RE thicknesses for Co and RE-dominated samples, 

as shown in Fig. 1 b. Interestingly, the critical laser fluence for AOS is independent of the amount of Tb in the 

system. Time-resolved MOKE measurements reveal that magnetization reversal takes place approximately 

within the first ps, as previously found in systems with only Co and Gd. Furthermore, we carry out Microscopic 

Three Temperature Model (M3TM) simulations, where – as suggested in [3] – we imitate the replacement of 

Gd by Tb as an increase in the spin-flip probability asf. We find a gradual suppression of AOS as asf increases 

which corroborates our experimental observations. 

We conclude that hybrid systems of Tb/Co and Co/Gd-based multilayers are promising candidates for future 

magneto-photonic memory devices. 
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The discovery of deterministic helicity-independent all-optical spin switching (HI-AOS) has driven 

intensive investigations on the laser induced ultrafast spin dynamics in ferrimagnetic rare-earth (RE) / transition 

metal (TM) alloys. Element- and time-resolved experiments have shown that the RE 4f and TM 3d spin 

dynamics occur on distinct time-scales [1], which is considered as a key ingredient for HI-AOS [2]. They have 

also shown that the characteristic times associate with these ultrafast dynamical processes depend on the 

temperature and on the alloy composition [3 - 8]. These seminal works call for further systematic investigations 

to establish the correlations between their static magnetic properties and their unusual laser induced ultrafast 

spin dynamics [9]. Such knowledge is of prime importance to identify the most appropriate materials for 

technological applications. For instance, previous works have revealed that amorphous RE-TM ferrimagnetic 

alloys show inhomogeneous in depth composition [10, 11] as well as RE segregation at interfaces [12, 13]. 

One can legitimately wonder whether the laser induced Gd 4f spin dynamics at the surface of the alloy is 

affected by these composition discrepancies in respect with that in the bulk [8]. Disparate spin dynamics at the 

surface and in the bulk would be detrimental regarding the downsizing of these magnetic layers to comply with 

the technological requirements for data storage devices.  

  In this work, we have investigated the laser induced ultrafast dynamics of Gd 4f spins at the surface of 

CoxGd100-x alloys for bulk composition x = 80 and x = 65 by means of surface-sensitive time-resolved dichroic 

resonant Auger electron spectroscopy (TR-DRAES) [14, 15]. We have observed that the laser induced 

quenching of Gd 4f magnetic order at the surface of the CoGd alloys occur on a much longer time scale than 

that previously reported in bulk sensitive time-resolved experiments [3, 8]. We have characterized the 

electronic, structural and magnetic static properties at the surface and in the bulk of these alloys. These 

measurements have evidenced the accuracy of the bulk alloy compositions as well as the inhomogeneous 

composition at the surface of the alloys. Indeed, they display a strongly increased Gd content within the first 

layers [10 - 13]. As a consequence, we infer that the larger Gd concentration in these top layers compared to 

that of the nominal bulk composition allows to explain the “slower” Gd 4f demagnetization we have observed 

in our surface-sensitive and time-resolved measurements compared to that previously reported by “bulk-

sensitive” measurements [8]. 
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Antiferromagnets are promising materials for future spintronic devices due to their resilience against external 

magnetic fields and their high frequency magnon modes up to the THz regime [1,2]. A very promising candidate is the 

antiferromagnetic insulator nickel oxid (NiO) with a Néel temperature of 523K that is significantly larger than room 

temperature [3]. Here we study the ultrafast dynamics of antiferromagnetic crystalline NiO thin films covered with a thin 

Pt layer after strong optical excitations. This is done by using magneto-optical birefringence in combination with a pump 

probe setup. Here, we have chosen pump pulses with a photon energy well below the band gap of NiO. For these 

excitation conditions, we uncover a fast reduction of the magnetic order parameter of NiO that is very similar to the 

ultrafast demagnetization of ferromagnets. Interestingly, no reduction in the magnetic order of NiO is observed for NiO 

films without the Pt capping layer. We conclude that the ultrafast loss of antiferromagnetic order in the Pt/NiO bilayer 

system is mediated by an enhanced energy transfer between the hot Pt electrons and the NiO spin system across the 

interface, in combination with a higher optical absorption in Pt for the used pump photon energy. To verify this results 

we included an additional layer of MgO between the NiO and the Pt to completely prevent the hot Pt electrons from 

interacting with the NiO spins. Here, the magnetic order stays constant on ultrafast timescale, but a slow and small 

reduction is still visible, which is due to the energy transfer via the phonon system [4].  

In this way, our work lays the foundation for the ultrafast manipulation of the magnetic order of insulating and 

semiconducting (antiferromagnetic) materials by interface engineering and optical excitation below the optical bandgap. 
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In this talk we'll examine the benefits of moving nanomagnetic arrays from quasi-2D, single magnetic 

layer systems into spin system architectures with strongly-coupled magnetic elements across all three 

dimensions. 

 

As demonstrated by fantastic recent work by groups including Sam Ladak’s 3D nanoarrays1 & Claire 

Donnelly's stunning 3D magnetic imaging2, many unexpected & exciting phenomena appear when moving 

beyond 2D systems. Measurement & fabrication techniques have sufficiently matured to take full advantage 

& the field stands at an exciting point. 

 

While some of the experimental techniques required to accomplish fully 3D nanomagnetism are somewhat 

esoteric or challenging to master, benefits of leaving the 2D regime remain accessible via more traditional 

approaches. 

 

Here we present a ‘Beyond-2D’ addition to the growing family of artificial spin systems, taking 

inspiration from synthetic antiferromagnets & strongly-coupling multiple layers of artificial spin ice to 

produce a complex dynamic system, surprisingly enriched relative to single-layer 2D arrays. 

 

We will explore leveraging these behaviours for exploring fundamental physical phenomena such as 

reconfigurable activation of hybridised acoustic & optical magnon modes, magnetic vortex chirality control 

& functional processing including neuromorphic computing3,4. 

 
1 May, Andrew, et al. "Magnetic charge propagation upon a 3D artificial spin-ice." Nature communications 12.1 (2021): 

3217. 
2 Donnelly, Claire, et al. "Time-resolved imaging of three-dimensional nanoscale magnetization dynamics." Nature 

nanotechnology 15.5 (2020): 356-360. 
3 Gartside, Jack C., et al. "Reconfigurable Training and Reservoir Computing via Spin-Wave Fingerprinting in an 

Artificial Spin-Vortex Ice." Nature Nanotechnology (2022) 
4 Stenning, Kilian D., Gartside, Jack C. et al. "Adaptive programmable networks for in materia neuromorphic 

computing." arXiv preprint arXiv:2211.06373 (2022). 
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Magnons, the collective bosonic excitations in magnetically ordered systems, allow for the transport of spin 

angular momentum even in insulators. The ability to control de generation, propagation, and detection of such 

magnon spin currents represents an asset for the progress of spintronics. However, until now, most studies have 

focused on Y3Fe5O12 (YIG) and a few other ferri- and antiferromagnetic insulators [1], but not on pure 

ferromagnets. Here, we demonstrate for the first time the generation of thermal magnon curents in 

ferromagnetic insulator europium sulphide (EuS) [2], which exhibits a Curie temperature TC = 19 K in thin 

films [3]. We perform both local (LOC) and non-local (NL) transport measurements in 18-nm-thick films of 

EuS using Pt electrodes, with different separation distances d, as magnon injectors and detectors. We study the 

voltage response generated at the detector due to the inverse spin Hall effect, given that spin angular momentum 

is transferred through the Pt/EuS interface. We identify the magnon induced spin currents by measuring the 

dependence of the second harmonic component of this voltage on the in-plane angle (α) applying an external 

magnetc field B that orients the EuS magnetization M and determines the spin currents spin polarization. The 

observed LOC and NL signals indicate that magnon currents can be excited thermally by the spin Seebeck 

effect. By comparing the dependence of the LOC and NL singals with the temperature (2 K <  T  < 30 K ) and 

magnetic field (< 9 T), we confirm the magnon transport origin of the NL signal. Finally, we extract the magnon 

diffusion length in the EuS films (~ 140 nm), a short value in good correspondende with the large Gilbert 

damping measured by ferromagnetic resonance in the same films [2]. 
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Figure: a) Optical microscope 

image of a device showing the 

measurement configuration. B) 

Representative LOC and NL 

angular dependent signal 

detected for thermally excited 

magnons at 2 K and 0.3 T.
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Magnetic thin films having weak perpendicular magnetic anisotropy (PMA), develop well-ordered stripe 

domains patterns [1], which can act as magnonic crystals [2]. However, strong damping of the materials with 

PMA significantly hinders the use of the stripe-domain systems in magnonic applications. 

We present a hybrid system consisting of 64-nm-thick NdCo layer having weak PMA and 10-nm-thick low-

damping soft magnetic layer (NiFe, NiFe/Co, Co/NiFe) separated by Al spacer [1,3]. Thanks to dipolar 

interaction between the layers, the stripe domains of NdCo film are imprinted in the soft magnetic layer 

(Figure 1a). Hysteresis loops measured with vibrating sample magnetometer show that using a small external 

magnetic field of 20-30 mT allows reversing magnetization only in soft film without changing the domain 

structure of NdCo layer. Interestingly, this process is fully reversible making the system reconfigurable. Spin-

wave dynamics in the direction perpendicular to stripe domains were measured using Brillouin light scattering 

(BLS) spectroscopy. The experimental results show an asymmetric dispersion relation which differs strongly 

between the configurations of parallel and antiparallel orientation of magnetization in NdCo and soft layers 

(Figure 1b,c). Numerical simulations show that the source of the nonreciprocity lies in static magnetization 

configuration as well as from the interaction via dynamic stray field induced by the spin waves. Moreover, they 

indicate that the BLS spectra contain the fundamental soft layer mode branches coming from different Brillouin 

zones, pointing out a typical feature of a magnonic crystal. 
Figure 1: (a) MFM image of the 

stripe domains in the 

NdCo/Al/NiFe multilayer. 

Dispersion relation in the 

NdCo/Al/NiFe in zero external 

magnetic field for (b) parallel and 

(c) antiparallel magnetization 

orientation between NiFe and 

NdCo layer where color map 

represents the results of numerical 

simulations and orange squares—

BLS results. 
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Spintronics aims at controlling both the charge and the spin carriers in solid-state devices. Semiconductor spintronics 

promises enhanced functionalities in terms of speed and energy consumption. The most promising mechanism to achieve 

spin currents in semiconductors is to inject spin-polarized hot electrons from a ferromagnetic film into the semiconductor 

substrate. Superdiffusive spin currents can be generated by the absorption of an ultrafast IR pulse by a ferromagnetic 

film. The excited electrons diffuse then ballistically inside the film but, as velocities and scattering times are bigger for 

spin majority electrons than spin minority ones, the excited electrons propagate then through interfaces as spin currents. 

Silicon is an ideal material for spintronic applications due to both its role in the traditional electronics 

industry and its allowing long-lived spin currents. Nonetheless, the injection of spin currents in semiconductors 

still lacks direct evidence. To provide experimental evidence of spin injection, we studied a Ni/Si3N4/Si 

interface [1] using the time-resolved resonant MOKE effect [2] both at the Ni M2;3 and at the Si L2;3 edges. The 

measurements were carried out at the MagneDyn beamline [3] at the externally seeded FERMI free-electron 

laser. 
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Figure 1: Pictorial 

representation of IR pump 

pulses (red wavelet) and 

EUV probe pulses (blue 

wavelets) impinging on the 

interface. The sample 

consists of a Si substrate 

(brown solid) passivated 

by an interlayer of 

crystalline Si3N4 (yellow 

solid) above which 7 nm of 

polycrystalline Ni have 

been deposited (red solid). 

The optical pump pulse 

excites spin-polarized 

electrons (red spheres) that 

are then injected in the 

substrate as a 

superdiffusive spin 

current.



 
SYMPOSIUM 15. ORAL PRESENTATIONS 

Ultrafast electron-phonon scattering in antiferromagnetic 

Dirac-semimetal  
Marius Weber1*, Kai Leckron1, Baerbel Rethfeld1, Libor Šmejkal2, Jairo Sinova2, Hans Christian Schneider1 

1 Department of Physics and Research Center OPTIMAS,  

University of Kaiserslautern-Landau, Kaiserslautern, Germany 
2 Institute of Physics, Johannes Gutenberg University Mainz, Mainz, Germany 

*mweber@rhrk.uni-kl.de 

 

Systems with antiferromagnetic ordering in real space often exhibit topological features in momentum space that only 

recently have been investigated in a comprehensive fashion [1]. We consider here an AFM model band structure with 

two-dimensional k-space and a pronounced anisotropy in the band/spin structure of their single-particle states. For this 

4-band model, which captures key properties of antiferromagnetic Dirac materials in momentum space [1], we present 

numerical calculations of the electron dynamics due to electron-phonon interactions [2,3]. For the excitation we 

implement an instantaneous heating process that simulates electronic distributions created by an ultrashort optical 

pulse. The dynamics after the spin-polarized excitation give rise to transient carrier distributions that are strongly 

influenced by the momentum-space features. A pronounced example is the occurrence of carrier distributions 𝑓(𝒌) that 

do not respect the symmetry of the energy landscape, even if one starts from an initial state that is essentially 

determined by the k dependence of the dispersion, i.e., 𝑓(𝐸(𝒌))  =  𝑓(𝐸), as shown in Figure 1.  We can attribute this 

to the influence of band structure features on the scattering transitions. The spin-polarized excitation leads to non-

trivial spin dynamics which will be analyzed in terms of the k-dependent site/orbital-projected spin expectation values. 
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Figure 1: k-resolved occupation dynamics in the two upper bands, labelled as +/-, for different times from left to right. Top panel: 

(a) instantaneous excitation in the “+”-band, (b) shortly after excitation, (c) degenerate bands are approximately in  quasiequilibrium 

and (d) relaxation within the upper bands. Lower panel: Corresponding dynamics in the “-” band. 

mailto:*mweber@rhrk.uni-kl.de


 
SYMPOSIUM 15. ORAL PRESENTATIONS 

Generation of femtosecond spin-current pulses  

at Fe/MgO interface by quasi-static voltage 
Piotr Graczyk1*, Maria Pugaczowa-Michalska1, Maciej Krawczyk2 

1 Institute of Molecular Physics, Polish Academy of Sciences, Poznań, Poland 
2 Faculty of Physics, Adam Mickiewicz University, Poznań, Poland 

*graczyk@ifmpan.poznan.pl 

 

The generation of short spin-current pulses is essential for fast spintronic devices. So far, spin current pulses are 

generated by femtosecond laser pulses which drive spins from a ferromagnetic metal layer. This transient spin current 

may be used to emit terahertz electromagnetic pulse through inverse spin-Hall effect [1]. However, the need for 

miniaturization, simplicity and energy efficiency favours electric field control of spintronic devices over optic control. 

We demonstrate theoretically that the voltage-driven instability of the electronic structure at the Fe/MgO interface results 

in the generation of the femtosecond spin-current pulse. 

We show by numeric simulations that spin-dependent screening at dielectric-ferromagnetic metal interface 

contributes to the spin-polarized current generation in the system subjected to the ac voltage [2]. Then, we show that spin 

current driven by spin-dependent screening may be used to modulate spin-wave amplitude in bilayer ferromagnetic 

system [3]. Finally, we combine ab initio calculations of electronic density of states at MgO/Fe interface with continuous 

model for charge transport. We show that the voltage-driven electron charge accumulation at MgO/Fe interface leads to 

the Stoner instability because of the electronic interface resonant states. This instability manifests itself in the spin-current 

and spin accumulation femtosecond pulses which are present because of the contribution of the dynamic spin-dependent 

potential to the spin-polarized current.  
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Ultrafast magnetization dynamics play a key role in the development of spintronic devices. The dynamics 

are influenced by the composition of material systems as well as by the wavelength of the optical excitation. 

The latter can lead to spatially inhomogeneous excitation profiles in thick nickel films [1,2] or Ni|Au 

heterostructures [3]. We calculate the magnetization dynamics for the Ni|Au heterostructure and compare our 

results to C-MOKE measurements [3]. Figure 1 shows that we can clearly reproduce the experimental trend, 

which we explain by a wavelength-dependent energy transfer between the layers. We attribute the remaining 

minor deviations between theory and experiment to effects not accounted for by the model, such as for instance 

transport, dynamic material properties, and nonequilibrium.  

In this contribution, we investigate the influence of the nonequilibrium within and between individual 

subsystems created by the laser excitation using complete Boltzmann collision integrals. In addition, we present 

results for transient coupling parameters, such as the spin-resolved electron-phonon coupling, which 

themselves depend on the nonequilibrium state of the sample. Our results show that nonequilibrium 

magnetization dynamics and material parameters mutually influence each other and thus can hinder or enhance 

the interplay of relaxation processes, which influence ultrafast magnetization dynamics and transport in 

heterogeneous materials.   
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Figure 1: Comparison of calculated quenching times with experimental values for various wavelengths.  

Taken from Ref. [3].
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The generation of spin current pulses by laser-driven demagnetization [1,2] links the field of ultrafast 

magnetism to spintronics. So far, this spin transport and its cause could only be observed indirectly. We 

demonstrate that femtosecond spin injection can be observed on the femtosecond time scale by spin and time 

resolved photoemission experiments.  

We study thin, epitaxial iron films which are excited by the 800 nm pump laser beam. Photoemission by a 

higher harmonic source (photon energy: 21 eV) and spin resolved spectroscopy of the photo electrons leads to 

the measurement of the chemical potentials of the minority- and majority spins. This way, we observe the 

driving force of the generated spin current, which is the difference of the spin-split chemical potentials [3,4]. 

If we deposit a thin gold film onto an iron sample and excite the iron film through a transparent substrate, 

we can study spin injection. The spins which are injected from the iron layer into gold can be observed as a 

function of time. The spin polarization in Au rises on the femtosecond time scale and decays within < 1ps [5]. 

The decay time depends on the Au film thickness: in thicker Au films the spin polarization decays slower. This 

thickness dependence shows, that the loss of polarization is partially caused by spin transport as well as local 

spin flips. We can model the transport aspect by using the discharge of a "spin capacitance" postulated by Zhu 

et al. [6]. This spin capacitance is only visible in dynamic transport experiments. This is similar to the situation 

in charge-based electronics where a capacitance is only relevant if we consider dynamics. 
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Single crystal garnets are known for their ultra-low Gilbert damping, which makes them the prime choice 

to study magnonics for future data manipulation, transmission, or storage devices [1]. While it is well known 

that yttrium iron garnet (YIG) possesses the lowest spin wave damping, the precise dependence of the magnon 

propagation length, a key parameter for future device design, on the garnet properties like the spin wave 

damping, magnetic anisotropy, or a magnetic compensation temperature is of great interest. 

In this regard, the magnon propagation in garnet thin films is studied via the longitudinal spin Seebeck effect 

(SSE). Thermal magnons are excited by a temperature gradient perpendicular to the film plane, and converted 

to a measurable charge current in an adjacent Pt layer via the inverse spin Hall effect. 

Gadolinium iron garnet (GdIG), thulium iron garnet (TmIG), and YIG thin films in the range of 10-250 nm 

thickness were prepared by pulsed laser deposition, and a Pt strip was ex-situ sputter-deposited (Fig. 1a). 

Epitaxial growth of garnet thin films on substrates with a slight lattice mismatch can introduce a perpendicular 

magnetoelastic anisotropy, allowing control of the magnetic anisotropy of the thin films by lattice mismatch 

(Fig. 1b) as well as strain relaxation for increasing film thickness [2,3]. Further, GdIG possesses a thickness-

dependent magnetic compensation point between 200-300 K, which can cause a spin reorientation transition 

from an out-of-plane to an in-plane magnetic easy axis with decreasing temperature [2]. By combining 

measurements on three different garnets, while varying film thickness and lattice mismatch, the influence of 

magnetic anisotropy, Gilbert damping, and temperature on magnon excitation and propagation are studied. 

The SSE measurements show a strong dependence on the magnetic anisotropy of the films, which is 

independently confirmed by SQUID and polar MOKE magnetometry as well as RF transverse susceptibility 

measurements [4,5]. Hereby, the magnon propagation length shows an inverse proportionality to the effective 

anisotropy field, as well as to the Gilbert damping parameter, which is measured by broadband ferromagnetic 

resonance. Further, a polarity change of the SSE signal is observed when crossing the magnetic compensation 

point (Fig. 1c), independent of other film parameters. These results hint at the presence of magnon modes with 

greatly varying propagation lengths. Understanding the dependence of the magnon propagation length on the 

magnetic properties of thin film systems is an important step for the design of future devices. 

 

 
Figure 1: (a) Sketch of the layer structure with a cross-sectional STEM image of a GdIG film. (b) SSE and SQUID-VSM (inset) 

hysteresis loops for a 30 nm thick GdIG film grown on GGG (Gd3Ga5O12) and GSGG (Gd3Sc2Ga3O12) with an applied in-plane field. 

(c) H-T SSE phase map of a 50 nm thick GdIG film. 
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Non-linear phenomena are a key feature in the emerging field of spin-wave based information processing 

since they allow to convert uniform spin-wave excitations into propagating modes at different frequencies. 

Over the last decades, non-linear processes such as three or four magnon scattering have been studied 

intensively in the limit of low modulation amplitudes and pushed magnonic devices closer towards competitive 

applications. Whereas the existence of non-linear magnons in the strong modulation regime has only recently 

been predicted for Ni80Fe20 thin films [1]. This novel class of non-linear excitations oscillates at higher half-

integer multiples of the driving frequency at low bias fields. Moreover, these higher-order processes are even 

predicted to dominate the non-linear response in this regime. However, it is an open question under which 

conditions such non-linear spin waves (NLSWs) emerge coherently and how they may be used for magnonic 

devices.  

Here, we experimentally demonstrate a class of spin waves oscillating at higher odd half-integer harmonics. 

We employ our super-Nyquist-sampling MOKE (SNS-MOKE) [2] technique to directly image these 

parametrically generated magnons in micron-sized Ni80Fe20 elements in order to determine their wave vectors 

[3]. The wave vectors obtained in these higher-order non-linear processes strongly differ from the well known 

three-magnon scattering indicating their different origin. By investigating the phase stability of these  NLSW’s 

oscillating at 3/2 of the driving frequency, we demonstrate the presence of two degenerate phase states that 

may be selected and stabilized by external phase-locking (as shown in Fig. 1). These results open new 

possibilities for applications such as spin-wave sources, amplifiers and phase-encoded information processing 

with magnons. 

 

 
Fig. 1: a Modified excitation geometry for phase-locking experiments. b Power dependent stability map of NLSWs at 3/2 of the 

driving frequency. c - e Spatialy resolved imaging of NLSWs in different phase states within a micro-structured Ni80Fe20 element. f 

- g Magnitude and phase of NLSWs as a function of the seed frequencie’s phase. 
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The realization of high-quality waveguide structures for spin waves is of overwhelming importance for the integration 

of magnonic devices. In case of Yittrium Iron Garnet (YIG), integration of spin-wave based devices poses serious 

problems due to both substrate issues (so far excellent properties are obtained only on Gadolinium Gallium Garnet - 

GGG) and thermal budget issues, as deposition temperatures largely exceed the maximum temperature (400°C) 

compatible with CMOS. 

In this work we describe a different approach for the fabrication of single crystal YIG structures, by means of laser 

induced heat. This procedure results in strongly localized crystallization of amorphous YIG films deposited at room 

temperature on GGG. At variance with previous works employing uniform post-annealing to obtain low-damping free-

standing structures [1], our method does not expose the whole wafer to high thermal budgets, thus solving one of the 

bottlenecks related to YIG integration. Starting from amorphous YIG films grown by pulsed laser deposition at room 

temperature, a 405 nm laser with nominal spot size of 1.2 μm is employed for patterning of arbitrary shaped structures 

by inducing local crystallization. Micro-Raman and Electron Back Scattering Diffraction measurements confirm the 

crystallization of the irradiated regions for optimized laser dose and writing parameters.  

 To fully characterize the dynamic magnetic properties of crystallized structures in this contribution we report on 

Spin Wave (SW) propagation in conduits patterned with different laser doses on YIG films with 65 and 100 nm nominal 

thickness. Due to the different thermal expansion coefficients of YIG and GGG, in 65 nm thick films the strain induced 

during laser patterning leads to a morphological corrugation with wave-vector parallel to the writing direction, associated 

to a modulation of the local magnetic properties, as seen in the AFM and MFM images of figure 1.a and 1.b. This reflects 

in a non-uniform propagation of SWs for just a few microns in a 10 m wide conduit, where Damon-Eshbach waves are 

excited via a microstripe antenna and observed by Brillouin Light Scattering (BLS), as reported in figure 1.c. The 

morphological corrugation almost disappears in structures patterned on 100 nm thick YIG and its potential impact is 

further minimized in narrower conduits (1 m wide), thus leading to a continuous propagation of SWs over 10 m (see 

Figure 1.d).  

These results reveal the potential of our patterning approach for magnonic conduits with arbitrary shape. To further 

improve the SWs propagation length, we aim to tune the writing parameters in order to avoid the creation of crystal 

defects due to the partial overlap of the laser spots during the scanning of the targeted area. Preliminary results on single 

dots and magnonic conduits written with a single laser scan will be presented at the conference. 

 
Figure 1: a,b) Topography and MFM signal from a square pattern with writing direction as the dashed line, from a 65 nm thick 

YIG film; c) and d) BLS intensity map recorded for a 10 m wide conduit patterned on 65 nm YIG, and of a 1m wide conduit 

patterned on a 100 nm thick YIG conduit, respectively.  
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The dipolar interaction induces a marked anisotropy in the dispersion relation of spin waves (SWs) in soft 

thin films [1]. Unusual phenomena may occur as a result; among them are caustics, often referred to as ``self-

focussing’’ in the context of phonon propagation [2]. This situation, where high-amplitude and low-divergence 

beams are generated, can be understood from the geometry of the intersection of the  SW dispersion relation 

and a constant-frequency plane: the slowness curve. In certain conditions, the latter may comprise an inflexion 

point. The strong and directional SW emission results then from the stationary group velocity direction θV for 

wave-vectors in the vicinity of the one at the inflexion point, which is called a caustic point. An example of 

slowness curve (in blue) for a film of thickness d is shown in Fig.1a); a generic wave-vector 𝑘0
⃗⃗⃗⃗  with wavefront 

angle φ0 and group velocity 𝑣𝑔⃗⃗⃗⃗   is highlighted. The caustic point is marked in orange on the slowness curve. 

We have recently proposed a systematic numerical survey of SW caustics in soft thin films [3], based on 

the dispersion relation derived by the model by Kalinikos and Slavin [1]. Our investigations have revealed two 

cases of special interest for the field of magnonics, namely (i) caustic points of higher order i.e. extrema for θV 

with a quartic behaviour, (ii) and merged caustic SW beams close to the exchange-dominated regime, similarly 

to previous findings in perpendicular thin films [4].  

The first case highlights the need for caution regarding the description of a beam’s spectral content. We 

have shown [3] that in the case of SW caustics, one should not consider the natural wavelength defined as 

λ0=2π/k (with k the usual wavenumber), but rather the apparent wavelength λ=λ0/cos(θV-φ), corresponding to 

the spatial periodicity in the direction of beam propagation. We have shown that they exhibit qualitatively 

distinct behaviours around caustic points [3]. This is illustrated in Fig. 1b), representing the relative variations 

of λ, λ0, and θV around the caustic point properties λc, λ0,c, and θV,c, as a function of a normalized curvilinear 

abscissa s/sM along the slowness curve from Fig. 1a). With this in mind, we tackle the notion of a beam’s 

spectral content, as a first step towards a better understanding of the caustics’ amplitude enhancement. 
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Figure 1: a) Examplary slowness 

curve (blue) with its caustic point 

shown in orange. b) Variations of 

the group velocity direction, the 

natural wavelength and the 

apparent wavelength with respect 

to their values at the caustic 

point.
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Spin waves, which are collective excitations of magnetic order, hold great promise as a replacement for 

charge carriers in information transport and processing. This is due to their low power consumption and 

potential for integration into nanoscale devices. In addition, spin waves do not involve the movement of 

charged particles reducing heat dissipation and increasing overall efficiency. Surface Acoustic Waves (SAWs) 

provide an efficient coupling between strain and magnetization, making them an attractive option for spin wave 

manipulation. 

In recent experiments, we used X-ray Photoemission Electron Microscopy (XPEEM) and X-ray 

Magnetic Circular Dichroism (XMCD) to image and measure the coupling between SAW and spin waves [1]. 

We studied the behavior of these coupled waves at frequencies of several GHz in different materials, including 

Nickel, Cobalt and a Heusler Alloy (Fe3Si). Contrary to Ferromagnetic Resonance (FMR) spectroscopy 

experiments where only energy absorption at resonances is detected, we found a clear distinction between 

resonant and non-resonant spin waves [2]. Moreover, micromagnetic simulations allowed us to corroborate the 

results and estimate the magnetoelastic constants, which provides an idea of the SAW-spin wave coupling 

strength in each material. 
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Spin waves (SW) are the eigen-excitations of magnetic order parameters. They exhibit specific 

properties such as nonlinearity (NL) which are potentially useful for neuromorphic computing and magnonic 

logic devices. Here we report on an all-inductive study of non linear processes in microstripes of synthetic 

antiferromagnets (SAFs). Such films exhibit two types of SW modes, known as acoustical and optical modes. 

The frequencies of these modes vary with the applied magnetic field. For specific configurations of the applied 

static magnetic field HDC, the frequency of the acoustical magnon mode (𝑓𝑎𝑐) becomes half that of the optical 

magnon mode(𝑓𝑜𝑝), a favorable condition to investigate nonlinear phenomena in SAF [1]. 

We used the experimental configuration shown on Fig. 1.a. to measure inductively the nonlinear SW 

processes in a SAF. A RF stimulus is sent through an inductive antenna using a synthesizer to excite spin wave 

in an optimized  Co40Fe40B20/Ru/CoFeB stripe [2] acting as spin wave conduit. The response is then recorded 

on a spectrum analyzer using a second antenna. To investigate non-linear effects, three parameters are varied: 

i) the static field HDC chosen for each sample to ensure 𝑓𝑜𝑝 = 2𝑓𝑎𝑐, ii) the microwave power arriving at the 

sample (-15<𝑃𝑖𝑛<11 dBm), and iii) the pump frequency to excite the optical mode (10<𝑓𝑝𝑢𝑚𝑝<15 GHz). To 

evidence the nonlinear behaviors, an excess power spectral density is determined by substracting values 

recorded on the same sample but for a slightly different value of HDC. A typical spectra is shown on Fig1.b. 

The doublets near fpump/2 evidence a three-magnon process where one optical magnon at 𝑓𝑝𝑢𝑚𝑝 split into two 

acoustical magnons at 𝑓𝑝𝑢𝑚𝑝/2 − 𝛿 and 𝑓𝑝𝑢𝑚𝑝/2 + 𝛿. 2). The second harmonics of the doublet around the fpump 

indicates that we are deep in the NL regime and the strong halo around fpump corresponds to a four-magnon 

scattering process, in which two optical magnons excited at 𝑓𝑝𝑢𝑚𝑝 annihilate and create two new optical 

magnons [1,3].  

 For the three-magnon scattering process, we observe that the frequency of the split magnons is directly 

related to the input frequency and the power level applied. To investigate the threshold behavior, we performed 

a detailed study on the power dependence of the magnon amplitude at various input frequencies. In addition, 

we are developing a new methodology to investigate a time-resolved measurement of nonlinear SW. 
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Figure 1:  a) Scheme of the experimental 

configuration. In practice, 4 well 

separated Co40Fe40B20 microstripes are 

positioned under the antennas to improve 

the signal-to-noise ratio. b) Spectra of 

excess power spectral density versus 

pump frequency at excitation power 

arriving at the sample 11 dBm and 

HDC=20 mT, for a SAF with 2x17 nm of 

CoFeB. 
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Spin waves are one of the most interesting candidates for the development of next generation energy 

efficient devices for carrying and processing information. In this context, three-dimensionality is an intrinsic 

aspect of their rich phenomenology, both fundamentally and in view of technological applications [1]. 

However, the experimental visualization of propagating spin waves in three dimensions has remained elusive, 

due to the harsh requirement of combining nanoscale spatial resolution in 3D, and time resolution across the 

GHz frequency range.  

Here, we experimentally image in three dimensions propagating spin waves emitted by nanoscale spin 

textures [2] in a CoFeB/NiFe-based synthetic antiferromagnet, revealing the wealth of three-dimensional 

features associated with their dynamics, spatial localization, and interference. For doing so, we exploit the 

Time-Resolved Soft X-Ray Laminography (TR-SoXL) technique recently developed at the PolLux beamline 

of the Swiss Light Source synchrotron facility [3], that allows to obtain the three-dimensional time-resolved 

reconstructions of the magnetization dynamics of thin samples, with nanoscale spatial resolution and sub-ns 

temporal resolution [4]. In particular, we reconstruct the three-dimensional precession of the magnetization 

associated with spin-wave propagation, and map the localization of the spin-wave modes within the plane and 

through the film thickness. We find that non-uniform spin-wave profiles lead to three-dimensional interference 

patterns, which we experimentally reveal.  

This work enables a comprehensive and detailed understanding of complex spin-wave modes in three-

dimensions and opens the way for manipulating and harnessing new degrees of freedom for the design of novel 

functions in magnonic devices. 
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Remote excitation of ferromagnetic resonance (FMR) using piezo-generated surface acoustic waves 

(SAWs)  and magnetoelasticity opens up perspectives of new spintronic architectures, resonant magnetization 

switching, and non-reciprocal acoustic propagation [1]. It involves matching the  ~GHz frequencies of SAWs 

to the spin-wave (SW) frequencies of a ferromagnet. The extreme sensitivity of fsw and of the magneto-elastic 

torque to the  angle/amplitude of the applied field can make it challenging to reach the SAW FMR regime at 

which fSAW=fsw(Bres).  While most studies are carried out on polycrystalline Nickel or Co, or epitaxial Fe or Fe3Si 

[1,2], here we explore the magnetoelastic interaction of SAWs with FeRh. This antiferromagnet undergoes a 

first order transition to an FM phase with a large volume change, and could allow  for : (i)  both anisotropic 

and volume magnetostrictive effects, and (ii) an exploration of the interaction of SAWs with both FM and 

AF:FM domain walls, respectively at the sample’s FM coercivity and AF<>FM coexistence region.  

A thick (d=270nm) polycrystalline FeRh mesa was grown on GaAs [2], instead of the usual non-piezoelectric 

MgO. Interdigitated transducers were deposited to excite SAWs, whose amplitude after propagation is first 

measured versus field at fixed temperature Tset. As Tset and fSAW rise (Figs.(a,b)), an increasingly deep drop is 

seen at increasingly small Bdip ~ 0-40 mT, with attenuations of up to 42 dB/cm,  much higher than the 5-12 

dB/cm seen in Fe or Ni at similar frequency [3]. Contrary to what is expected from usual magnetoelastic torques 

[4], this peaked attenuation remains strong for fields perpendicular to kSAW, and Bdip  is clearly hysteretic and 

varies only weakly with fSAW. In order to probe the influence of the AF phase on the SAW, its  amplitude is then 

measured versus temperature at set field Bset (Fig.(d)). At low frequencies, a clear, temperature-hysteretic, 

attenuation coincides with the middle of the transition (Fig.(c)), at which we expect a large number of AF:FM 

domains. At the highest fSAW, this effect seems overshadowed by the FM phase resonance first mentioned, but 

is recovered by applying Bset >> Bdip (889MHz, B=500G curve in (d)).  These novel features will be discussed 

in the frame of a SAW interacting with spin-wave modes – as usually described – or with FM and AF:FM 

domain-walls, whose dynamics have recently been probed by pump-probe measurements [5]. 

This work thus presents the first field-dependent observations of SAWs interacting with FeRh. Among others, 

its polycrystalline nature  allows for the presence of numerous domains in order to explore exciting new 

magneto-acoustics physics involving both multidomain FM and mixed FM/ AF phases. 
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Here we study propagating spin-waves in a symmetric SAF made of CoFeB (17 nm thickness) and 

Ruthenium (0.7 nm thickness) layers patterned in 5 µm wide stripe. Spin-waves are excited by an r.f. 

magnetic field emitted by a single wire antenna – see Figure 1-b. We report on their measurement using 

micro-focused Brillouin Light Scattering using a 532 nm wavelength LASER focused on the sample with a 

lateral size of about 350 nm in diameter. Localised spectroscopy allows to identify both acoustical and 

optical spin-waves with an increased sensitivity to the acoustical mode since the magnetization dynamics in 

both CoFeB layers are excited ‘in phase’ with a constructive contribution to the optical signal. This 

spectroscopy evidences a complex structure of the acoustical mode composed of a main band with parallel 

modes at both higher and lower frequencies than the main acoustical mode. In order to gain more details 

about theses modes, we performed BLS intensity mapping at fixed static magnetic field and r.f. pumping 

magnetic field. For excitation frequencies matching the main mode, we could observe uniform like 

propagating spin-waves – see Figure 1c right panel – while for the other modes, the modes are strongly non 

uniform with nodes in the width – see Figure 1c left and central panels – as well as of directional spin-wave 

beams propagating not along the magnetic stripe – see Figure 1c central panel. We calculated numerical 

dispersion relations and used micromagnetic simulations to explain these behaviours which cannot be 

accounted for by simple demagnetizing contributions but by the large non-reciprocities of the dispersion 

relation in SAF[1]. 
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Figure 1. (a) BLS intensity as a function of the 

applied magnetic field applied transversely to 

the SAF stripe at the laser spot position 

represented in the optical imaging (b). (c) BLS 

intensity maps recorded for two different r.f. 

excitation frequencies under a transverse 

magnetic field of 75 mT. 
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Magnonic crystals (MCs) have demonstrated a lot of potential as a way to control the propagation of spin 

waves (SWs). Having the ability to create and control SWs could lead to the creation of magnonic devices that 

are more space efficient than optical devices and more energy efficient than current electronics. In this research, 

we study a MC created in a thin film made up of 8 repetitions of Co (0.75nm) and Pd (0.9nm) bilayers for a 

total thickness of 13.2 nm [1]. This particular combination of a ferromagnetic layer and a heavy metal layer 

results in a strong perpendicular magnetic anisotropy (PMA) which is interesting as it makes the SW dispersion 

isotropic. Periodically throughout this thin-plane film, nanodots were etched out using a 10nm wide focused 

ion beam producing a pattern of antidots. This process not only removed some material, but also damaged the 

area around each antidot, creating a ring around the antidots where the magnetic properties, notably the PMA 

have been modified. Due to this, the magnetization at the antidot's edges is almost in-plane. As shown in Fig.1, 

the ground state of a circular antidot is magnetized in its edge ring in a vortex-like configuration. Through 

micromagnetic simulations, we analyse the dynamic coupling between edge localised and bulk modes in the 

film. At first, we limit our analysis to non-propagating SWs and we modify the exciting field as well as the 

strength of the global external static magnetic field which is oriented out-of-plane and we analyze the SW 

modes that exist in the rim or in the bulk as shown in Fig.2. Next we show the dynamic coupling between rims 

and bulk, demonstrating collective behavior on the lattice and promising magnonic applications. 
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We describe a nonthermal magnon activation mechanism in antiferromagnetic (AFM) systems via locally 

equilibrated spin-unpolarized hot electrons excited by an ultrafast intense laser pulse. We employ a quantum 

kinetic equation that takes into account a direct electron-magnon scattering channel in either bulk AFM metal 

or at the interface of the AFM/normal-metal heterostructure. The mechanism is responsible for the 

nonequilibrium population of AFM magnon modes on a subnanosecond timescale, which are formed shortly 

after the local thermalization of hot electrons by Coulomb interactions. Nonequilibrium magnon populations 

can be additionally manipulated by applying an external magnetic field. Our work paves the way toward spin 

dynamics control in AFM systems via the ultrafast manipulation of out-of-equilibrium magnon excitations [1]. 
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Recently, propagation properties of magnetostatic spin waves have been investigated in epitaxial iron (Fe) 

thin films, which has the cubic anisotropy, indicating that they are promising materials for the spin-wave 

devices [1, 2]. In this study, we investigated the propagation characteristics of parametrically excited spin-

waves in epitaxial Fe thin films, in order to develop a spin-wave amplification system and quantum devices.  

A schematic illustration of an experimental setup is shown in Fig. 1. A 25-nm-thick epitaxial Fe(001) film 

was fabricated by RF sputtering and the Fe film was then patterned into a 180 µm × 110 µm rectangle 

waveguide using a lift-off and Ar ion milling techniques. In the presence of an external magnetic field Hex in 

the direction of the hard magnetization axis, spin waves were parametrically excited by applying continuous 

waves of fp = 9.0 GHz to an excitation antenna placed on the waveguide. The pumped spin waves were 

subsequently detected by a spectrum analyser via a detection antenna. 

Figure 2 depicts the pumped spin-wave amplitudes as a function of input power. The external magnetic field 

was fixed at µ0Hex = 76 mT, which corresponds to the FMR frequency fp/2. The solid line represents the fitting 

curve obtained by a function of 𝑎√𝑃 − 𝑃th, where a and Pth are a fitting coefficient and a threshold of an input 

power, respectively. The threshold power was deduced to be Pth = 0.32 mW, which is approximately 80% of 

the value reported in a prior study on the bulk acoustic wave resonator with a ZnO/YIG/GGG/YIG/Pt structure 

[3]. The parametric excitation at low power levels results from the reduction of the internal magnetic field due 

to the cubic anisotropy of the Fe film. 
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Fig. 1 : Schematic illustration of an experimental setup. 

Fig. 2: Input power dependence of parametrically excited spin wave amplitudes at µ0Hex = 76 mT 
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 Spin waves (SWs) are elementary magnetic excitation exhibiting nonreciprocity (NR) and nonlinear 

behaviour [1]. NR SWs in synthetic antiferromagnet (SAF) i. e.  ferromagnetic bilayer with opposite directions 

of the static magnetization of layers that can be stabilized by the RKKY interaction via a non-magnetic spacer 

layer [2], have growing interest in applications such as magnonic diode, spin wave emitters. 

 In this work, we study the NR behaviour of SWs in symmetric SAF system with strong dipole-dipole 

interaction.  We compare experimental measurements with micromagnetic simulations [3] and analytical 

framework based on Dynamic Matrix theory [4] and focus in the small wavevector regime (linear regime [2]). 

The system [Figure. 1(a)], annealed to reduce anisotropy, is studied by Brillouin Light Scattering (BLS) where 

we observe the optic and acoustic mode of SWs [Figure. 1(b)]. 

 

Figure. 1: a) Geometry. b) Dispersion relation of SWs in SAF where wavevector (�⃗� ) is parallel with applied field 25 mT. The error 

bars are the FWHM of stokes and anti-stokes peaks of BLS spectra.  

     Two situations were studied by BLS; �⃗�  || �⃗⃗�  and �⃗� ⊥ �⃗⃗� , where the former shows the largest SW NR and the 

latter shows the reciprocal behaviour of the system with a group velocity of optic mode close to 0 km/s as 

expected from theory and micromagnetic simulations. The comparison between BLS measurements, 

micromagnetic simulations, and analytical framework gives a good qualitative and quantitative agreement 

allowing us to understand the system. 
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Control over the coherent coupling between quasiparticles is a key issue in realizing information 

manipulation in quantum technology [1]. Magnons, the quasiparticle of spin waves, are the low-energy 

collective excitations of magnetic moments with long-range order [2]. The hybridization between multiple 

magnon modes in antiferromagnets and ferrimagnets provides a platform for a coherent control and engineer 

spin dynamics, of which the coupling strength can be tuned via interlayer dipolar or interfacial exchange 

interactions in heterostructure systems [3]. However, detailed experimental investigations for coherent control 

of the coupling strength of hybridized propagating spin waves are still rare within single layer material.  

In this work[4], we report the propagating spin waves hybridized between first-order and quasiuniform 

modes in a Co20Fe60B20 thin film capped by Ir25Mn75. The anticrossing gaps are observed at room temperature 

both in the reflection and transmission spectra, where the coupling strength can be tuned by varying the value 

of the in-plane wave vector at which the dispersion curves cross. The key mechanism behind this feature is 

theoretically ascribed to the dipole-dipole interaction by a model which accounts for many features of our 

experimental results. The strong coupling with a cooperativity up to 2.0 is achieved with taking the dissipation 

rates of two coupled branches into account. A reference CoFeB sample without IrMn reveals that the interfacial 

pinning effect also plays a role in the magnon-magnon hybridization. Our results provide experimental insight 

for hybridized magnonics on a magnetic system widely used in spintronics and may foster the field of 

magnonics in information processing. 
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Figure: (a) Illustrative diagram of the device structure. The measured sample is composed of a CoFeB layer and an IrMn layer with 

SiO2 capping. (b) The SEM image of the NSL antennas, where the scale bar is 1 μm and the angle between the external magnetic 

field and wave vector direction is defined as θ. (c),(d) Angle-dependent reflection (dBmag) and transmission (Imag) spectra, where 

the red and white dashed lines are the theoretical fittings of the first-order and quasiuniform modes, respectively. 
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Spin wave has been intensively studied in recent years because of its virtue of ultra-low energy propagation. 

However, if we simply generate large amplitude spin-waves with high power RF radiation to compensate the 

magnetic damping, the system easily becomes chaos and lose phase information of spin-waves [1]. For the 

realization of integrated spin-wave circuit, the spin-wave linear amplifier is essential. In this study, we suggest 

that the feedback waveguide with loop ring should be a possible candidate of linear amplifier.  

We measured spatial distributions of spin-waves in feedback structures using a micro-focused Brillouin 

light scattering (BLS) spectroscopy [2]. The feedback waveguides were made of permalloy film [3], and the 

film thickness and width of waveguide were 50 nm and 3 m, respectively. As shown in Figs. 1(a) ~ 1(c), the 

spin-waves were excited by dual antennas; one antenna was set at edge of main path of waveguide, and the 

other was set at the middle position of loop ring structure. The line lengths of loop ring structure were changed 

to be 𝐿𝑅 = 2 m, 4 m, and 10 m, respectively. The BLS measurement points were in the centre line of 

waveguide as shown in the inset of Fig.1(d). 

The spatial distributions of spin-waves were shown in Fig. 1(d). For different three structures, the spin wave 

intensities in range 0 < x < 18 m were almost same values. The feedback waveguides with 𝐿𝑅 = 2 and 4 m 

indicated by red and green data points show larger intensities in the range 22 < x < 27 m, while the spin-wave 

intensity in the feedback waveguide with 𝐿𝑅 = 10 m was rapidly decreased. These results mean that the spin-

wave feedback structure favours to the small 𝐿𝑅. At distance x = 35 m, the spin-wave intensity keeps 2.3 

times larger value with the optimized structure, indicating that the feedback ring could be the basis of linear 

amplifier. 
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Figure1: Feedback structures with two ring arms and different line length 𝐿𝑅. (a), (b), (c)  The lengths were 𝐿𝑅 = 10 m, 𝐿𝑅 = 4 m, 

and 𝐿𝑅 = 2 m, respectively. (d) Spatial distributions of spin wave intensity in main path detected by micro-focused Brillouin light 

scattering spectroscopy.
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     Over the last decade, cavity magnonics has attracted a lot of attention. The study of the associated 

quasiparticle of cavity magnonics, cavity magnon polaritons which refer to strongly coupled magnon-photon 

system offers new possibilities of sensing and quantum information processing [1,2] as well as a new 

interesting platform for disruptive RF applications. In the realm of signal transmission, nonreciprocity allows 

the enhancement of the communication channels capacities as well as the protection of the transmission quality. 

Our goal is to build new types of magnon based microwave non-reciprocal device. For this purpose, we use 

the possibility to tune and combine the regimes of dissipative and coherent coupling control leading to PT 

symmetry breaking [3] in cavity magnonics devices. 

     We develop a non-reciprocal device consisting of a three ports 3D re-entrant cavity coupled with a 

ferromagnetic sample (see sketch in Figure 1. (a)). The cavity is equipped with two cavity ports and an 

additional third port used as a direct drive for the magnons [4]. 

 

 
Figure 1. (a) sketch of the 3-port re-entrant cavity setup. (b), (c) and (d) calculated real part of the eigenfrequencies of the system 

showing level attraction and exceptional points (encircled in orange in (c)) for matched damping condition where κa and κb stand 

for the damping ratios of the cavity and the magnon respectively. 

 

     By adjusting the amplitude ratio δ0 and phase shift Φ between the cavity input port and the magnon port, the 

coupling strength can be either purely real, complex or purely imaginary, allowing us to tune the regime of the 

system from coherent to dissipative at will (see Figure 1. (b) and (d)). 

     As displayed in Figure 1. (c), our modelled system exhibits exceptional points for matched damping 

condition [3] which is a signature of PT symmetry breaking. Following the approach described in [5] we then 

expect both theoretically and experimentally to achieve controlled and compact non-reciprocal behaviour by 

controlling the two tuning parameters δ0 and Φ in our system. 
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Frequency conversion is a process where an input frequency is converted into higher output frequencies. 

This process is vital for many electronic devices. Devices based on the propagation and interaction of spin 

waves are a promising alternative to conventional electronics. They utilize spin waves as a carrier of 

information instead of the electron's charge which promises less energy dissipation and increased energy 

efficiency. In ferromagnetic materials the characteristic frequency of these excitations is in the gigahertz (GHz) 

range. This makes the approach competitive with modern electronics for applications like spin wave based 

computing. However, the interface of magnonic devices with conventional electronics is challenging and often 

inefficient. Thus, it is preferable to transfer all important functionalities including frequency conversion to the 

magnonic system. 

Here, we probe the magnetic excitations in a soft magnetic material, NiFe, by optical methods locally. We 

use diamond NV-centers as probes for rf magnetic fields. We find that upon MHz rf excitation a six octave 

spanning frequency comb is generated inside the magnetic material [1]. Furthermore, we employ Super Nyquist 

Sampling MOKE microscopy [2] to image the generated spin waves and show the coherent nature of the 

emerging frequency comb. We attribute the effect to self-synchronized spin-wave assisted switching effects in 

the sample on the micrometer scale which lead to phase-locked spin-wave emission in the GHz range. Our 

micromagnetic models very well reproduce the observed comb generation upon MHz- excitation. The 

discovered frequency multiplication process opens exciting perspectives for spintronic applications, such as 

all-magonic mixers or coherent on-chip GHz sources. 

 
Fig. 1: Frequency comb in NiFe (sharp lines) measured by NV-center 

microscopy. Excitation frequency (y-axis) and static bias field (x-axis) are 

varied. The NV-centers are sensitive to a fixed frequency of 2.8 GHz, thus 

the spacing of the comb lines is inversely proportional to the harmonics 

mode number n. Up to the 50th harmonic of the driving frequency are 

detected. 
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Magnonics has been an emerging research field of modern magnetism, especially for the investigation of 

transportation and manipulation of spin information in magnetic insulators, supplying the advantages of new 

information technology with low-cost and high-speed signal transmission, storage and process. It is known that 

the contact of the organic molecules and magnetic atoms or even normal non-magnetic metals will form the 

hybrid state at the interface within a very narrow interfacial region, which could obviously affect the magnetic 

properties for both the metal and molecular sides or the whole system [1-3]. Therefore, tailoring the magnetic 

properties of magnetic insulators by forming the hybrid interface with molecules will be one important way to 

further manipulate the magnon transport behavior. Here, we demonstrate that the interfacial interaction 

between organic molecule of cobalt phthalocynine (CoPC) and the magnetic insulator of Y3Fe5O12 (YIG) could 

improve the transport property of magnon current, which is related to the interfacial hybridization effect. The 

device with YIG/CoPC interface shows lager amplitudes of nonlocal signals for both electrically and thermally 

excited magnon currents. By measuring the field-dependent nonlocal signal and ferromagnetic resonance 

(FMR) spectra in YIG/CoPC structure, we found that the interfacial effect could change the magnetic 

anisotropy property of YIG with exhibiting larger saturation field. Moreover, the device with the CoPC 

overlayer could obtain longer electrically magnon diffusion length due to this interfacial hybridization effect 

reduced Gilbert damping, which is verified by the FMR measurement. Our result could give us insights to 

utilize the molecular functionalization to tune the magnon transport in magnetic insulators through the 

interfacial hybridization effect.  
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The coupling of surface acoustic waves (SAWs) with spin waves (SWs) intrinsically breaks the time-

inversion symmetry. The resulting nonreciprocity can be exploited for applications such as miniaturized 

microwave isolators. SAWs can be efficiently excited and detected by interdigital transducers. Therefore, the 

magnetic field dependent SAW transmission induced by the coupling of SAWs with SWs is commonly 

detected via electrical methods [1].  

However, for the investigation of magnetoelastic interactions with spatial resolution, magnetooptical 

measurement methods are needed. We employed microfocused Brillouin light scattering spectroscopy and 

frequency-resolved magneto-optical Kerr effect spectroscopy [2] to map the spatial dependence of the phonon-

magnon-coupling in a LiNbO3/Co40Fe40B20(10 nm)/Si3N4(5 nm)-structure.  

By taking advantage of the spatial resolution of our measurement methods, the increased SAW absorption 

caused by the coupling with spin waves is observed and characterized by a magnetic field dependent decay 

rate. The nonreciprocal nature of the SAW and SW coupling is identified by different magnitudes of the 

absorption rate for inverted field directions. The coherent conversion of phonons to magnons is shown by an 

increase in the magnon population, peaking with the maximum phonon intensity and vanishing with the 

decaying SAW as shown in Figure 1. 

 
 

Figure 1: Spatial map of phonon (a) and magnon (b) propagation in a Co40Fe40B20 film as a function of external in-plane magnetic 

field. The SAW is incident from the left (x = 0) and absorbed during propagation through the Co40Fe40B20 film. Magnons are most 

efficiently generated at x = 0 where SAW amplitude is maximal. 
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The processing and directional control of information by spin waves is a key challenge for developing of magnonic 

devices. In the case of in-plane magnetized thin films, for which the dispersion relations are anisotropic, the group 

and phase velocities do not coincide. This leads to a caustic-like effect in the spin wave propagation. So far, studies 

of caustic spin wave beams have only been carried out in geometries where a narrow spin wave conduit reaches an 

extended plane, the junction acting as a diffractive source [1,2].  

In this communication, we demonstrate the excitation of two directional caustic spin waves beams in an extended 

thin film from a nano-constricted rf waveguide. Extending our near-field diffraction model to in-plane spin wave 

modes [3,4] allows us to reveal the importance of the shape and sharpness of the constriction from which the caustic 

beam is emitted, and the frequency/field conditions for the existence of the caustic beams over the broad microwave 

spectrum. These predictions are confirmed with micromagnetic simulations and micro-focused Brillouin light 

scattering (BLS) measurements on nanostructured coplanar waveguides patterned on the top of 200 nm thin yttrium 

iron garnet (YIG) films, as shown in Fig. 1. Furthermore, the field and frequency dependence of these caustic beams 

reveal a non-reciprocal asymmetry in intensity between the two beams, which we attribute to a sign change of the 

perpendicular component of the wavevector with respect to the bias field direction. Our findings have important 

implications for developing of switchable spin-wave splitters, passive spin-wave frequency-division demultiplexers, 

and magnonic interferometry. 
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Figure 1: (a) Scanning electron micrograph image of a 200nm wide constriction. (b) Near-field diffraction simulation, 

and (c) BLS measurement of spin-wave caustic at f=7.5GHz and 𝝁𝟎𝑯𝒆𝒙𝒕 =187mT applied along y-axis. 
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Surface acoustic wave (SAW) on a ferroelectric substrate can drive a spin wave in a ferromagnetic thin film 

deposited on the substrate [1][2]. The phonon-magnon coupling in the SAW device will provide a new 

functionality for conventional magnonic devices. For example, nonlinear higher harmonic generation of spin 

waves was experimentally demonstrated by applying SAWs with the power of up to ~1 W to magnetic 

semiconductors [3] and metals [4], meaning that parametric magnon pumping, which has been studied in a 

Y3Fe5O12 film on a Ga3Gd5O12 substrate [5], can be achieved by the nonlinear magnetoacoustic dynamics. 

Furthermore, parametric amplification of spin waves with SAW 

application was numerically studied very recently [6]. 

To observe parametric magnons, the magneto-optical detection 

scheme [3] and Brillouin light scattering [4] have often been employed, 

where elaborate time- and space-resolved measurements are needed. On 

the other hand, scattering matrix measurement using vector network 

analyzer (VNA) [1][2] is commonly used to study SAW-spin wave 

conversion because it is simple and fast. SAW power is transferred to the 

spin waves and the power reduction is detected from the change in the 

transmission. The method, however, cannot be applied to probe nonlinear 

magnetoacoustic process because the detectable SAW frequency is 

limited by the pitch of the IDT fingers. To investigate nonlinear 

magnetoacoustic effects, a simple experimental way to sense SAW 

power conversion in a wide frequency range is required. 

In this work, we experimentally demonstrate DC detection of 

acoustically-driven spin wave resonance in a SAW device with a ferromagnetic thin film. Instead of probing 

SAW-spin wave conversion from IDT with VNA, we use a metallic thin film deposited on the SAW delay line 

as a detector. Previous studies showed that a direct current is generated in a conductive film on a piezoelectric 

substrate when SAW traverses the film, which is known as acoustoelectric current and was reported to be 

proportional to the SAW power. We use the characteristics of the acoustoelectric current to detect the SAW 

power reduction associated in SAW-spin wave conversion. 
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Magnetoelastic coupling between excitation modes of the spin system (spin waves) and the lattice (phonons) 

is of interest from a fundamental perspective and can enable mode hybridization. For quantum sensing and 

transduction protocols, excitation exchange between the magnetic and elastic systems is of importance, but 

typically requires strong coupling between the magnetic and elastic modes. Here, we present our current results 

on coupling the magnetization dynamics of a Kittel mode in a ferromagnetic thin film to a high-overtone bulk 

acoustic resonator. We show that the typically weak coupling affects the magnetization dynamics of the 

magnetic layer and can thereby be characterized with high sensitivity using ferromagnetic resonance 

spectroscopy [1]. In our experiments, we investigate the magnetoelastic coupling of polycrystalline metallic 

thin films deposited on silicon and sapphire substrates via DC sputter deposition as a function of microwave 

excitation frequency and substrate material by performing broadband ferromagnetic resonance spectroscopy. 

Utilizing a model based on coherent magnetoelastic coupling and the phononic properties of the substrate 

material, we obtain a full description of the observed changes in ferromagnetic resonance as a function of 

microwave frequency. Furthermore, we will discuss the implications of this model for the phononic transport 

of angular momentum. 
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Co-based Heusler alloys represent an interesting class of materials for application in the field of magnonics, 

due to their unique properties. For example Co2MnSi is characterized by high Curie temperature, low damping 

and high saturation magnetization, which enables to operate at frequencies in the GHz range at remanence. 

However, only a few studies about magnonic crystals (MCs) made of Co-based Heusler alloys are present in 

literature. In this work we have investigated spin wave (SW) dynamics in MCs, consisting of Co2MnSi antidots 

(ADs) arrays, formed by square holes, having a side of 200 nm and arranged into square matrix having a period 

of 0.8 m and 1 m. The samples have been fabricated from a 50 nm thick Co2MnSi film, by e-beam 

lithography followed by Ar+ ion beam etching (IBE). Micro-focused Brillouin light Scattering (micro-BLS) 

has been used to map the spatial profile of the spin-wave modes supported by the ADs lattices. All micro-BLS 

measurements have been performed exciting SWs by means of an inductive antenna and applying an external 

magnetic field, H, parallel to the side of the square matrix and to the antenna. For both the investigated samples 

we have experimentally observed an extended mode propagating in the channels of continuous Co2MnSi film 

comprised between the square holes and a localized mode located in the regions between adjacent holes (see 

Fig.1).  BLS measurements have been compared to MuMax micromagnetic simulations, obtaining a good 

agreement between the experimental results and the calculated frequencies and spatial profiles.   
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Fig.1 Micro-BLS measurements of the sample having a period of 1m performed applying a magnetic field of H=1 kOe.  

(a) Micro-BLS spectrum. (b) and (c) Areal maps of BLS intensity, recorded from the antenna edge (positioned on the 

left side of the graphs) at excitation frequencies of 13.20 GHz and 11.20 GHz, respectively.  
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Hybrid magnetic multilayers for reconfigurable spin wave transmission are made of two magnetic layers 

separated by a non-magnetic spacer to ensure magnetic dipolar coupling. One of the magnetic layers is in 

charge of the spin wave transport properties, whereas the other one has a reconfigurable magnetic texture. Its 

stray field is imprinted in the spin-wave transmitter changing its spin-wave dispersion. One of the most 

promising magnetic textures in this kind of spin-wave devices is that of stripe domains due to its regular 

periodicity, acting as a magnonic crystal [1]. Ferromagnetic resonance (FMR) and Brillouin scattering (BLS) 

proved strong hysterical and asymmetric features in this system [1,2]. We propose to enhance the resonant 

energies of the transmitted spin-waves and the configurability of the system by substituting the transmitter 

layer, made of a 10 nm thick permalloy (Py) layer, by a synthetic antiferromagnet made of a 15 nm thick 

Py/Ruthenium/Py multilayer, which was deposited on top of a 65 nm thick NdCo layer capped by 5 nm thick 

layer of ambient oxidized silicon. The understanding of the system requires a fine characterization of the 

magnetic interactions involved between layers and within the layers. For this purpose, we characterized the 

system using the transverse magneto-optic Kerr effect (T-MOKE), which is sensitive to the top layer (the spin 

wave transmitter in this case) and Vibrating Sample Magnetometry (VSM), which is bulk sensitive. The onset 

of the interlayer and intralayer interactions was characterized using minor loops and First Order Reversal Curve 

(FORC) measurements.  Samples with different antiferromagnetic exchange energies were investigated. A 

clear and expected modification in the coercivity of the spin-wave transmitter layer is observed as the AF 

interaction is increases. A detailed information of the different interaction and coercive fields that appear in 

the system are obtained by FORC and the minor loops, demonstrating the relevant role of the in-plane 

component of the magnetization of the magnetic textured layer in the hysteretic and asymmetric effects 

observed in the spin-wave transmission in these systems. 
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Figure 1. FORC measurement of a thin film made of NdCo (65 nm)/Si (5 nm)/Py (10 nm)/Ru (0.5 nm)/Py (5 nm)
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The design of a microstructure can affect the internal field distribution and, therefore, the spin-wave (SW) 

behaviour. That potentially can be used for information transport and processing [1]. In general, the 

confinement of the structure leads to the quantization of SW k-vectors in the direction of confinement [2]. 

Under the uniform excitation only SW eigenmodes with an odd number of nodes are expected. This results in 

a symmetric interference pattern. Changes in the geometry of the structure, such as a presence of an additional 

rectangular microstrip, can cause the "breaking" of the symmetry [3]. 

In this work the asymmetry quantification by an asymmetry parameter (AP) of SW dynamics in confined 

rectangular microstrips is suggested and applied to the TR-STXM [4] results and micromagnetic simulations. 

30 nm thick Ni80Fe20 microstrips with nominal rectangular 1x5 µm2 cross section were researched using 

microantenna-based FMR [5-7], TR-STXM and MuMax3 [8] micromagnetic simulations. AP indicates a 

deflection of a central profile of an interference pattern from the mirror-symmetric state, which in turn is an 

indicator that there is an asymmetry in the interference pattern itself. A mirror-symmetric profile here is a 

profile, which is invariant under a reflection about the line in its center. AP for a profile consisting of 

normalized data values {𝑥𝑛}𝑛=1
𝑁  is calculated as follows: 

𝐴𝑃 =
1

[𝑁 2⁄ ]
∑ |𝑥𝑛 − 𝑥𝑁−𝑛+1|

[𝑁 2⁄ ]
𝑛=1 , 

where one half of the profile is subtracted from the other its half point by point, and then the mean value of the 

absolute values of all differences is taken. If profile is symmetric, that results in 𝐴𝑃 = 0. In this work profiles 

of the out-of-plane component of the dynamic magnetization are analyzed [7]. The frequency of the uniform 

MW magnetic field was fixed at 9.43 GHz, while the external static magnetic field was varied from 250 mT to 

0 mT. The results show a higher asymmetry for a strip in easy axis orientation when a second perpendicular 

microstrip is placed at the distance of 2 µm, compared to the case when a single microstrip is analysed. 
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Magnetisation, anisotropy and exchange stiffness are three paramaters of critical importance for both the 

practical device applications of magnetic thin films and the micromagetic simulation and optimisation of 

structures. While all three properties can be assessed by simple or more involved forms of bulk magnetometry, 

in principle, the sensitivity drops at small film thickness and alternatives based on FMR gain advantages. In 

essentially dielectric films, where both conductivity-related and resonance damping losses are low, such as 

YIG, large number of standing waves modes are observable, which aids the extraction of exchange stiffness 

[1]. In metallic systems, especially in ones with large anisotropy and damping, often a single additional mode 

(not the main dipole one) is observable, which makes parameter extraction more difficult [2]. 

Here we extend the approach of explicit fitting of multiple standing wave resonance modes, with field 

applied normal to the surface [3] to the complete interpretation of all available resonance modes and their 

angular dispersions. This is illustrated with examples of Py (80:20) films prepared by DC magnetron sputtering 

in a Shamrock deposition tool with base pressure of 10-7 mBar, at thickness below 30 nm. The key 

measurements are performed in a Bruker EMX 300 X-band spectrometer, equipped with an electromagnet 

(μ0Hmax = 0.9 T) and a resonance cavity (Q > 7000), with supporting a rotationally symmetric cylindrical mode. 

 For sufficiently thin films (the figure shows data collected on a 15 nm film), three distinct classes of modes 

can be measured and modelled: the main dipole mode, dispersing in a negative, demagnetisation-limited 

fashion, with the highest resonance induction reaching 0.6 T and peaking close to the polarisaiton value, close 

to 90o or essentially normal to the film surface. The three standing wave resonance modes, which are clearly 

resolved n = 0, 1 and 2, are dispersing in a sinusoidal fashion, with breath of the dispersions varying 

approximately quadratically, as ~n2. The n = 0 mode dispersion is small, but clearly negative, while the ones 

for n = 1 and 2 are strongly positive. The zero-field resonance mode has a dispersion, which is dominated by  

a cos2 term. The apparent amplitudes of all modes depend on both their damping factors, which scale close to 

linearly in field and essentially quadratically as a function of n, for the standing wave ones. This effective 

approach allows for the complete modelling of the modal dispersions, as illustrated on the figure, and the 

accurate extraction of the critical parameters (Ms = 1.035 A/m, Aex = 0.15 pJ/m, Neff = 0.98). 
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Figure: Experimentally measured X-Band FMR spectra for a 15 nm Py film (left panel) and their corresponding model analogues 

(middle panel). Note that only the lower field region is shown and the main dipole mode is out of scale, to promote the visibility of 

the much smaller in amplitude standing wave and zero-field resonance modes. The individual dispersions for all modes observed are 

exhibited on the (right panel). All angles are indicated with respect to the substrate (at 90 degree the applied field is normal to the 

film).  
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Magnetic insulators (MIs), such as rare earth garnets (R3Fe5O12; R=Y,Tm,..), have attracted a lot of interest because 

of their low Gilbert damping and high-frequency dynamics. Interestingly, unlike charge currents, spin currents can couple 

and propagate through MIs, making possible to realize spintronic devices based on these materials. 

In this talk, we will discuss how we can exploit the charge to spin conversion phenomena in heavy metals for 

electrically injecting and detecting magnon currents carrying spin information in ferrimagnetic garnets such as Y3Fe5O12 

(YIG) and Tm3Fe5O12 [1,2]. We will also see how we can induce magnon drift currents controlling the transport by 

exploiting antisymmetric chiral interactions and thermal gradients [3,4]. In particular, we will demonstrate that the 

interfacial Dzyaloshinskii-Moriya interaction naturally occurring at the garnet/oxide substrate and garnet/metal interfaces 

[5] can modulate the magnon propagation length with measured values up to 6% in YIG thin films [3]. Finally, we will 

show that large drifts can also be induced by thermal gradients. 
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     Low- and zero-moment, highly spin-polarized Mn-based ferrimagnets, such as Mn3Ga, Mn3Al, Mn2AlGa 

and the prototypical Mn2RuGa (MRG) family have been investigated both theoretically and experimentally, as 

of their potential applications in THz resonance devices [1] relying on either MTJs and CPP transport [2] or 

Hall bar type structures [3], and using both STT and/or SOT. Ultra-fast depolarisation and magnetisation all-

optical switching, using single pulses, have also been demonstrated [4]. Understanding, control and 

optimisation of the phenomenology requires that an effective spin-lattice model is constructed, within a divide-

and-conquer strategy, substantially cheaper to compute dynamical properties in the time domain compered to 

state-of-the-art time-dependent density functional theory (TD DFT). 

     Here we use ab initio (DFT) calculated parametrisation of the exchange integrals and anisotropy 

components, for the perfectly ordered structures. We take three approaches: (i) direct integration of the 

equations of motion for effective classical spins; (ii) approximation of frozen magnons and phonons; and (iii) 

Monte Carlo dynamics: for recovering the phonon and magnon dispersion relations, the quasi-static 

magnetisation curves (rotational torque curves and hysteresis). Distance-dependent long-range exchange 

couplings; 2- and 4-fold anisotropy; Zeeman coupling; elastic coupling coefficients; are all taken into account.       

     The effects of compressive and tensile strain can be traced (see figure) for the phonon, magnon and 

combined excitations. The system exhibits crossing of the in- and out-of-phase magnon branches with clear 

increment in both effective masses for compressive strain. The combined elastic-magnetic excitations can be 

fully mapped, allowing for the purposeful engineering of the anisotropy gaps and dispersions crossings in ultra-

thin layers of off-compensated ferrimagnets, thus opening the road to the calculation (prediction) and potential 

practical exploitation of magnetic dipole emission in the 0.3 – 3 THz bands. 
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Figure: Fig. 1 (a) The structure of 

MRG. The energy for arbitrary 

momenta, for the in-phase modes 

(b) and out-of-phase modes (c). (d-

f) The in-phase (acoustic) and out-

of-phase (optical) magnon 

dispersions along the <001> axis, 

for c-axis lattice parameter of 6.10 

Å, 6.18 Å (experimental), and 6.30 

Å. The relative change in the 

magnon meff is ~ -15 %, for the 

antiphase (AF) magnonic branch 

and ~ -7 %, for the in-phase (FM) 

one, for a 3.3 % lattice expansion.
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The discovery of ultrafast demagnetization by Beaurepaire and coauthors [1] around thirty years ago allowed 

the manipulation of magnetization using laser pulses on picosecond timescales. Their work started a new and 

quickly growing research field with numerous promising applications in all-optical magnetization switch- 

ing, magnetic data storage, and spintronics. Following Beurepaire's work on nickel, ultrafast demagnetization 

was studied in other 3d ferromagnets, in particular, many theoretical and experimental investigations have been 

focused on the magnetization dynamics of cobalt and iron.  In a recent work [2] the ultrafast magnetization 

dynamics of nickel, iron, and cobalt were studied and compared, using the same experimental setup and sample 

thicknesses for all three metals. It was shown that demagnetization scales linearly with laser fluence and, 

moreover, the demagnetization rate of nickel is the largest followed by iron and cobalt. The authors connect 

this linear dependence with a reduction of interatomic exchange.  

Our work is focused on the ultrafast demagnetization of nickel, iron, and cobalt and, in particular, on their 

demagnetization reduction with laser fluence in the heat-conserving three-temperature model (HC3TM) 

proposed in Ref.[3]. We have previously applied this theory to simulate the ultrafast demagnetization of nickel 

[3]. In Ref.[3] we showed that HC3TM describes the demagnetization of nickel on subpicosecond timescales 

better than Beaurepaire’s three-temperature model. In addition, in contrast to Beaurepaire’s three-temperature 

model, HC3TM does not rely on heat-transfer coefficients. These coefficients are hard to estimate and, 

therefore, make the direct comparison of simulations with experimental observations very challenging [3].  

In this work, we perform atomistic spin-lattice dynamics simulations to study ultrafast demagnetization 

dynamics of iron, nickel, and cobalt using HC3TM with parameters, such as exchange interaction, spin-lattice 

coupling, and Gilbert damping, obtained from ab-initio simulations. Our results show that using HC3TM we 

can correctly, on a quantitative level, reproduce ultrafast magnetization dynamics of iron and cobalt, especially 

on subpicosecond timescales. The positions of the magnetization minima in these simulations are in agreement 

with experimental data. In addition, we show the importance of lattice dynamics in studying ultrafast processes, 

even when spin-lattice coupling itself is not significant. Finally, we demonstrate that by using HC3TM one 

obtains a linear scaling of the demagnetization amplitude with laser fluence, a finding also observed in 

experiments, even without considering the reduction of interatomic exchange. Moreover, we show that the 

demagnetization rate is the highest for nickel and the smallest for cobalt, which is in agreement with 

experimental results [2]. We confirm that the rate is dependent on Gilbert and lattice damping values, however, 

the linear trend remains unchanged for realistic damping values. Overall, the HC3TM provides qualitatively 

accurate ultrafast demagnetization dynamics for iron, cobalt, and nickel and results in a linear scaling of 

demagnetization with laser fluence, as observed experimentally [2].  
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Laser-induced quenching of magnetization in metallic multilayers has attracted considerable interest since 

the first demonstration of sub-picosecond demagnetization in nickel thin films [1]. Despite more than two 

decades of research on this subject, the proposed microscopic mechanisms underpinning ultrafast 

demagnetization are not yet fully established [2]. Ascertaining the physical origin of such processes would 

pave the way to an exquisite control of the magnetization dynamics induced by ultrashort laser pulses, 

potentially resulting in a faster and more efficient storage of information. 

As most of the experiments conducted so far have been carried out on magnetic thin films, little attention 

has been paid to the role played by the dipolar coupling and shape anisotropy in the ultrafast demagnetization 

of arrays of magnetic nanostructures. Nevertheless, scaling the magnetic material to nanometer sizes has been 

shown to play a significant role in their magnetization dynamics in response to an ultrafast photoexcitation [3]. 

Using a femtosecond laser-based time-resolved magneto-optical Kerr effect setup, we show that the 

optically induced magnetization suppression in arrays of parallel-oriented permalloy nanostructures can 

substantially differ from that of unpatterned thin films. For the thin films, there is an increase in the Kerr signal 

preceding the demagnetization of the material (black points in Fig. 1a), which can be ascribed to the optically 

induced spin transfer (OISTR) between the minority bands of Ni and Fe sublattices [4]. In contrast, the 

efficiency of this mechanism is highly reduced in the arrays of nanostructures (red points in Fig. 1a). Moreover, 

an unexpected behaviour is seen in the magneto-optical Kerr rotation as a function of permalloy thickness 

(see Fig. 1b). For the continuous films, as expected, the Kerr rotation decreases as the thickness of permalloy 

films decreases. In contrast, an unexpected saturation of the Kerr rotation is seen for the arrays of nanomagnets, 

pointing to the existence of a threshold. By comparing the thickness dependence for nanostructures with 

different dimensions, we argue that the threshold originates from a transition to the superparamagnetic state of 

the nanostructures. 

 
Figure 1: (a) Time-resolved changes of Kerr signal for a thin film and an array of nanostructures. (b) Change in the Kerr signal after 

the demagnetization process ΔθK
DM for the thin film and array of nanostructures as a function of thickness. 
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Surface acoustic waves (SAWs) have made their way into many everyday devices, thanks to the greatly 

reduced wavelength of SAWs compared to free-space microwaves of the same frequency. These "nano 

earthquakes" can be efficiently launched and detected on piezoelectric substrates with periodic metallic 

gratings in the MHz- to GHz-range. However, SAWs are in general propagating reciprocally, which means 

that SAW propagation does not change under inversion of the propagation direction and limits the usage of 

SAWs for reciprocal devices. 

Since spin waves (SWs) are known to show a pronounced nonreciprocal behavior, magnetoelastic coupling 

of SAWs with SWs is a straightforward approach to obtain nonreciprocal transmission of surface waves. 

Besides the nonreciprocity of the SAW-SW coupling mechanism itself [1,2], the SW dispersion relation can 

be nonreciprocal. For example, the interfacial Dzyaloshinskii-Moriya interaction (DMI) in an ultrathin 

ferromagnetic/heavy metal bilayer causes SW nonreciprocity and thus induces nonreciprocal SAW propagation 

[2]. 

In our recent study, we investigate the SAW-SW interaction in a synthetic antiferromagnet (SAF) composed 

of two ferromagnetic layers with different thicknesses separated by a thin nonmagnetic spacer layer. Because 

of interlayer dipolar coupling fields, the optical SW mode shows a large nondegenerate dispersion relation for 

oppositely propagating SWs. Due to SAW-SW interaction, we observe nonreciprocal SAW transmission in the 

piezoelectric/SAF hybrid device. The equilibrium magnetization directions of both ferromagnetic layers are 

manipulated by an external magnetic field to set a ferromagnetic, canted, or antiferromagnetic configuration. 

This has a strong impact on the SW dispersion, its nonreciprocity, and SAW-SW interaction [3]. The 

experimental results are in agreement with a phenomenological SAW-SW interaction model. 
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Magnetic excitations in thin films with spatial variations at the nano- and microscale are interesting in the 

development of devices for high-speed and low-power signal processing compatible with existing technology. 

Surface Acoustic Waves (SAWs) can excite and control magnetization dynamics using electric signals and 

magneto-elastic coupling, and are thus a current-free alternative to magnetic fields. We have developed a 

method based on synchrotron X-ray Photoemission electron microscopy (XPEEM) and SAW synchronized to 

the X-ray pulses, allowing stroboscopic measurements of dynamic effects [1, 2], using XMCD and XMLD as 

magnetic contrast mechanisms. We will give an overview of the most relevant and recent results obtained: long 

range magneto-acoustic waves in ferromagnets [3], and the determination of the delay time in magnetic domain 

wall motion [1]. More recently, excitation of magneto-acoustic waves in antiferromagnetic CuMnAs has been 

demonstrated using linear dichroism (XMLD) (see figure below). A new sample stage connection [4] allows 

the application of GHz electric signals, which now opens the path to observe by XPEEM the SAW driven 

magnetic excitations approaching the intrinsic ferromagnetic resonance (FMR) [5].        
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Figure : Visualization of a magneto-acoustic wave in antiferromagnetic CuMnAs obtained by stroboscopic 

XMLD-PEEM. The driving 500 MHz surface acoustic waves (SAW) are excited in the GaAs substrate using 

interdigitated transducer electrodes (IDTs).  
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Glass-coated amorphous magnetic microwires have the capability to act as antennae, emitting modified 

electromagnetic (EM) radiation when excited by incident GHz radiation [1]. While the EM signature of an 

individual magnetic microwire is complicated by magnetic, strain, thermal, and compositional effects, the 

collective response of multiple proximal microwires is yet more complex, challenging, and likely invalidating 

theoretical treatment of the resultant spectra [2]. Addressing this issue, a machine learning approach was 

applied to 225 unique sets of EM spectra measured from arrangments of multiple amorphous magnetic 

microwires. The response distribution of unseen microwire spectral data was reproduced to a high confidence 

level of 90%, with a mean square error of less than 0.01. The research applied an auto-encoder-inspired deep 

neural network architecture to describe the high-frequency response of two-dimensional arrangements of 

amorphous magnetic microwires. These microwire arrangements were interrogated to produce a set of complex 

spectra that were then utilized to obtain a parametrization of the response function, reducing the challenge of 

maximizing unique signatures to a geometric problem in parameter space. This proof-of-concept result 

illuminates a novel approach for scanning technologies incorporating glass-coated amorphous magnetic 

microwires, with the eventual goal of realizing hidden machine-readable authentication of objects and assets. 
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Figure. (a) Schematic of the microwire EM response (scattering 

coefficient, S21) measurement setup; it incorporates two antennae 

that separately emit and receive GHz radiation to and from a two-

dimensional arrangement of microwires. (b) Actual responses (blue 

traces) and machine learning predicted responses (orange traces) for 

the frequency-dependent scattering coefficient data originating from 

various unseen magnetic microwire arrangements. 



 
SYMPOSIUM 15. POSTERS 

Reconfiguring Magnonic Devices via Permanent Micro-Magnets  
Maria Cocconcelli1*, Federico Maspero2, Andrea del Giacco1, Giulia Pavese1, Silvia Tacchi3, Marco 

Madami4, Moritz Geilen5, Björn Heinz5, Philipp Pirro5, Riccardo Bertacco1 

 1 Dipartimento di Fisica, Politecnico di Milano, Milano, Italy 

 2 Dipartimento di ingegneria civile ambientale, Politecnico di Milano, Italy  
3 Istituto Officina dei Materiali del CNR (CNR-IOM), Unità di Perugia, Perugia, Italy  

4 Dipartimento di Fisica e Geologia, Università di Perugia, Perugia, Italy 

 5 Rheinland-Pfälzische Technische Universität Kaiserslautern-Landau and Landesforschungszentrum 

OPTIMAS, Kaiserslautern, Germany  
*maria.cocconcelli@polimi.it 

 

Emerging communication protocols, such as 5G, are spreading rapidly and call for the development of new 

technologies that can ensure strong bandwidth selectivity and high-frequency data transmission [1]. In this 

context, magnonics offers the possibility of meeting these needs thanks to the flexibility of spin excitations [2], 

which would allow the possibility of processing, encoding and transporting RF signals with low dissipation. 

However, a key challenge in realizing commercial magnonic technology is the integration with traditional 

electronics. In fact, to operate and reconfigure magnonic elements, a bias magnetic field is required, which 

until now has usually been implemented through space-consuming and power-hungry components that are 

difficult to integrate into commercial devices. 

To overcome these difficulties we are developing tunable magnonic devices where the bias field is provided 

by permanent micromagnets integrated on micro-actuators. By properly designing the magnet and varying the 

distance between the magnet and magnonic conduits, fast field tunability can be achieved within compact and 

energy efficient RF components. 

In this contribution we first describe a process for the integration of SmCo micromagnets on top of silicon 

based micro-actuators [Figure 1a)]. Then, we study the effect of the proximity of a micromagnet on the 

frequency of a spin-wave mode propagating in YIG by measuring with Brillouin Light Scattering the frequency 

shift in correspondence of the magnet position. [Figure 1b)].  A sizable frequency shift for a distance of about 

6 microns between the micromagnets and the YIG film has been observed due to the local bias field produced 

by the magnet. 

These activities are carried out within the European M&MEMS project [3], whose goal is to provide a new 

generation of devices well suited for microwave signal processing and radio frequency communications. 

 

 

 

 

 

 

 

 

 
Figure 1: (a) SEM image of micro-actuator with an array of permanent magnets on top; (right) BLS measurement of the frequency 

shift of a spin-wave mode propagating in YIG in correspondence of the position of a SmCo magnet (area between dashed lines). 
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Magneto-optics (MO) consists in the modification of the state of a light beam interacting with a magnetic 

system. By measuring these variations, it is then possible to study the static and dynamic magnetic properties 

of such systems. One can cite the archetypal magneto-optical Kerr effect (MOKE) probing magnetic orders or 

Brillouin scattering (BLS) giving access to the dispersion relation of spin-waves. However, the optical nature 

of these approaches leads to intrinsic limitations in terms of signal and resolution. To overcome these 

limitations, we propose to take advantage of the plasmonic properties of metallic nano-objects. Surface 

plasmons are the collective excitations of the electronic cloud of these nano-objects that selectively and locally 

enhance the optical response of the systems [1]. Although plasmonic enhancement has demonstrated great 

effectiveness for chemical and photonic studies, its application and benefits for MO in thin film systems still 

need to be explored [2,3]. 

In this experimental study, we measure and interpret the plasmonic enhancement of gold nanoparticles for 

MOKE and BLS experiments. Gold nanoparticles were chemically synthesized to have their plasmon resonate 

at 532nm (the wavelength commonly used for MOKE and BLS experiments; as shown in Figure 1(b)) and 

spread on NiFe thin films (as shown in Figure 1(a) and (c)). We performed experiments to measure the 

evolution of the MOKE-induced rotation and ellipticity of a reflected light beam (shown in Figure 1(d)). We 

also quantitatively measured the magnitude of the light/spin-wave interaction using Brillouin spectroscopy 

measurements (see Figure 1(e)). By doing this with and without nanoparticles, we were able to quantify how 

the plasmon enhancement of NPs affects the light/magnetization interaction. We performed these experiments 

for different NP spreads (changing the NP density or promoting cluster formation) and for different 

wavelengths (matching or not the  plasmon resonance). Finally, we have developed an effective model that 

describes all the experimental results obtained with a good agreement considering only a reduced number of 

parameters (as plotted in Figure 1(d)). 

These experimental and theoretical results demonstrate that this new use of plasmonic enhancement of these 

techniques offers a strong improvement for MO. 

  

 
Figure 1:  (a) Image of NPs spreaded on a Si/SiOx(100nm)/NiFe(10nm)/Al(10nm) thin film. (b) Absorption spectrum of the NPs with a 

plasmon resonance at ~532nm. (c) Electronic image of the NPs organization on the sample. (d) Variation of the MOKE-induced 

rotation (θ) and ellipticity (ε) versus the incident angle of a 532mn light beam, S or P polarized, with or without NPs. The lines show 

the theortical results obtained with our effective model. (e) BLS intensity versus the frequency shift of the backscattered light for a 

20° beam incidence, with and without NPs. Green and blue peaks show the contribution of the spin-waves. 
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Optical excitations with femtosecond light pulses offer the intriguing opportunity to control material 

properties on ever-shorter timescales down to the duration of the optical excitation itself. In magnetic alloys 

on insulating substrates, the so-called optically induced spin transfer (OISTR) effect enables such an extremely 

fast manipulation of the magnetic subsystems on the sub-100 fs timescale by optical redistribution of spin 

carriers between the sublattices [1, 2]. On conducting substrates, however, the pure optically induced changes 

of the magnetic order are further influenced by (ballistic) spin transport that alters the magnetization on a very 

similar timescale [3, 4].  

Here, we aim to reveal the mutual interplay of OISTR and spin transport on ultrafast timescales. To study 

those effects, time-resolved Kerr spectroscopy with fs-XUV radiation in transversal geometry (TMOKE) can 

be used. More specifically, we investigate the ultrafast demagnetization of a thin Fe20Ni80 alloy on a non-

magnetic gold substrate. We will report on how the optically induced magnetization dynamics are altered by  

the spin-dependent charge transport into the Au substrate. 

As an outlook, we present our new ultra-high vacuum (UHV) TMOKE setup which will enable us to explore 

interlayer OISTR in low-dimensional heterostructures that are only stable under UHV conditions. 
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Figure: Time-resolved trace of the spin polarization of Ni (blue line) for energies under EF and of Fe (red line) for  energies over EF 

in Py/MgO (without metallic substrate). The so called OISTR-trace corresponds to the difference between the Ni and Fe dynamics 

(green line, right axis). Inset: Sketch of the optical inter-side spin transfer of minority electrons of Ni into Fe within the Ni and Fe-

like density of states (DOS) in Py.

Fe

EF

 i

DOSEF

EE



 
SYMPOSIUM 15. POSTERS 

Intrinsic Energy Flow in Ultrafast Dynamics of Electrons, Phonons and 

Spins in Fe3GeTe2  
T. Griepe3, Y. W. Windsor* 1,2, V.Taylor2, D. Zahn2, T. Pincelli2, H. Jung2, S.-E. Lee2, H. Seiler2, C. 

Schüßler-Langeheine4, N. Pontius4, Sukanya Ghosh5, U. Atxitia3, R. Ernsthofer1, Laurenz Rettig2  

1 Fritz-Haber-Institut Berlin, Faradayweg 4-6, 14195 Berlin, Germany  
2 Technische Universität Berlin, Hardenbergstraße 36, 10623 Berlin, Germany  

3Instituto de Ciencia de Materiales de Madrid, C. Sor Juana Inés de la Cruz 3, 28049 Madrid, Spain 
4 Helmholtz-Zentrum Berlin für Materialien und Energie, Hahn-Meitner-Platz 1, 14109 Berlin, 

Germany 
5Uppsala University, 752 36 Uppsala, Sweden 

*windsor@fhi-berlin.mpg.de 

 

Twodimensional (2D) van der Waals ferromagnets have gathered a lot 

of interest over the last years due to their low dimensionality and easy 

manipulation of their magnetic state. Recently ultrafast magnetization 

dynamics (UMD) in the compound Fe3GeTe2 have been observed [1], 

but complete understanding of the undelying processes involving 

energy and angular momentum flow are absent. Usually, only one of 

the subsystems (electrons, lattice, spins) is measured, leaving many 

free fit parameters for modeling. In this work, we present data from 

all three subsystems measured on an ultrafast timescale and give 

quantitative interpretation to the data by a four temperature model 

based on an extended microscopic three temperature model [2,3]. 

Electron temperature dynamics are measured by time- and angle-

resolved photo-emission spectroscopy, magnetization dynamics by 

transmission X-ray magnetic circular dichroism, and lattice dynamics 

by ultrafast electron diffraction experiments, where the change in 

Mean Square displacement (ΔMSD) is recorded. Importantly, all data 

were collected on samples from the same production batch and 

measured under similar conditions. With our model, we reveal that the 

lattice reacts on two intrinsic timescales within the first tens of 

picoseconds (see Figure). We do this in a simplified fashion by 

assuming two internally thermalized phonon groups I and II, of which 

only I is coupled to the electron system while II only couples to I. With 

this modeling process we give a complete, comprehensive parameter 

study for all three subsystems in direct comparison to experiments and 

reveal the importance of non-thermal lattice excitations in this 

compound. This gives rise to more detailed investigation of lattice 

dynamics and angular momentum transfer to specific phonon modes 

in UMD of 2D van der Waals materials. 
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Figure 1: Ultrafast dynamics of electrons, 

magnetization and lattice, respectively. The 

dashed line highlights different dynamics 

before and after electron relaxation. Ep=CpTp 

is the energy of phonon-subsystems. Numbers 

denote absorbed energy in experiments and 

simulations 
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In recent years, spin noise spectroscopy has emerged as an experimental tool to investigate material 

properties in solid state physics [1]. Here, we investigate spin noise from a theoretical point of view in an 

antiferromagnetically ordered orthoferrite.  

The material of interest is Sm0.7Er0.3FeO3, which 

undergoes a second-order magnetic reorientation 

transition at approximately room temperature [2]. On 

the basis of a classical spin model following the 

stochastic Landau-Lifshitz-Gilbert equation of motion 

we numerically compute the time evolution of a four-

sublattice spin system, resembling the subsystem of 

iron atoms in Sm0.7Er0.3FeO3, on a timescale from 

picoseconds up to one nanosecond and investigate the 

thermal fluctuations of the magnetization. Because of 

the competing anisotropies the second order 

reorientation transition is realized. Moreover, a 

Dzyaloshinskii-Moriya interaction, mediated by the 

oxygen atoms, induces a canting of the magnetic moments, leading to a finite magnetization and making the 

system a weak ferromagnet. 

By Fourier-transforming the time dependent magnetization it is found that the spectral noise power density 

comprises resonances. With the help of linear spin-wave theory these resonances can be assigned to the 

magnetic eigenmodes of the system. As the reorientation transition also affects the eigenmodes, the 

characteristic appearance of the resonances in the different crystallographic components of the spectral power 

density indicates, in which magnetic phase the system is. The autocovariance, calculated via the Wiener-

Khinchin theorem, unveils critical fluctuations at the critical temperatures of the reorientation transition in the 

time domain and thus marks the reorientation transition in the noise of the magnetization. In addition, the 

system shows random telegraph noise on picosecond timescales close to the critical temperatures of the 

reorientation transition due to its two energetically equivalent paths. 

We compare the theoretical findings to spin noise measurements, underlying a novel probe-probe technique 

with two consecutive femtosecond laser pulses [3]. With the help of the Faraday effect the fluctuations of the 

magnetization are then analyzed. We find good agreement regarding the eigenfrequencies in the noise spectra 

and the critical fluctuations at the critical temperatures. Moreover, an enhancement of the spectral power 

density in the gigahertz regime close to the critical temperatures of the reorientation transition is observed, 

which can be ascribed to the ultrafast random switching process of the magnetization found in the simulations. 
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Figure: Reorientation transition of the magnetic moments of the 

iron atoms in ErFeO3 from the low temperature regime (left) to 

the high temperature regime (right).  
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Synthetic ferrimagnets (SFI), two ferromagnetic (FM) layers with different magnetic moments 

exchange coupled antiferromagnetically via the RKKY interaction across a non-magnetic spacer (NM), are of 

particular interest as a feasible media for all optical switching (AOS) [1], [2], which has been demonstrated to 

be a robust, ultrafast and efficient process with which to write data [3].  SFi are especially promising for 

applications of data storage as the properties of the constituent layers can be tailored independently to tune the 

AOS mechanism. 

Design of the magnetic properties of SFi structures requires knowledge and control of the 

magnetization, M(T), and anisotropy, K(T), of each FM layer, and the strength of the exchange coupling 

between them, Jij(T). We show it is possible to engineer the magnetic properties of series of compensating 

Ni3Pt/Ir/Co SFis and Ni/Pt multilayer based SFi, fabricated by magnetron sputtering and exhibiting 

perpendicular magnetic anisotropy (PMA). The tuneability of these structures (through variation of deposition 

conditions and layer thicknesses) provides an ideal system with which to investigate the effect of M(T), K(T) 

and Jij(T) on reversal mechanisms within SFis, with the added benefit of distinct magnetic species allowing 

element and layer specific characterization. 

Initial pump/probe experiments have revealed that these Ni, Pt, Ir and Co, SFis exhibit multi-pulse, helicity 

independent AOS [4], up to a temperature of 330K in the Ni/Pt multilayer samples. Our results also reveal the 

importance of anisotropy, usually assumed to play a less important role [5] in AOS, and that a spin current 

generated during demagnetization is integral to the switching process. 
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Figure 1 Temperature dependent behaviour of a SFi. Three distinct temperature regions 

can be observed. Switching behaviour as a function of sample temperature and fluence 

(using σ− polarization, a pump spot size diameter of 90 μm, pulse duration of 1ps, and 

1MHz repetition rate), compared to the squid remanence measurement, measured by 

saturating and removing the field at every temperature point, of a 

Ni3Pt(10nm)/Ir(0.5nm)/Co(1nm) SFi 
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The influence of spin-resolved charge and heat transport in ultrafast demagnetization is an open problem. 

Due to the rich application of these phenomena in the design and fabrication of ultrafast spintronic devices, it 

is essential to understand the importance of diffusive and ballistic transport mechanisms on ultrafast timescales. 

 

In this contribution, we theoretically address the differences between these transport mechanisms and 

propose an experimental method to distinguish between them. We first calculate the ultrafast magnetization 

dynamics in a thick nickel layer using the thermodynamic μT model [2], which includes diffusive transport 

mechanisms [1]. Our results show that gradients in the magnetization persist on timescales of picoseconds, 

well beyond typical demagnetization times. We assume that ballistic transport quickly leads to a homogeneous 

energy distribution within the film, so that the resulting magnetization dynamics are independent of depth. 

 

We then theoretically simulate the probe angle dependent dynamics of the complex magneto-optical Kerr 

effect (CMOKE) [3], from which the Kerr-rotation dynamics as well as the Kerr-ellipticity dynamics are 

obtained for both considered transport cases. Our results show a pronounced sensitivity of the probe angle 

dependent Kerr-ellipticity dynamics to the presence of spatial gradients. CMOKE experiments on a 40-nm 

nickel film show the same signature, characteristic of spatial gradients of magnetization within the information-

depth [3]. We conclude that ballistic energy transport plays a minor role in this sample. 

 

Our results demonstrate the power of the CMOKE method, together with appropriate theoretical modeling, 

to study the role of transport in the ultrafast response of thick magnetic materials. 
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 In the regime of strong light-matter coupling, polariton modes are formed that are hybrid light-matter 

excitations sharing properties of both, an electrodynamic cavity mode and a matter mode. In the recent decade, 

magnon-polaritons were intensively researched using ferromagnetic materials in the microwave range, with 

potential applications for quantum technology and sensors. Exploring antiferromagnetic resonance (AFMR) 

rises magnon-polariton frequencies into the terahertz (THz) range [1]. In this range there are many dielectric 

excitations like phonons, vibrational modes of molecules, plasmons in two-dimensional electron gas, etc, which 

are characterized with higher light-matter coupling rates than those of magnetic excitations because of their 

high dipole moments. Recently, we reported cavity-mediated coupling of magnons in two distant slabs of 

antiferromagnets [2]. 

 Here, we are investigating AFMR in yttrium ferrite YFeO3 (YFO) owing to its low spin damping and 

temperature-dependent frequency above room temperature. We report on coupling of its quasi-

antiferromagnetic mode to a vibrational mode of α-lactose. Our experimental setup consists of parallel-plane 

slabs of both materials, placed next to each other at a well controlled gap, forming a tunable Fabry-Perot type 

cavity. Frequency of AFMR was controlled by temperature of a YFO crystal. We used time-domain 

spectrometer to measure reflection spectra, collected as a function of YFO temperature and distance between 

the slabs. Frequencies of cavity modes are controlled by changing the gap between the crystals. Thus, as a 

function of distance, we observed narrow avoided crossings of cavity modes with AFMR and much broader 

avoided crossings with the vibrational mode of lactose at 0.53 GHz. At some distances between the slabs and 

YFO temperatures, we observed such polariton modes that are simultaneously coupled to the vibrational mode 

of lactose and the AFMR in the YFO crystal. Such states are hybridized magnon-vibrational modes that share 

properties of both matter excitations. 

 

Acknowledgements  

Partial funding from the European Union’s Horizon 2020 research and innovation programe under the Marie 

Skłodowska-Curie grant agreement No. 847639 and from the Ministry of Education and Science of Poland is 

acknowledged. This work was also partially supported by the “International Research Agendas” program of 

the Foundation for Polish Science, co-financed by the European Union under the European Regional 

Development Fund (No. MAB/2018/9). 

References  

[1] M. Białek, J. Zhang, H. Yu and J-.Ph. Ansermet, Phys. Rev. Appl. 15, 044018 (2021) 

[2] M. Białek, W. Knap and J-.Ph. Ansermet, arXiv.2212.01129 



 
SYMPOSIUM 15. POSTERS 

Tuning of Effective Anisotropy Field for Time-Resolved Photo-Magnetic Reversal in 

YIG:Co Films 

L. Nowak1*, 2 , T. Zalewski1, A. Frej1, A. Stupakiewicz1 
1 Faculty of Physics, University of Bialystok, Bialystok, Poland 

2 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic 
*l.nowak@uwb.edu.pl 

 

Magnetization state control by a single ultrashort laser pulse has recently been the focus of scientific interest 

since it offers extremely short switching times, does not require an external magnetic field, and can be operated 

at room temperature. Additionally, selective and reversible photo-magnetic switching in Co-doped yttrium iron 

garnet films (YIG:Co) can be obtained. This recording was characterized by a switching time of about 20 ps. 

Moreover, because of its resonant character the write–read events are accompanied by an unprecedentedly low 

heat load [1]. Microscopically, in this mechanism incident linearly polarized pump pulse excites strongly 

anisotropic garnet ions, generating a photo-induced contribution to the effective field of magnetic anisotropy 

[2]. This strong and short-living addition, driven by an external light pulse can trigger the precession or even 

switch the magnetization.  However, while the dynamic is described by the LLG equation, other contributions 

to the effective field of anisotropy, both external and internal, clearly affect the trajectory of the magnetization 

movement. 

The heat load threshold of photo-magnetic switching has been found for different thicknesses of garnet films 

by means of magnetic domain imaging. For our experiments, we used Co-doped yttrium iron garnet thin films 

(YIG:Co). Comparative results were obtained from a batch of 2-8 µm-thick YIG:Co single-crystal films 

fabricated from liquid phase epitaxy on (001)-oriented Gd3Ga5O12 substrate without miscut angle, which were 

later chemically etched to the set thickness. In these garnets, cubic magnetic anisotropy dominanates  uniaxial 

grown-induced anisotropy contrubution. Here we investigate the effects of the garnet on magnetic anisotropy 

and photo-magnetic dynamics.  Moreover, we examine the possibility to use an electric field to modify the 

anisotropy in garnet films. With the sample patterned with gold-plated electrical contacts, we apply the electric 

field affecting the laser-induced magnetization dynamics. Combining ultrafast laser pulse and pulse of 

electrical field illustrates the high potential of the magnetic dielectrics for cold ultrafast magnetic recording. 
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We investigated influence of metal/organic-molecules interfaces on the magnetic anisotropy in thin 

polycrystalline Co thin films grown by electron-beam evaporation. To assess the magnetic anisotropy we 

measured temperature and magnetic field dependence of the femtosecond-laser induced coherent spin waves 

by means of the time-resolved magneto-optical Kerr effect (MOKE) spectroscopy [1]. We compare the effects 

of interfacing the Co films to a nonmagnetic metal (Al), metalorganic complexes tris(8-

hydroxyquinoline)gallium (Gaq3) and M-phthalocyanines (M=Cu, Co) as well as Buckminster-fullerene (C60) 

molecules. 

In general, the transient MOKE signals were found to exhibit damped coherent spin wave oscillations 

(CSWO) with frequencies up to several tens of GHz. Detailed analysis of the spin-wave temperature and 

magnetic field dependences allowed us to compare the influence of different molecular interfaces. 

We found that the thin Co films interfaced with molecular layers display strong hardening of the CSWO 

frequency at low T with a rather sharp transition in the 150 K - 200 K range, depending on the molecular 

species. Interfaces with different molecules show qualitatively similar behavior despite different molecular 

shapes. The hardening is attributed to increase of the interface induced anisotropy due to the hybridization 

between the molecular-orbitals and the Co d-orbital derived interface states. [2] 

Strong damping of the CSWO observed in the molecular-layers interfaced Co films is attributed to the 

dephasing due to the molecular layer disorder.  
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Figure: Coherent spin-wave oscillations 

(left) and the temperature dependence of 

their frequency (right) in a Cu-

phthalocyanine capped Co film 
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Computational micromagnetic modelling is a powerful tool to address the design of nanostructured 

magnetic materials and devices for applications in health, energy, automotive, ICT and metrology sectors, as 

well as to guide the interpretation of novel magnetic phenomena at the nanoscale [1]. However, the numerical 

implementation of efficient micromagnetic solvers is a very complex task, especially for the simulation of 

several-micron-sized magnetic nanostructures or large-scale arrays of nanomagnets. The main reason of such 

complexity is the multiscale nature of the problems to be investigated, which involve both long-range 

magnetostatic interaction and rapidly decaying exchange interaction. 

Several strategies have been implemented to speed-up micromagnetic simulations, such as fast-multipole 

and FFT-based techniques for the magnetostatic field computation. At the same time, efforts have been made 

towards multiscale modelling, coupling atomistic models to micromagnetic calculations [2]. In the last decade, 

many parallel micromagnetic solvers have also been developed, able to run on massively parallel architectures 

based on graphical processing units (GPUs) [3].  

To perform reliable micromagnetic simulations in an efficient way, we have combined GPU-accelerated 

computing with non-standard numerical techniques (e.g. multipole expansion approaches for magnetostatic 

field calculation, finite-difference methods for exchange field calculation on irregular grids, domain symmetry 

exploitation, geometric integration based on Cayley transform). In this talk, we will present the implemented 

strategies, including hybrid 1D-3D, 2D-3D or totally 3D modelling approaches [4, 5], and their application in 

nanomagnetism, from nanostructured magnetic materials (magnetic nanoparticle clusters, nanopatterned thin 

films, spin-ice systems) to magnetoresistive and spintronic devices, also in array configuration. 
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Figure: An excursus of 

applications of the 

micromagnetic modelling 

tools developed at INRIM 

(left: magnetic nanodisks for 

hyperthermia; centre: artificial 

spin-ice; right: ferromagnetic 

resonance in magnonic 

crystals).



 
SYMPOSIUM 16. ORAL INVITED PRESENTATIONS 

 Relativistic Elastic Collision Among Antiferromagnetic Domain Walls 
        Rubén M. Otxoa1,2*, O. Chubykalo-Fesenko3, Gen Tatara4 

1, * Hitachi Cambridge Laboratory, J. J. Thomson Avenue, Cambridge CB3 0HE, United Kingdom, UK 
2Donostia International Physics Center, San Sebastián 20018, Spain 

3 Instituto de Ciencia de Materiales de Madrid, CSIC, c/Sor Juana Ines de la Cruz, 3 Spain 
4 RIKEN  Center  for  Emergent  Matter  Science  (CEMS)  and  RIKEN  Cluster  for Pioneering  Research  (CPR),  2-1  

Hirosawa,  Wako,  Saitama,  351-0198  Japan 
 

*ro274@cam.ac.uk 

 

Soliton-based information storage, processing and computing is a very appealing  technological proposal since these 

objects are fast, robust to perturbations and preserve their shapes during collisions. Here we discuss the possibility for its 

realisation, based on spintronics of antiferromagnetic domain walls. The applications of antiferromagnetic spintronics 

are recently attracting huge attention. Antiferromagnets are abundant, insensitive to external fields and their spin-current 

manipulation is energy efficient. Over the last few decades different names have been coined to describe localized stable 

solutions for the dynamical equations of magnetization. For instance, domain walls are called kinks or solitons 

interchangeably. The name soliton is reserved to a restricted solitary waves which have the remarkable property of 

emerging as intact entities after a head-on collision with their shapes and velocities unaltered. Magnetic domain walls 

are often referred to as solitons disregarding the strict mathematical definition requiring the above scattering property. 

Here we demonstrate the conditions of elastic and inelastic scattering for spin-orbit torque-induced dynamics of 

relativistic domain walls on the technologically relevant Mn2Au antiferromagnetic material. We show that even domain 

walls with opposite winding numbers can experience elastic scattering and we present the corresponding phase diagram 

as a function of the spin-orbit field strength and duration. The elastic collision requires minimum domain walls speed, 

which we explain assuming an attractive potential created by domain wall pair. On the contrary, when the domain walls 

move at lower speeds, their collision is inelastic and results in a dispersing breather. 

 
           

 Figure: a Schematic illustration 

of two magnetic textures with 

opposite winding number driven 

by a spin-orbit (SO) field which 

collide while the SO-field is 

present. In such a condition the 

inelastic collision gives rise to 

the excitation of breather. b 

Schematic illustration of two 

magnetic textures with opposite 

winding number driven by a 

SO-field which collide 

elastically in the absence of the 

SO-field.  
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Magnetic skyrmions have been widely studied for possible use in devices. The most studied material systems for 

technological applications are sputtered multilayers, which can contain material grains that affect the local magnetic 

properties. The interactions between skyrmions and magnetic grains has been studied in dynamic micromagnetic 

simulations e.g. for thermally-activated and current-driven skyrmions [1]. However, such simulations cannot be used to 

study large energy barriers, where skyrmions may be stable for timescales inaccessible with dynamic simulations. Here, 

we use atomistic simulations combined with the geodesic nudged elastic band method [2] to determine the minimum 

energy path of a skyrmion crossing an idealized grain boundary. The simulations make use of the Spirit software [4], 

using parameters derived from a well-studied Fe/Pd on Ir(111) system [3]. We create a grain boundary by reducing the 

exchange coupling, moment and/or Dzyaloshinskii-Moriya interaction in a single line across the simulation (Fig. 1a) 

consisting of 8700 spins. The simulation is initialized by setting a chain of 121 images of the skyrmion with initial 

positions uniformly straddling the boundary. The system is then evolved to find the minimum energy path. Snapshots of 

the skyrmions where the grain boundary is formed by a 40 % reduction in the local magnetic properties, are shown in 

Fig. 1b-e. The energy of the skyrmion at each position is shown in Fig. 1f with the energy terms decomposed. The total 

energy shows that, for the set of parameters used here, the boundary forms a barrier which is dominated by the changes 

in the DMI energy. Further, we study the effect of changing the boundary properties and the overall DMI in the 

simulation, showing that the boundary can also act as a pinning site for skyrmions or cause their annihilation depending 

on the chosen parameter values.  
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Figure 1. (a) Schematic of part of the lattice used in the simulations. The blue atoms and green bonds mark where the magnetic 

properties are altered compared to the rest of the lattice (red atoms / grey bonds). (b)-(e). The spin configurations for various skyrmion 

positions. The images show the entire simulation. Spins pointing up out-of-plane are red, those down out-of-plane are blue. The grain 

boundary runs horizontally across the centre of the simulation. (b) Magnetic energy terms as a function of skyrmion position for a 

minimum energy path across a boundary where the exchange constant, DMI and moment of the central atom are all reduced by 40 

% compared to the rest of the lattice. The energy reference point is taken at 30 unit cells away from the grain boundary. The position 

of each snapshot is marked.
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Spintronic oscillators have attracted great attention recently, namely for prospective use as hardware 

neurons within artificial neural networks [1]. In this regard, either micromagnetic simulations or analytical 

models based on the Thiele equation approach (TEA) are employed to study these devices theoretically. 

However, none of these methods is both fast and accurate, which limits their use for simulation-intensive 

applications like in neuromorphic computing.  

Here, micromagnetic simulations are compared to the Thiele equation approach [2]. Fair agreement is 

shown in the resonant regime, while only qualitative predictions can be obtained for steady-state oscillations 

(see Fig. 1). Moreover, we show the significant impact of the Ampère-Oersted field on the dynamics of the 

oscillator. However, the purely analytical model remains qualitative, and finding suitable mathematical 

expressions to describe the oscillator’s dynamics accurately is impractical [3].  

To overcome this theoretical limitation, a data-driven method [4] has been developed on top of our 

updated analytical model [2]. Indeed, using a limited set of micromagnetic simulations, we were able to make 

our model quantitative by adjusting the damping and gyrotropic terms in TEA. As the discrepancies with 

micromagnetism are absorbed, our semi-analytical model is capable of predicting the steady-state regime of 

the oscillator with the same accuracy compared to micromagnetic simulations (see Fig. 1). Furthermore, the 

transient regime is also accurately rendered, allowing to solve the full dynamics of the oscillators.  

This data-driven model is more than two billion times faster than micromagnetic simulations, for an 

equivalent accuracy. Such accelerating factor opens the way to high-throughput simulation campaigns, for 

example in the framework of neuromorphic spintronics. 

 

Acknowledgements 

Computational resources have been provided by the Consortium des Équipement de Calcul Intensif, funded by 

the F.R.S.-FNRS. F.A.A is a Research Associate and S.d.W. is a FRIA grantee, both of the F.R.S.-FNRS. 

References 

[1] J. Torrejon, M. Riou, F. Abreu Araujo, et al., Nature 547 (2017) 7664. 

[2] F. Abreu Araujo, C. Chopin, and S. de Wergifosse, Sci. Rep. 12 (2022) 10605. 

[3] S. de Wergifosse, C. Chopin, and F. Abreu Araujo, arXiv preprint (2022) 2206.13438. 

[4] F. Abreu Araujo, C. Chopin, and S. de Wergifosse, arXiv preprint (2022) 2206.13596. 

 

 
Figure 1: Comparison of the oscillator gyrotropic frequency 𝑓STVO with respect to the current density 𝐽DC  between our improved 

Thiele equation approach (TEA) model, our data-driven TEA and micromagnetic simulations.
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Computing the demagnetization field is important in both micromagnetism and magnetostatic applications. 

The magnetic field, 𝐇, from a geometrical object that is homogeneously magnetized can be expressed as  

𝐇(𝐫) = −𝛁ϕM(𝐫) = −∇
1

4𝜋
∮

�̂�(𝐫′) ⋅ 𝐌(𝐫′)

∥ 𝐫 − 𝐫′ ∥
d𝑆′

𝑆′

 

where 𝐫 is the radius vector to the point where the field is to be known, 𝐫′ and 𝑆′ are the radius vector and 

the surface of the object generating the field, �̂� is the surface normal and 𝐌 is the magnetization. This equation 

can be written as the product of a tensor, i.e. the demagnetization tensor, ℕ, and the magnetization as 
𝐇(𝐫) = −ℕ ⋅ 𝐌 

The demagnetization tensor is known for several geometrical objects or tiles, such as a prism [1], tetrahedron 

[2] and cylindrical tile [3,4]. The magnetic field generated by these tiles can be used for a fast and accurate 

calculation of the demagnetization field in micromagnetic simulations, as is done in the MagTense 

micromagnetic framework [5]. However, the demagnetization tensor has previously been found to be 

numerically inaccurate at distances far away, but potentially also close to, specific tiles [6]. 

Here we present an analysis of the accuracy of the demagnetization tensor compared to the dipolar field, as 

this is what the magnetic field should approximate at distances far from any tile. We computed the median 

error on the surface of 121 spheres with radius varying uniformly in logspace. Shown in Fig. 1 is the normalized 

fractional error of the field compared to the dipolar field, as computed using the four different expressions for 

the demagnetization tensor referenced above. It is seen that the demagnetization tensor correctly calculates the 

field out to several thousand tile radii, for both single and double precision computations.. 

Figure: The geometries considered and the error as 

function of the distance, r, from the tile considered. 
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Efficient conversion between the electric (microwave) and spin-wave domains is one of the most pressing 

problems in the way of commercially viable magnonic devices. Using antennas based on conducting wires to 

excite spin waves via Oersted fields and pick them up via induction is the most straightforward way for longer-

wavelength spin waves. To incorporate spin-wave devices into RF circuitry one needs to have a circuit model 

of the spin-wave device. We are modeling the spin-wave loading on the antenna via an impedance connected 

in series (Figure 1a) [1-2]. Oersted fields are calculated numerically for an estimated current distribution in the 

wires. These fields are applied in a micromagnetic simulation to generate spin waves, and subsequently induced 

EMF (electromotive force) in the antenna is calculated. The complex ratio of the current and voltage (EMF) 

on the antenna constitutes the equivalent impedance of the spin-wave loading. Besides, the antenna has a self-

inductance and Ohmic resistance, these can be estimated using standard electromagnetic methods.  

On the pickup side we are assuming the same antenna model, with an additional voltage source representing 

the induced EMF by the transmitted spin waves. In addition, a direct electromagnetic coupling between the 

two antennas can be represented by a mutual inductance, calculated similarly to the self-inductance above. The 

circuit model allows us to estimate the performance of the full magnonic device, including insertion loss and 

total transmitted power, as well as determining the effect of parasitic couplings and losses. Depending on the 

application, a matching network might be necessary to match the typically low impedance spin-wave 

transducer to, e.g., a 50 Ω system. Our model takes into account all relevant couplings between the magnetic 

and electrical domains and in most cases substitutes a fully-coupled electromagnetic—micromagnetic solver. 

In typical nanoscale magnonic systems the power transferred to the magnonic domain is typically a very 

small portion of the power available on the line. In general, increasing the amount of magnetic material in 

connection with the transducer (thicker, wider spin-wave medium) will increase the loading on the antenna, 

however, this goes against the general requirement of downscaling. In addition, the magnetic configuration 

will strongly influence the transmission efficiency of the transducer [3]. Our model supports extension with 

machine learning for the optimization of power-transmission efficiency of spin-wave transducers. 
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Figure 1: a)  Lumped-

element circuit model of the 

spin wave device. b) Spin 

waves generated in a 500µm 

x 100µm x 1µm YIG stripe 

calculated via a 

micromagnetic simulation 

and position of the excitation 

and the pick-up antenna. 
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A spin wave (SW) is a fascinating research object and a potential information carrier. One of the 

properties of SWs is that their dynamics allows for easy access to nonlinear phenomena, e.g., confluence and 

stimulated splitting processes. Here, we examine the interaction between an incident SW beam and SW modes 

localized in the vicinity of the ferromagnetic film's edge. During nonlinear interactions between the incident 

SW beam and the localized modes, new beams with shifted frequencies appear due to confluence and 

stimulated splitting processes, see Fig 1. Here, we use two different approaches to obtain localized SWs, i.e., 

(i) using the demagnetizing field about the film’s edge [1] and (ii) placing a ferromagnetic strip directly over 

the edge of the film. In the second approach, we employ a magnonic Gires-Tournois interferometer [2,3], which 

influences the localized mode properties depending on the interferometer's geometry and, thereby, allows 

access the modes that differ in quantization by the strip's width. The result is two additional primary beams 

whose frequencies are lowered and raised relative to the incident beam by the frequency of the localized mode 

resulting from the stimulated splitting and confluence processes, respectively. In our investigation, we compare 

the efficiency of the inelastic scattering processes for both types of mode's localization and investigate the 

lateral displacement of inelastically scattered SW beams' along the interface, see the inset in Fig 1. This 

phenomenon is an SW analog to the Goos-Hänchen effect for inelastically scattered beams [4]. In both cases 

of mode localization, we show that the stimulated splitting process has higher efficiency than the confluence 

process. Moreover, we demonstrate that the lateral shift of the inelastically scattered beams depends on the 

edge mode frequency. Our research provides a better understanding of nonlinear processes involving SW and 

may open new avenues for the development of magnonic systems using nonlinear SW dynamics. 

The research leading to these results has received funding from the Polish National Science Centre 

projects No. 2019/35/D/ST3/03729 and 2022/45/N/ST3/01844.  

Figure 1: Example of the inelastic 

scattering of a SW beam (frequency 

45 GHz, green color) on an edge 

mode (frequency 11 GHz, orange 

color). The inelastic scattering results 

in creation of two new SW beams 

with new frequencies, 32 GHz 

(stimulated splitting process, red 

color) and 56 GHz (confluence 

process, blue color). The new beams 

are also shifted spatially at the 

interface as shown in the inset.   
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Developing permanent magnet materials with increased performance is one of the main objectives of 

research within the area of magnetism. In particular, emphasis is placed on increasing the coercivity and the 

maximum energy product of magnets, since reducing the content of rare-earth elements without decreasing 

these properties has so far proven challenging [1]. Since the theory predicts a much higher coercivity than what 

is observed experimentally, a discrepancy known as Brown's paradox, it is expected that this parameter can be 

improved by studying the magnetization reversal process at the microscale.  

Micromagnetic simulations are employed to investigate the relation between the microstructure of the 

materials and their magnetic behavior, in order to inform the manufacturing process. The open source magnetic 

simulation framework MagTense [2] has been developed at the Technical University of Denmark for this 

purpose. In this work we report the results of our systematic investigation about the impact that different 

geometrical qualities of the microstructure have on the performance of the magnet. 

The microstructure of permanent magnets is 

characterized by crystal grains of a hard 

magnetic phase separated by a region occupied 

by a soft magnetic phase. We generated the 

microstructures by using Voronoi tessellations, 

which allow us to specify the number of grains 

and the size of the intergrain region. An example 

of microstructure is shown in Figure A. We also 

considered the effect of the misorientation 

between the easy axis of the different crystal 

grains by generating directions according to 

random distributions parameterized by a 

standard deviation θcone. The corresponding 

results are shown in Figure B, where the coercivity is plotted as function of the parameter θcone, showing the 

decrease of coercivity associated with the easy axis  misorientation. The inset shows one example of the 

magnetic hysteresis curves from which the coercivity has been calculated. 

Besides the effect of misorientation and the geometrical parameters describing the microstructure, we also 

consider the effect of the different magnetic parameters such as the anisotropy constant and the exchange 

interaction constant characterizing the hard and soft magnetic phases. Compared to previous studies, our 

investigation follows a more systematic procedure, where all the main effects are analyzed one by one. Thanks 

to this approach, we are able to shed light on which of these effects play a more significant role in reducing the 

coercivity with respect to the theoretical prediction. 
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Magnetic hyperthermia therapy is a promising cancer treatment modality that involves injecting magnetic 

nanoparticles into the tumor site and applying an alternating magnetic field to generate heat. Typically, 

superparamagnetic single-domain iron oxide nanoparticles are used. Their heating power is however limited 

by the small area hysteresis and their low saturation magnetization. Synthetic antiferromagnetic disk particles 

(SAFDP) offer an alternative. Due to their size and shape, the disk particles could dissipate heat over a larger 

surface area. However, SAFDP with in-plane magnetic materials so far did not show hysteretic M(H)-loops, 

while SAFDP with perpendicular anisotropy show hysteresis but contain expensive materials and their coercive 

fields are too large. In-plane SAFDPs with optimized M(H) loops were designed by Hug and Suess [1]. 

We present simulation results that show the behavior of such magnetic particles. We use a micromagnetic 

approach [2] (Figure 1) in combination with mechanical rotation [3]. The in-plane anisotropy axis and the 

surrounding viscous fluid limit the motion of the disk to a rotation around its axis of least resistance and thus 

can be reduced to a two-dimensional problem. At a frequency of 10 MHz the SAFDP show no significant 

increase in energy dissipation when simulated with mechanical rotation, but the M(H)-loops (Figure 2) show 

differences due to the additional mechanical relaxation process even at high frequencies, which is crucial to 

understand in order to account for field adjustments and necessary realignment of the particles. Within the talk 

we discuss the magnetic and mechanical relaxation processes responsible for heat dissipation depending on 

field strength, frequency and particle shape. 

Figure 1: The transient state of the SAFDP during magnetic reversal. It shows 

multiple domains and the top and bottom layers with opposing magnetization 

indicated by the color coding. 

Figure 2: Comparison of the M(H)-loops for 

a fixed and a disk that can also rotate 

mechanically at 10 MHz. 
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Magnetic nanoparticles (MNP) tend to form 

aggregates when injected in living tissues, which 

alters their response to external alternating magnetic 

fields in magnetic hyperthermia treatments. 

Understanding and predicting the heat released by 

these MNP aggregates is central to treatment planning 

in clinical magnetic hyperthermia.  

We propose and validate an equation that can be used 

to resolve the individual heat dissipation of interacting 

MNP at nonzero temperature. After assessing this 

equation for different model systems, we have found 

that the proportion of heat dissipated in each 

individual MNP tends to become more uniformly 

distributed for larger applied fields [1]. Harnessing the 

developed methodology, we next performed an in 

silico analysis to investigate the heat released by MNP aggregates featuring different size and fractal geometry 

factors [2]. By digitally mirroring aggregates seen in biological tissues, we found that the average heat released 

per particle stabilizes starting from moderately small aggregates, facilitating the estimates for their larger 

counterparts. Additionally, we studied the heating performance of particle aggregates over a wide range of 

fractal parameters. We compared this result with the heat released by non-interacting MNP to quantify the 

reduction of heating power after being instilled into tissues. 

Our results can be used to estimate the expected heating in vivo based on the experimentally determined MNP 

properties, thus addressing one of the most longstanding challenges in hyperthermia, which is to achieve a 

homogeneous therapeutic temperature distribution in the target region during a treatment. 
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Figure 1. Evolution of the heat dissipated per particle as a 

function of the number of particles in aggregates with 

different shapes. 
 



 
SYMPOSIUM 16. ORAL PRESENTATIONS 

Modeling the Inverse-Faraday-Effect as a Driving Stimulus of Domain-Wall 

Dynamics Within a High-Temperature Micromagnetic Formalism 

Paul-Iulian Gavriloaea1*, Rubén Otxoa2, Oksana Chubykalo-Fesenko1 
1 Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049 Madrid, Spain, 

2 Hitachi Cambridge Laboratory, Hitachi Europe Limited, Cambridge CB3 0HE, UK 
*paul.gavriloaea@csic.es 

 

The displacement of ferromagnetic domain walls (DWs) can be achieved in a variety of ways: using fields, 

currents, thermal gradients etc. With the continuous development of the magneto-optics research field, [1] the 

use of ultrafast circularly-polarised laser stimuli has also been demonstrated capable of inducing a deterministic 

DW displacement with the Inverse-Faraday effect (IFE) playing one of the most important roles. [2] 

While the IFE is traditionally assumed to govern the magnetisation dynamics based on an effective magneto-

optical field acting along the light-propagation axis,  [2-3] recent ab-initio studies describe the effect both in 

terms of an helicity-dependent magnetic moment or torque. [4-5] Here we employ high-temperature 

micromagnetics described by the Landau-Lifshitz-Bloch equation [6] with the aim of investigating the role of 

the IFE in driving DW dynamics in the three aforementioned pictures.  Inducing a magnetisation modulus 

gradient across an 1800 Néel wall, we first show that pure longitudinal relaxation leads to DW displacement 

towards the reduced magnetisation region similarly to the Spin-Seebeck effect, but disregarding any additional 

field or thermal gradients. This method is compared with the field and torque actuation IFE schemes, 

investigating the DW displacement and velocity as a function of intrinsic damping and electron temperature. 

Our work demonstrates the three IFE pictures qualitatively describe identical DW dynamics and showcases 

the final displacement is proportional to the electron temperature while an increase in intrinsic damping  leads 

to an increase of the DW velocity without affecting the final displacement. Finally, we show how in the 

presence of the Dzyaloshinskii-Moriya interaction, it is possible to augment the DW motion and achieve larger 

as well as faster DW displacements even under the application of one laser pulse.  
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Deeper perspectives on the magnetic relaxation phenomena fundamentals in magnetic nanoparticles 

(MNP) systems can be particularly interesting in the field of magnetic hyperthermia as a promising supporting 

therapy against various types of cancer [1].  

In the case of magnetic hyperthermia, the heating up to 45 C of the tumoral tissue is accomplished using 

the power dissipated by MNPs under the influence of an oscillating magnetic field [2]. The mechanisms of 

power dissipation from the MNP to the environment is related to the magnetic relaxation phenomena inside 

the nanoparticles [3]. The present work explores the influence of MNP morphology and organization (e.g. 

spheres, stripes) on the magnetic relaxation constant and uniaxial anisotropy of individual entities within the 

system. This is accomplished by computational methods, involving both micromagnetic simulations (using 

Object Oriented Micromagnetic Framework) and in-house designed software for data manipulation. An 

elementary proof of concept is provided in Fig1. 
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Fig. 1: Thermal fluctuations of a Fe3O4 MNP magnetic moment as affected by the presence of another 

identical MNP. 
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The spontaneous emission of phonons and the corresponding Joule heating has long been considered as 

the main stability-limiting mechanism in nanoscopic conductors under large current densities. However, 

stimulated emission of phonons is also predicted to play a role [1]. In spintronic devices in this regime there 

is a further possibility for non-trivial interplay between the lattice and magnetic excitations.  

Here we report on time-dependent non-adiabatic open-boundary simulations coupling electronic, lattice 

and spin degrees of freedom in magnetic atomic wires, which feature a narrow domain wall [2]. Above the 

critical current density of 1012-1013 A/m2, violent phonon and magnon jets are generated, which absorb 

almost fully the electron momentum flux and dramatically increase the resistance of the nanowire. This poses 

a fundamental limit on the currents that can be passed with impunity through electronic and spintronic 

devices. At the same time it opens up, for instance, an exciting possibility for generating intense magnonic 

currents for spintronic applications. 
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Figure: A schematic of the atomic wire bearing a narrow planar domain wall and the open boundary conditions. Heatmaps for two 

applied bias voltages (in rows), across the current-density threshold, showing (by columns) the atomically-resolved dynamical 

evolution of the longitudinal (z) component of the localised spins, the kinetic energy of the ions and the bond currents in the nanowire.
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 Rare-earth orthoferrites RFeO3, where R is a rare-earth ion, are narrow-gap multiferroics and are of 
considerable interest in the creation of multifunctional devices with magnetoelectric coupling ([see, e.g.[1]). 
These compounds meet such requirements as the natural abundance of the constituent chemical elements 
and the relative cheapness of their synthesis. A fairly large amount of research on the physical properties of 
orthoferrites in recent years is due to the presence of the phenomena of magnetic moments terahertz 
frequency dynamics, negative magnetization, exchange bias (EB), spin switching, and magnetocaloric effect 
induced by magnetic and thermal treatment.  
 The exchange-bias effect in single crystals of compensated ferrimagnets RFeO3 (R = Nd, Sm, Er) is 
discussed. In these compounds, the weak ferromagnetic (FM) moment results from the canted 
antiferromagnetic (AFM) ordering of Fe spins below TN ≈ 700 K due to the Dzyaloshinskii-Moriya interactions, 
while the opposite compensating paramagnetic moment of R spins appears owing to a strong AFM coupling 
between 4f and 3d ions within the unit cell. Due to this mechanism, the Er, Nd, and Sm orthoferrites exhibit a 
specific Tcomp at which the two opposite moments cancel each other, so the net magnetization vanishes, and 
below Tcomp the FM moment is aligned oppositely to the moderate applied magnetic field, demonstrating a 
negative magnetization. It was found that the magnetization hysteresis loops of these ferrimagnets are 
analogously exchange biased around their compensation temperatures Tcomp [2]. Interestingly, in spite of very 
different R-Fe interactions, Tcomp values, and spin-reorientation temperatures, the EB field similarly emerges 
and diverges upon approaching Tcomp and changes sign with crossing Tcomp. In addition, SmFeO3, with a 
complicated AFM order caused by the nonequivalent Fe spin configuration, shows EB also at temperatures 
far above Tcomp and its sign alters from negative to positive with increasing cooling field. 
 In order to explain EB in these compounds, a mean-field theory approach for the representative ErFeO3 
orthoferrite was proposed [3]. The general case of two sublattices, antiferromagnet with exchange anisotropy 
and R-Fe interactions, was considered. It was shown that small applied magnetic field is a source of additional 
anisotropy, resulting from canting of sublattice moments. This anisotropy leads to an imbalance of free energy 
for two different types of magnetic domains, causing a spin jump near the Tcomp. The proposed model makes 
it possible to reproduce magnetization reversal and main features of EB effect in ErFeO3. 
 ErFeO3 exhibits another specific phenomenon: temperature driven spin switching and exchange bias [4]. 
The EB manifests itself as the temperature shift of the hysteresis loops M vs T, which occurs upon successive 
cooling and heating in a weak magnetic field. The M(T) loops limiting the region of coexistence of negative 
and positive magnetization are shifted towards lower or higher temperatures, depending on the sign of the 
applied magnetic field, which causes the unidirectional EB anisotropy. The EB anisotropy energy, which 
contributes to the energy barrier for switching spins to an equilibrium state, determines the shift in the switching 
temperature Tsw.  

 A model of nonequilibrium thermodynamics of ErFeO3 was proposed. The quantum-mechanical effects 

in arbitrary magnetic fields related both to the direction of a general quantization axis and an influence of 

anisotropic exchange interactions on the magnetic structure, spin-reorientation phase transition, spin reversals, 

and hysteresis were considered. Based on recent experimental data on temperature-induced spin switching, a 

possible mechanism for the exchange bias of magnetic hysteresis loops is proposed [5]. 
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Multimagnon scattering processes play an important role in magnetization dynamics in magnetic 

nanostructures, constituting, in particular, an additional dissipation channel, as well as allowing for signal 

processing with a frequency change. Here we present a combined theoretical description supported by 

micromagnetic simulation results of inelastic scattering of bulk and edge spin waves (SWs) in the in-plane 

magnetized semi-infinite ferromagnetic film. Although this topic was considered in Ref. [1], the previous 

theoretical approach failed to explain obtained in the simulations significant difference between confluence 

and splitting efficiencies, because didn’t take into account the influence of SW group velocity, a phase shift 

between an incident and reflected beams, the ellipticity of dynamical magnetization precession, etc. 

Using vector Hamiltonian formalism [2] for calculations of three magnon coefficients and Hamilton motion 

equations for describing magnetization dynamic, we have developed a strict, but quite simple analytical model 

and derived efficiency of the 50 GHz SW beam scattering on edge SWs at frequency 12 GHz depending on 

the incident beam angle (we assumed external magnetic field applied perpendicularly to the film edge and 

angle counted from the edge normal). As seen in Fig.1, the magnetization amplitude of the resulting wave for 

the stimulated splitting process is much larger than for 

confluence one, and both processes' efficiencies are 

increasing with the incident angle. The theoretical 

calculations are in perfect agreement with the simulations. 

It should be noted, that three-magnon efficiency is 

determined by the range of factors (three-magnon 

coefficient, group velocity, incident angle, film thickness, 

edge mode depth length), which opens possibilities to 

control inelastic scattering efficiency and, consequently, is 

of great importance due to the various applications in 

magnonics. 

 

Fig. 1 Comparison between the results of 

micromagnetic simulations (empty circles) with theoretical calculation (solid lines) for the angular dependence 

of normalized magnetization z-component of inelastically scattered waves. Blue circles and blue line 

correspond to the confluence process, and red circles and red line correspond to the splitting process, 

respectively.  
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The study of the structure and dynamics of magnetic domain walls (DW) in nanowires has been of great 

interest in the last years due to their possible applications in sensors, racetrack memories and logic devices [1]. 

Much work up to now has focused on Permalloy single layers, showing well defined domain walls [2]. 

However, the walls supported in such nanowires are extended, having dimensions of the width of the wire, and 

requiring high current densities to set them in motion, which are inefficient for technological devices. It has 

been shown that a synthetic antiferromagnet (SAF) system can simplify the wall structure and the current 

densities needed to set these walls in motion are much lower than the values reported for other systems [4]. 

Therefore, a deeper understanding of the DW structure of these systems is relevant. 

In this work, using Object Oriented MicroMagnetic Framework (OOMMF), we studied two DWs structures, 

parallel and antiparallel (fig. a, b), in Co/Ru/Co SAF-trilayer nanowires, depending on the wire geometry. The 

geometrical independent variables were the width of the SAF (w) and its top layer thickness (t); while the 

length (5000 nm), the bottom layer thickness (4 nm), and the spacer layer thickness (1 nm) were held constant. 

We find that in all cases, the relative wall width in the parallel DW configuration was narrower than the 

antiparallel one (fig. c). When varying the SAF width, ∆/w tends to decrease with increasing w. Furthermore, 

with antiparallel DWs we found that for equally sized Co layers the relative wall width decreases faster with 

w than the case where the top layer is thicker. 
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Figure: a) Initial magnetization scheme. Arrows represent a specific direction of magnetization in a certain domain. b) DWs in the 

upper layer of a 100 nm wide Co/Ru/Co SAF-trilayer nanowire with 8 nm thick Co top layer, simulated using OOMMF. c) Relative 

wall width (∆/w) dependence on SAF width w. The filled dots correspond to the parallel DW and the hollow ones to the antiparallel 

DW.
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In this work, a computational analysis of magnetite single-domain magnetic nanoparticles in colloidal 

suspension in water above and below freezing temperature is carried out, in order to study the response of 

magnetization to time-dependent alternating external magnetic fields. In our model, a Hamiltonian is 

considered that includes Zeeman interactions and the uniaxial magnetocrystalline anisotropy energy, and the 

Landau-Lifshitz-Gilbert stochastic differential equation is solved together with a torque equation. In this way 

it is possible to simulate the Néel rotation [1] mechanisms of the magnetization and that of Brown [2] of the 

easy axis of the nanoparticle, respectively. Both equations include a white noise stochastic term associated with 

thermal bath. The Voger-Fulcher-Tamman (VLT) model was also used, which takes into account a 

temperature-dependent viscosity term for the liquid phase of water. The results allowed to obtain the hysteresis 

cycles (see Figure 1) and with them the specific loss power, which is a relevant quantity in magnetic 

hyperthermia. Finally, an analysis of the influence of the orientation of the particles, the temperature of the 

medium, the frequency of the applied magnetic field and the size of the nanoparticles suspended in the medium 

was made. 

Figure 1. Hysteresis loops for two different temperatures of the magnetic fluid above and below the freezing point of water. 
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Magnetic particles are almost always found in assemblies, i.e in clusters. This clustering or packing will 

affect the magnetic properties of both the entire collection of particles, but also their individual properties, 

depending on their location and relative size compared to the packing. The goal of this work is to investigate 

the importance of the size distribution of magnetic grains, and whether or not this has an effect on the magnetic 

properties of a resulting magnet. Here we do this by numerically investigating the influence of packing 

infinitely long cylindrical magnetic particles. i.e. a 2D-system. Each magnetic particle has a defined hysteresis 

curve and we characterize the overall hysteresis curve of the packing. We study how the average magnetization 

of the packings depend on the applied field for packings consisting of particles of different sizes, which have 

been random closely packed. The radii of theparticles follow a lognormal size distribution, and the packings 

are distinguished by the standard deviation of this distribution. 

We examine how the demagnetizing field affects a packing of magnetic particles differently than an 

equivalent solid geometry. We do this by considering the difference between the average magnetization within 

a magnetic particle in the packing and the average magnetization of the corresponding area of a solid sample.  

Blow the average magnetization, M, within each particle in the packing following a lognormal distribution 

with parameters being the mean 𝜇 = 1 and standard deviation 𝜎/𝜇 = 1 (i.e. the natural logarithm of the radii 

are normally distributed with the corresponding mean and standard deviation) is shown in the figure to the left. 

In the right figure a histogram of the relative difference 𝑓𝑀 = (𝑀𝑝𝑎𝑐𝑘𝑖𝑛𝑔 − 𝑀𝑠𝑜𝑙𝑖𝑑)/|𝑀𝑠𝑜𝑙𝑖𝑑| between the 

average magnetization of a magnetic particle in the packing and of the corresponding area of a solid sample is 

shown. As can be seen, some particles are more and some less magnetic compared to a solid sample. A 

Gaussian fit and a Cauchy fit of the histogram are also shown. 

 

    
 

Doing this for a range of different packings distinguished by different standard deviations in the particle 

size distribution reveals that the packings have a relative difference in average magnetization with a spread that 

ranges from approximately 0% to 25%, i.e. the spread in the distribution in the right figure. The average 

magnetization deviates the most from that of a solid sample when the spread of the particle size distribution is 

large and when the applied field is close to the coercivity of the magnetic particles. 

 

Acknowledgements 

The authos wish to acknowledge the Independent Research Fund Denmark, grant “Magnetic Enhancements 

through Nanoscale Orientation (METEOR)”, 1032-00251B, for sponsoring this work.  



 
SYMPOSIUM 16. POSTERS 

First-principles study of perpendicular magnetic anisotropy in 

CoFeB/MgO/CoFeB  magnetic tunnel junctions  
Justyn Snarski-Adamski1*, Ján Rusz2, Mirosław Werwiński1 

1 Institute of Molecular Physics, Polish Academy of Sciences, M. Smoluchowskiego 17, 60-179 Poznań, Poland 
2 Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden 

*justyn.snarski-adamski@ifmpan.poznan.pl 

 

Magnetic tunnel junctions with perpendicular anisotropy are an intensively developed basic element for 

applications in spintronic devices [1]. Today's junctions have a nominal thickness of CoFeB magnetic layers 

and an insulating MgO spacer in the range of 1.0 nm, or just a few atomic monolayers [1]. This device thickness 

makes 1:1 modeling possible using a first-principles calculation method, where materials are modeled at the 

atomic scale taking into account a complete quantum-mechanical description of their electron structure. In the 

work presented here, within the framework of density functional theory (DFT) and FPLO code [2], we model 

CoFeB/MgO/CoFeB trilayers with a magnetic film thickness of about 0.8 nm (five atomic monolayers) 

depending on the thickness of the non-magnetic spacer of about 0.8, 0.5 and 0.2 nm (five, three and one atomic 

monolayers). We thus continue and extend our earlier theoretical consideration of the Fe/MgO interface [3]. 

Figure shows the model with five-monolayer thicknesses of the MgO spacer. The calculations performed make 

it possible to determine the type of coupling versus thickness relationship between two magnetic films (parallel 

or antiparallel coupling) and the direction of easy magnetization in the magnetic films (in plane or 

perpendicular to plane), thus defining the magnetic anisotropy of the system. Furthermore, determining the 

magnetic moment and electric charge on individual atoms in the film makes it possible to detail the properties 

of the CoFeB/MgO interface and the CoFeB surface. The presented results provide a better understanding of 

the magnetic tunnel junctions developed so far and enable the development of improved devices.  

 
 

 

 

 

 

 

Figure: The considered CoFeB/MgO/CoFeB magnetic tunnel junction with a five atomic monolayers of MgO. Yellow, blue, red, and 

green balls represent Mg, O, Fe/Co, and B atoms, respectively. 
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Magnon propagation in antiferromagnetic (AFM) and/or ferrimagnetic (FiM) insulators has drawn attention 

recently due to the benefits as opposed to their ferromagnetic (FM) counterparts, such as higher fundamental 

frequency and insensitivity to external magnetic field perturbations. Spin wave (SW) propagation in these 

materials connects magnonics with spintronics, since spin current is mainly transported by magnons. 

Here, SW propagation along a FiM strip with out-of-plane magnetization is studied by means of 

micromagnetic simulations. The FiM material is considered as formed by two antiferromagnetically coupled 

sublattices, each having its own temperature dependent saturation magnetization. Two critical temperatures 

can be defined for such systems: that of magnetization compensation (𝑇𝑀 ) and that of angular momentum 

compensation (𝑇𝐴), both different due to distinct Landé factors for each sublattice. SWs in the strip are 

promoted by a spin current injected at one of its edges. This current is modulated as to determine the dispersion 

curves shown in Figure 1. 

 

 
Figure 1: Dispersion curves for a FiM at different temperatures, including the relevant cases of both magnetization andangular 

momentum compensation. 

From the figure, the exchange-dominated character of the SWs can be verified, in the form of a 𝑘2-

dependent mode frequency. Solid curves show the fitting to the data from Kalinikos and Slavin’s theory [1], 

when each sublattice magnetization is modeled as of separate effective FM. These curves reveal that SWs 

travel with different phase velocities through each sublattice except at 𝑇𝐴. As a result, the in-plane components 

of the Neel vector describes elliptic trajectories where the orientation of their axes is found to be position 

dependent whereas their eccentricity is determined by the temperature. Consequently, different positions are 

subjected to different torques, not only by the amplitude fading but because this reorientation effect. Therefore, 

fine control of magnetization by means of SWs in FiM materials must take into account the reported effect. 
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The spin Edelstein effect has proven to be a primising phenomenon to generate spin polarization from a 

charge current in systems without inversion symmetry. In recent years, current-induced orbital magnetization, 

also called the orbital Edelstein effect, has also been predicted for several systems with broken inversion 

symmetry [1-6].  

In the present work, we calculate the current-induced spin and orbital magnetization for a bilayer and a 

trilayer system with Rashba interaction for the interface and the free-standing slab configurations. We use the 

modern theory of orbital magnetization [7] and the Boltzmann transport theory. We found a significantly larger 

orbital than spin effect, with a strong dependence on the model parametersm such as effective mass and spin-

orbit coupling per layer. This dependence allows us to enhance and even revert the sign of the orbital effect. 
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Figure: Band structure of the Rashba bilayer model. In color, the y component of the spin (left) and orbital (right) expectation values 

are shown.
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Operation of spintronic devices relies on multiple material parameters. Some of them, for example: magnetic 

anisotropy, coupling energy or damping can be tuned with various engineering methods. In the recent years 

there is a growing need to search for optimal values of various material parameters in spintronic devices. This 

problem can become non-trivial due to, among other issues, the computational complexity, large number of 

parameters or lack of automatisation in the 

process.  

We combine well known macromagnetic and 

free-energy based models (Smit-Beljers [1,2]) 

along with procedures for computing 

experimental quantities such as 

magnetoresistance, magnetic hysteresis loops, 

magnetisation dynamics and current-induced 

switching into a single Python package [3]. 

Thanks to the optimised code, the package is 

capable of performing multiple parameter 

sweeps in parallel, Bayesian optimisation or can be 

used to simulate large quantities of data for 

neural network training.  

In the spirit of modular development we 

expose additional layers of abstraction to the user 

which allow for constructing stack of electrically 

coupled devices, as demonstrated with Fig.1 

where two slightly different magnetic tunnel junctions (MTJs) synchronise to a common resonance mode via 

the electric synchronisation model based on [4]. 
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First Order Reversal Curve (FORC) method has received considerable attention as a powerful approach to 

identify microscopic details if hysteretic systems thorugh macrocopic measurements. It has been widely 

employed for the characterization of a variety of magnetic and other hysteretic systems. However, a coherent 

framework to interpret the features of a FORC diagram and extract quatitative information is still lacking in 

spite the efforts of numerous groups during the lasts decades. 

A large number of references [1-3] can be found in the scientific literature, in which it is stated that FORC 

distribution provide a means to estimate the intrinsic distributions of coercivities and interactions fields within 

a magnetic system and, therefore, provide information on composition and domain state. Some works propose 

particular methods to determine the mentioned instrinsic distributions, most of them consisting in the 

projections on particular axis of the FORC diagram, or the extraction from it of cross sections along certain 

directions. 

But all these methods relies in the Preisach model of hysteresis, identifying FORC diagram and Preisach 

plane. As is well known [4], Preisach hysteresis model requires two conditions: (1) the wiping-out property is 

accomplished by real magnetic systems, and is related to the ability of erasing the magnetic memory by 

appliying a saturating magnetic field; (2) the congruency property would require, for a magnetic system, that 

all the minor loops between two fixed values of the magnetic applied field must be congruent, that is, must 

have the same shape. But in real magnetic systems, this condition usually fails. And this is why the methods 

of obtaining the distributions of coercivity and interactions, which would be valid for the Preisach plane, are 

not for the FORC diagram. 

The present work describes a way to extract, from a complete set of FORC measurements, the coercivity 

distribution and the internal interactions of a magnetic system, using procedures not related to the Preisach 

plane, but to some reasonable hypotheses about reversible and irreversible magnetization processes. 
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A low-moment ferrimagnet, the tetragonal (DO22) Mn3Ga exhibits a large uniaxial anisotropy, a high 

spin-polarization and a low Gilbert damping, which makes it a good candidate for a range of spintronic 

applications. For instance, it has been proposed as a promising functional material for spintronic oscillators in 

the THz range [1]. Recent first-principles spin-transport calculations [2] indicate significant spin-transfer 

torques (STT) in magnetic tunnel junctions (MTJs) based on Mn3Ga and MgO as spacer. The STTs appear 

staggered, but show a strong oscillatory position-dependence away from the MgO interface – hence, any 

macro-spin models will not be adequate in modelling the resulting current-induced dynamics in the 

ferrimagnet.   

Here we employ and extend the multi-scale method, developed in Ref. [3], which combines ab initio 

calculations of STT with large-scale time-dependent simulations using atomistic spin dynamics [4]. We 

supplement the method with junction-specific (accounting for the bilateral lateral strain of Mn3Ga in the 

junction with MgO) long-range distance-dependent Heisenberg couplings (extracted from ab intio spin-spiral 

calculations) and anisotropy constants.  
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Figure: (a) Schematic of a Mn3Ga junction with MgO spacer and the orientation of the Mn spins in the two leads used to calculate 

(b) the atomically resolved spin-transfer torkance (in linear response ballistic transport). Distance-dependent Heisnberg parameters 

for tetragonal Mn3Ga from first-principles spin-spiral calculations with lattice constants from (c) experiment [5] and (b) strained in 

plane to match MgO.
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Rotational losses are defined as the energy that is required to rotate a ferromagnet quasi-statically through 

an angle of 360° in a magnetic field H. The losses are determined by the torque T exerted by a sample during 

rotation, and can be computed as one half the enclosed area by the torque T versus the rotation angle α, 

       
1

2
∮ 𝑇 (𝛼)𝑑𝛼 =

1

2
∮ 𝜇0 𝐻𝑚𝑧𝑑𝛼(1) 

where mz  is the magnetization perpendicular to the  rotating field. and μ0 is the magnetic permeability of 

vacuum. 

      These losses can provide information on irreversible magnetization process and therefore the anisotropies 

in the sample. To understand these loss mechanisms is relevant to numerous applications, for instance in 

induction motors and transformers, where rotating fields will induce rotational losses which can become 

dominant under certain conditions. This shows that studying and understanding the origin of these losses, 

could help improve the magnetic performance of such devices.  

      Numerical micromagnetism is an optimal candidate for modelling these losses. To understand this on a 

fundamental level, we started by studying the rotational losses of a Stoner Wolfarth particle. Figure 1 shows 

the losses P as a function of the magnitude of the rotating field H  in units of the anisotropy field Ha=2Ku/Js. 

It is evident that the losses are zero until Ha/2, where they reach a maximum, and then decline until at Ha they 

are zero again. This behaviour is very well understood[1]. Up until Ha/2 the particle turns reversibly and 

therefore there are no losses, which is evident from the Stoner-Wolfarth model. If the field exceeds Ha, the 

magnetization will always point towards the applied field, which again means that the losses vanish.  

      In order to bring the simulation closer to reality of magnetic steel sheets, we also employ a model in 

which we simulate a grain-oriented softmagnetic sample with periodic boundary conditions[2]. The entire 

simulation cell is shown in figure 2. Since the softmagnet usually consists of exchange coupled grains we 

have chosen to divide the simulation box in equally sized cubic grains. Each grain has  different easy axis, 

which are randomly chosen so that the direction are uniformly distributed on the unit sphere.  This work 

focuses on trying to understand the simplest models, in order to be able to explain the behaviour  of the more 

complex full softmagnetic simulation. 

Figure 1: Simulated Losess P(H) for Stoner 

Wolfarth model  

Figure 2: Simulation geometery with grains  
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Frequency multiplication and frequency conversion are important processes in modern electronics in which 

harmonics of the input frequency are generated in nonlinear electronic circuits. Devices based on the 

propagation and interaction of spin waves represent a promising alternative to conventional electronics. 

However, the characteristic frequency of spin waves is in the gigahertz range, and thus cannot be easily 

combined with conventional electronics. We investigate the magnetic excitations in magnetic materials using 

optical methods and show that excitation at frequencies in the megahertz range can cause magnetic switching 

processes on the micrometer scale, and these lead to coherent spin wave emission in the gigahertz range [1].  

Moreover, at high modulation amplitudes, we demonstrate a new class of nonlinear spin waves that oscillate 

with half-integer harmonics of the excitation. Imaging of these parametrically generated spin waves enables 

measurement of the wave vectors and determination of the coherence properties [2]. In addition, we 

demonstrate the existence of two degenerate phase states, each of which can be selected by the phase position 

of an external signal source. The frequency multiplication process occurring within the magnetic medium 

covers more than six octaves and opens new perspectives for applications such as fully magnetic mixers or 

"on-chip" signal generators. The phase-coherent excitation and control of half-integer harmonic spin waves is 

highly interesting for applications such as amplifiers and phase-encoded spin-wave-based information 

processing. 
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Figure: Magneto-optical measurement of the non-linear excitation of half-integer spin waves in a structure made of NiFe. The 

excitation is performed by the microwave field of a waveguide structure. Imaging is performed using magneto-optic super Nyquist 

sampling [3].
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The interplay between thermal gradients and magnetic topological soliton systems represents an 

exciting frontier in the understanding of novel thermo-magnetic interactions at the nanoscale 

[1,2]. Thermally driven non-equilibrium spin polarised charge currents and their interaction with 

the non-trivial topology of skyrmions is central in understanding phenomena such as the 

topological Nernst effect in chiral magnetic systems within the context of spin caloritronics [3]. 

In this talk we will address aspects of scanning thermoelectric microscopy (SThEM), Fig 1 (a), 

where, we will present a novel thermal scanning probe technique that allows us to locally 

investigate the thermoelectric response from the magnetic domain structure in YIG [4] to 

nanomagnetic topological solitons: domain-walls and skyrmions. By building up a localised 

picture of the resulting spatially resolved electric field we can build an understanding of the 

underlying spin configuration. 

We will discuss experimental and modelling results which elucidate to the local response from 

a pinned domain wall system in an ultra-thin magnetic layer, Fig 1(b). We demonstrate that the 

domain-wall introduces an additional contribution to the total measured signal, Fig 1(c), which 

can only arise if we assume a Néel type domain-wall [5]. We will also report on local 

thermoelectric measurements of skyrmionic systems where we have investigated a set of device 

structures based on chiral magnetic multilayers, Fig 1(d). 
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Fig. 1. (a) Schematic representation of the sThEM measurement setup used in this work showing the heated AFM 

probe used to apply the local thermal gradient. The electric field is probed along the device (y) and the integrated 

response is mapped pixelwise. (b-c) sThEM micrographs for saturated and domain wall pinned configurations, 

respectively. (d) sThEM micrograph of a skyrmion nucleated in a chiral magnetic multilayer.  
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Temperature affects every physical system, every chemical reaction, and every biological process. Although 

imaging within materials and living things with X-rays and magnetic resonance is now routine, temperature 

measurement is limited to a 2D surface for infrared imaging, or is an invasive macroscale measurement such 

as with traditional contact thermometers (e.g., thermocouples).  Here, we present our work developing a 

general, remote, and non-optical method to measure and regulate temperature (through heating) throughout a 

volume. As with all thermometers, the temperature is measured by a change in a physical property with 

temperature – specifically, here, the change in the magnetic response of a magnetic nano-object (or collection 

of magnetic nano-objects [MNOs]) to a change in temperature.  This magnetic response is read using the 

fundamental idea behind magnetic particle imaging: that MNOs respond non-linearly to an applied magnetic 

field close to zero, and respond linearly at fields near saturation.  Therefore, multiple orthogonal magnetic field 

gradients can be applied to a 3D volume, resulting in only a small region with a magnetic field near zero.  The 

magnetic response of this region is non-linear and easy to determine.  However, significant improvements to 

the signal and thermosensitivity of magnetic nano-objects were necessary for microscale spatial resolution and 

milli-Kelvin temperature resolution.  This was achieved through control of the Curie temperature [1] and 

exchange coupling between anti-ferromagnetic and ferrimagnetic/ferromagnetic materials [2]; initial results on 

controlled interactions are also promising.   Thermosensitivities of up to 10 were achieved around room 

temperature, as compared to the platinum resistance thermometer (PRT) value of 1 (see Figure).  To achieve 

traceability, PRTs serve as the transfer artifacts and are traceable to the International Temperature Scale (ITS-

90) via NIST reference standard-PRTs.  These are individually calibrated and then integrated into a custom 

hybrid liquid/gas mediated thermostat with a coaxial geometry. The coaxial design achieves the required low 

uncertainty of ± 10 mK overall with a demonstrated temperature uniformity of ± 5 mK that is immune to 

changes in the common mode temperature inside the thermostat of at least 100 mK (see Figure).  Finally, we 

will discuss our initial efforts to demonstrate T-MPI in a practical application, specifically polymer 3D printing. 
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Figure: (left) 

Thermosensitivity of 

exchange coupled MNOs 

as compared to PRTs 

(right) Measured 

temperature uniformity 

of coaxial gas thermostat 

for SI-traceability in T-

MPI. 
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Time-resolved X-ray microscopy is a powerful technique utilized for the investigation of dynamical 

processes in condensed matter systems, thanks to the possibility of combining high spatial (sub 100 nm) and 

temporal (sub 100 ps) resolutions. Examples of such techniques are time-resolved photoemission electron 

microscopy, and time-resolved scanning transmission X-ray microscopy (TR-STXM), both of which have been 

used for the study of a rich ensemble of dynamical processes such as e.g. dynamics of magnetic domain walls, 

magnonics, switching processes, and the dynamics of topological solitons such as magnetic vortex cores and 

skyrmions. 

TR-STXM is a transmission X-ray microscope where spatially local time-dependent variations in the X-ray 

absorption cross section of a sample are recorded with high spatial resolution. STXM imaging is made possible 

by the use of a Fresnel zoneplate to focus the X-ray beam onto a sub-30nm spot on the surface of an X-ray 

transparent sample, and by recording, in a time-resolved fashion, the intensity of the beam transmitted across 

the sample. An image is then obtained by scanning the sample by means of a piezoelectric scanner, and 

performing the measurement of the transmitted beam intensity for each pixel of the image. TR-STXM imaging 

is performed using a high bandwidth avalanche photodiode (APD), so that it is possible to resolve in time X-

ray photons generated by neighboring bunches of the electron beam in the synchrotron light source. 

Currently, pump-probe TR-STXM imaging is performed with signals either directly locked to the master 

clock of the synchrotron light source [1], or by measuring the time difference between the arrival time of an 

X-ray photon at the APD detector and a marker synchronized with the pump signal used to excite the sample 

[2]. However, this limits the ensemble of dynamics that can be investigated to those locked to an external 

excitation signal, excluding processes such as e.g. the parametric excitation of magnons [3], and spin-torque 

vortex oscillations [4]. 

In this contribution, we employ the recently-commissioned setup that allows for the measurement of the 

arrival time of X-ray photons at the APD detector [2] to reconstruct TR-STXM images of periodic dynamical 

processes oscillating at a-priori unknown frequencies, unlocked to any of the available external timing signals 

[5]. This method is based on the Schuster periodogram [5,6], allowing for the reconstruction of a power 

spectrum from a sparcely sampled dataset. By performing a set of additional computations with minimal 

assumptions on the behaviour of the dynamical process, the phase of the excitation can also be reconstructed 

with reasonable quality [5]. In this work, we present the proof-of-concept measurments performed with this 

method, and a comparison between the “standard” TR-STXM imaging and the Schuster periodogram 

approaches, where we observe that the quality of the Schuster periodogram reconstruction is comparable to 

that achievable by the “standard” method [5]. 
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Besides their nanoscopic size, the interest in skyrmions, antiskyrmions, and related topologically protected 

magnetic textures is based on the potential to motion them by external electrical stimuli and to detect their 

presence and/or motion electrically utilizing the Hall effect. Accordingly, materials that host such skyrmionic 

objects are of growing interest due to their potential for data storage and manipulation – and likewise does their 

Hall signature. Since emerging magnetic fields related to the presence of skyrmions give rise to additional, 

“topological” contributions to the Hall effect, it is essential to disentangle them from the anomalous Hall effect. 

This drives the need to correlate Hall effect measurements with the underlying magnetic textures using high-

resolution magnetic imaging techniques such as transmission electron microscopy (TEM) based Lorentz-TEM. 

However, in (anti)skyrmion hosts with a strong susceptibility to dipole-dipole interactions, the stability of 

skyrmionic phases depends strongly on the demagnetization field and sample geometry. Hence, a correlation 

of properties determined from samples of the same material, however, with different shapes are problematic. 

We have therefore devised a novel measurement setup that allows us to measure the anomalous Hall effect 

and concurrently acquire high-resolution images of the underlying magnetic textures on the identical sample 

in-situ in a transmission electron microcope using Lorentz-TEM. In proof-of-concept measurements on a thin 

Ni bar, we have not only provided evidence for the feasibility of the method, but have also highlighted the 

added value of detailed structural and chemical nanoanalysis for the interpretation of the Hall data [1].  

We have then applied this in-situ approach to a lamella of a Mn1.4PtSn single crystal and measured the Hall 

voltage UH as function of the magnetic field provided by the objective lens of the microscope (see Fig.). With 

increasing field, the ground state helical phase develops into a chiral soliton lattice (CSL), thereby enhancing 

the out-of-plane component of the magnetization and likewise UH. At fields of 300 mT, the CSL domains break 

up on the expense of saturated areas. This accelerates the saturation process that is then decelerated again by 

the formation of non-topological bubbles and antiskyrmions that “resist” further increasing fields. Upon 

reducing the field from saturation, UH drops exactly where the material re-enters the CSL phase and transforms 

back to the helical ground state towards zero fields. These findings are supported by model calculations and 

resonant elastic x-ray scattering experiments. Noteworthy, the observed magnetic textures explain the 

measured Hall voltage without any need for additional contributions such as a topological Hall effect. 
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Figure: In-situ measured Hall voltage as function of an external magnetic field provided 

by the objective lense of the TEM (central plot). Two Lorentz-TEM images acquired 

simultaneously reveal the fingerprint stripe pattern of the helical phase close to zero 

field (green frame, left) and the presence of both non-topological bubbles and anti-

skyrmions at fields close to saturation (red frame, right). 
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Polarised X-rays are a fantastic probe of magnetic textures in ferromagnetic materials [1]. The usual contrast 

mechanism is X-ray Magnetic Circular Dichroism [1] (or X-ray Magnetic Circular Birefringence [2]), which 

is obtained as the difference between two measurements performed with circularly polarised X-rays of opposite 

helicity. The two measurements are used to separate the magnetic contrast from the charge contrast.  

Here we demonstrate a method based on X-ray ptychography [3] which allows simultaneous imaging of the 

charge and magnetism with a single polarisation (linear polarisation). Ptychography is a high-resolution 

imaging technique that combines information from direct space and reciprocal space [3]. As it is based on 

redundancy of information, it can provide more information than a single image of the sample [4]. Here we use 

this property to obtain simultaneously two images of the sample [4]: the charge density and a projection of the 

magnetic texture. Several samples with magnetic domains were tested and the results compared with images 

obtained more classically using X-ray Magnetic Circular Dichroism.* 

This approach could be particularly interesting when circular polarisation is not available or when circular 

dichroism is not sufficient to disentangle charge and magnetism, for instance at large scattering angles, and 

could thus be applied to antiferromagnetic textures in Bragg geometry. 
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Figure:  Magnetic domains in a Co/Pt multilayer imaged by ptychography with linear polarisation (left) and circular dichroism (right). 

The field of view is 1x1 µm².
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Advances in three-dimensional (3D) fabrication techniques have highlighted the need for techniques capable 

of probing ferromagnetic samples with novel geometries while retaining high spatial resolution. The 

complexity of configurations available to magnetization as vector field in 3D objects [1] furthermore calls for 

vector tomographic approaches in order to recover the sample’s complete magnetic state. Several X-ray-based 

techniques employing X-ray resonant magnetic scattering [3] combine both aspects [2], which grants them 

remarkable efficiency in 3D experimental studies. 

Here, we present an extension of Fourier Transform Holography [4] where dual-axis tomography allows us 

to reconstruct the complete domain pattern of a 800 nm thick Fe/Gd multilayer [5].  Our sample design, shown 

in Fig.1 a), uses a pair of orthogonal reference slits in a HERALDO approach [6]. The field of view is defined 

by a 5 µm wide opening milled into an opaque Ti\Au multilayer. The slit length allows them to function under 

tilt, which grants sensitivity to two components of magnetization. Within the object window, the reconstructed 

domains match very well the patterns observed with Magnetic Force Microscopy (MFM), illustrated in 

Fig. 1b). However, our approach also retrieves finer details from the 3D magnetic configuration, as can be seen 

in Fig. 1c). All components of magnetization are recovered with a resolution below 80 nm [5]. 
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Figure 1: a) Schematic representation of the 

sample design in cross-section view (left) and 

during experiment, at a tilt (right) such that only 

one slit diffracts; see scattering pattern at the 

right. b) MFM image of the investigated Fe/Gd 

multilayer, revealing the imaged worm domains. 

c) Slices (2.4 µm in length) through our vector 

reconstruction, showing the three components of 

magnetization. Fine features from the sample 

volume (not accessible with MFM) are revealed.
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Time-resolved scanning transmission X-ray microscopy (TR-STXM) is a powerful technique for the 

investigation of a plethora of dynamical processes in condensed matter, including the dynamics of topological 

magnetic solitons such as vortex cores and skyrmions, the dynamics of magnetic domains and domain walls, 

magnetisation switching processes and magnonics. However, it is limited by the achievable spatial resolution, 

which is ultimately determined by the lithographical fabrication of the X-ray Fresnel zoneplate used to focus 

the X-ray beam onto the sample [1]. 

X-ray ptychography is an imaging technique, which exploits the advantages of both STXM and coherent 

diffractive imaging, resulting in both amplitude and phase information as well as the possibility to achieve 

spatial resolutions limited by the wavelength of the probing X-rays and independently from the X-ray optical 

elements used to shape the beam. This overcomes the main limiting factor of STXM imaging regarding the 

spatial resolution of the images [2]. 

X-ray ptychographic imaging is performed by acquiring diffraction patterns from a sample illuminated by 

a coherent X-ray beam at different points, where the distance between neighbouring points is chosen to 

guarantee an overlap between the illumination spots. This provides sufficient over-determination of 

information to allow an iterative algorithm to reconstruct a complex image of the object [2]. For TR imaging, 

the main limitation of X-ray ptychographic imaging is given by the 2D X-ray detector with which the 2D 

diffraction patterns are acquired. Due to the lower bandwidth of 2D X-ray detectors if compared to the point 

detectors used in TR-STXM, it is impossible to resolve X-ray photons generated by neighbouring bunches in 

time, which prohibits the use of the specialised pump-probe protocol used in TR-STXM [3,4]. Nonetheless, as 

a synchrotron light source is an intrinsically pulsed photon source with a repetition rate of 500 MHz (at the 

Swiss Light Source), TR imaging at frequencies locked to the repetition rate or one of its harmonics is possible 

through the “standard” pump-probe protocol [5]. 

Here we present TR ptychographic imaging of the spinwave emission and propagation in a magnetic vortex 

state stabilised in a ferromagnetic microstructured element excited by means of an oscillating magnetic field 

generated by a microantenna patterned on top of the ferromagnetic microstructure. Different excitation 

frequencies are investigated, allowing us to present a first proof-of-concept of TR ptychography in the soft X-

ray energy range utilising strong X-ray magnetic circular dichroism (XMCD) from the transition metal L-edge.  
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The analysis of magnetic domain structures (DS) in combination with applied micromagnetics provides a unique 

opportunity to extract magnetic properties from DS analysis. Magnetooptical (MO) microscopy [1] is one of the most 

prominent techniques for the visualization of DS within magnetic materials. Magnetooptics offers the ability to probe 

the dynamic magnetization response using an illumination source, providing flexible temporal resolution down to the 

femtosecond time scale. Temporal resolution for imaging magnetization dynamics using stroboscopic imaging 

techniques is standard in MO microscopy. Yet, fast single-shot imaging is limited by the brilliance of the illumination 

source with nanosecond time-resolution being possible with lab-based magnetooptical microscopy setups [2]. We 

extend the imaging modes to fast single-shot imaging below the noise limit to proof the existence and to characterize 

“invisible” DS in sub-nm thick magnetic films.  

Fluctuating DS have been reported in ultrathin magnetic films (Pt/Co/Os/Pt [3], Pt/CoFeB/Ru/Pt [4]). Here, we 

study fluctuating DS in W/Co wedge (0 < dCo < 2 nm)/Pt layers deposited on sapphire. With decreasing Co thickness 

(dCo), a spin reorientation transition from in-plane to out-of-plane 

occurs at dCo = 1.52 nm. With smaller dCo the spontaneous 

magnetization reduces and at dCo  0.58 nm, a transition to the (super)-

paramagnetic state takes place. Due to the effective reduction of the 

magnetic energies, thermal (energy) effects then come into play. 

In this context, we focus on the analysis and the demonstration of 

existence of rapidly fluctuating out-of-plane DS near the critical 

thickness. For the study of the fluctuating DS, single-shot imaging 

down to the microsecond time scale is used.  

Figure 1(a) presents imaging data spanning only 2.9 pm of 

effective dCo thickness, where a strong decrease of DS visibility with 

decreasing dCo is observed. To extract the DS parameters, we have 

used local image thresholding enhancement, which is based on 

random forest type machine learning methods and a set of features 

developed for the obtained data. For the thinner dCo, where the 

spontaneous magnetization drops, we proof the existence of the DS by 

single-shot imaging using flexible pulsed LED and diode laser sources 

with exposure times down to 3 µs. To overcome the brilliance 

limitations of single-shot imaging on fast timescales, multiple 

apparently noisy images were transformed and averaged in Fourier 

space, allowing the determination of the domain period dependence on 

thickness. DS characteristics are extracted directly from the apparent 

featureless images (see Fig. 1(b)) proofing the existence of the hidden DS.  
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Figure 1 (a) DS of a Co wedge taken at an exposure 

time of  = 40 ms. With decreasing dCo the MO 

contrast of the DS. (b) Exemplary series of 

averaged Fast Fourier Transformed (FFT) single-

shot images taken from two positions for exposure 

times of  = 300 ms and  = 8 µs. The contrast was 

enhanced by subtraction of the previously fitted 1/f 

and broadband noise. DS characteristics such as the 

domain period of the "invisible” DS become 

apparent. 
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AC-excited domain wall processes are the heart of modern domain wall (DW) based microscale devices 

such as giant-magneto impedance sensors [1] and magnetophoretic circuits [2]. However, it remains a major 

challenge for magnetic microscopies to follow the DW trajectory and amplitude while it is in motion.  

Here we report an imaging approach to investigate DW dynamics with nanoscale spatial resolution [3] 

employing conventional magnetic force microscopy (MFM) -- a powerful technique that is, however, largely 

unexplored concerning imaging of time-dependent domain processes. The method is based on a quantitative 

assessment of the time-averaged MFM phase shift signal and its description by the locally varying dwell time 

function of an oscillating DW. With this technique, we quantify the oscillations of a 180° Nèel domain wall in 

a patterned permalloy rectangle as a function of external magnetic field strength, frequency, magnetic structure 

size, thickness, and strain-induced anisotropy – down to a resolution of 60 nm. We understand the behaviour 

of the excited DW behavior as a forced damped harmonic oscillator with restoring force being influenced by 

the geometry, thickness, and anisotropy of the Ni81Fe19 structure.  

This approach offers new possibilities for the analysis of DW motion at elevated frequencies and at a spatial 

resolution of well below 100 nm in various branches of nanomagnetism. 
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Figure: (a) Time-averaged imaging of the DW oscillating with a frequency of 1 kHz, reveiling a peak-to-peak amplitude of 500 nm. 

(b) Measured intensity profiles of a static DW and the time-averaged DW oscillating at 1 kHz (dotted lines). The convolution (solid 

lines) of the MFM tip – DW interaction with the dwell-time function explains well the experimentally measured profiles.
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Magnetic force microscopy (MFM) is a scanning microscopy technique that is commonly employed to 

probe the sample's magneto-static stray fields via their interaction with a magnetic probe tip. In this work, a 

quantitative, single-pass MFM technique is presented that maps one magnetic stray-field component and its 

spatial derivative at the same time [1]. This technique uses a special cantilever design and a special high-aspect-

ratio magnetic interaction tip that approximates a monopole-like moment. Experimental details, such as the 

control scheme, the sensor design, which enables simultaneous force and force gradient measurements, as well 

as the potential and limits of the monopole description of the tip moment are discussed.  

To demonstrate the merit of this technique for studying complex magnetic samples it is applied to the 

examination of polycrystalline MnNiGa bulk samples. In these experiments, the focus lies on mapping and 

analyzing the stray-field distribution of individual bubble-like magnetization patterns in a centrosymmetric 

[001] MnNiGa phase. The experimental data is compared to calculated and simulated stray field distributions 

of 3D magnetization textures, and, furthermore, bubble dimensions including diameters are evaluated. The 

results indicate that the magnetic bubbles have a significant spatial extent in depth and a buried bubble top 

base. 
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Figure: (a) 𝐵𝑧 map of an [001] oriented MnNiGa 

crystallite at a perpendicular field of −270 mT. In the 

inset, a magnified image of an individual bubble is 

shown. (b) An angularly averaged 𝐵𝑧 profile for the 

same bubble is shown together with point monopole 

and dipole fits. Residues are provided in the inset. The 

monopole model fits better. (c) and (d) present the 

same again but now based on 𝐵𝑧
′  data. 
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The potential of magnetic nanoparticles for acting as active agents in catalysis, magnetic particle imaging 

or magnetic hyperthermia grounds on their superparamagnetic behaviour under alternating magnetic fields 

(AMF). In spite of the application potential of this magnetic phenomenon, the identification of fingerprints 

specifically related to the transition from unblocked to blocked magnetic states at room temperature under 

AMF still remains a challenge. Here, we report an experimental and theoretical study to determine the effective 

magnetic anisotropy from iron oxide nanoparticles (IONPs) in colloidal suspensions at room temperature [1]. 

The experimental methodology is based on magneto-optical measurements of IONP suspensions based on 

Faraday effect under alternating magnetic fields in a six decades frequency range from hundreds of mHz to 

kHz with field intensities up to 40 kA/m. Our measurements demonstrate a room temperature transition from 

unblocked to blocked magnetic states in magnetic suspensions under alternating magnetic fields. The transition 

is characterized by AC anhysteretic (unblocked state) magnetization cycles at low frequencies and AC 

hysteretic (magnetically blocked state) magnetization cycles beyond an onset frequency (fonset) value which 

depends on nanocrystal size (see Figure). Thus, fonset values vary from 13 kHz for 12 nm IONPs to 30 Hz for 

22 nm IONPs. Our experimental observations are predicted by a theoretical model based on a modified Landau-

Liftshitz-Gilbert equation that explains the experimental results in terms of the magnitude of the effective 

magnetic anisotropy barrier (ΔEeff = Keffˑ∙V). Thus, an empirical expression is proposed to determine the 

effective magnetic anisotropy (Keff) from fonset.  Narrow IONP size distribution, and the negligible contribution 

of Brownian mechanism to relaxation process benefit the good agreement in the non-Linear Response Regime 

between the Keff values obtained from our model and those obtained by Blocking temperature via Zero Field 

Cooling/Field Cooling measurements. Our results provide alternative methodologies to determine 

experimental parameters. At the same time, numerical simulations significantly improve the understanding and 

the description of superparamagnetic behaviour in magnetic suspensions.  

Figure: Left) Frequency 

dependence of AC 

magnetization cycles of 22 nm 

IONP; Right) Experimental 

(filled dots) and theoretical 

(empty dots) frequency 

dependence of coercivity 

obtained for 12nm (black 

dots) and 22 nm (blue dots) 

IONP sizes (H= 40 kA/m). 

fonset values are highlighted 

with red arrows.  
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The influence of temperature on biological events, metabolic rates, and homeostatic processes in cells is 

significant, making it a crucial parameter to consider. Non-invasive thermal nanotherapies utilize magnetic and 

photo-thermal nanomaterials to generate localized heat, which effectively ablates tumors and contributes to the 

fight against cancer. These nanomaterials serve as efficient therapeutic agents. To achieve effective therapeutic 

outcomes while preserving healthy tissue, optimal heating efficiency in the intratumoral environment is crucial 

for thermal nanotherapies. This involves accounting for cellular confinement effects that impact the final heat-

generating performance. [1,2]. Interestingly, therapeutic effects can be achieved through localized nanoparticle 

heating, even without any noticeable macroscopic increase in temperature. This study explores the heating 

efficiency of nanoparticles under the influence of magneto- and photo-thermal effects in conjunction with other 

therapeutic methods. [3,4]. We also present the use of the extended X-ray absorption fine structure (EXAFS) 

analysis as a direct and in situ nanothermometric probe to determine the local temperature at the core of 

nanoparticles upon laser photo-excitation, revealing significant nanothermal gradients [5].  
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l. Muñoz-Noval, Nano Letters 21 (2021) 769.



 
SYMPOSIUM 17. ORAL PRESENTATIONS 

Evaluation of the heating capacity at the nanoscale 
Jorge Marqués-Marchán1, Miriam Jaafar2, Alvaro Gallo-Cordova1, M. del Puerto Morales1 and Agustina 

Asenjo1* 
1 Instituto de Ciencia de Materiales de Madrid, CSIC, 28049 Madrid (Spain) 

2Dpto. Física de la Materia Condensada and IFIMAC, UAM, 28049 Madrid (Spain) 
* aasenjo@icmm.csic.es 

 

Among the numerous applications of the magnetic nanoparticles for in-vivo biomedical therapies, the magnetic 

particle hyperthermia is one of the most active research area. A key question is the relationship between the 

morphology of the nanoparticle and the heating capacity. Moreover, to achieve the evaluation of this properties 

at the nanoscale is still an onging topic. 

 Measuring dissipation in scanning force microscopy relies on extracting physical information from either tip 

or sample by recording variations in the cantilever oscillation [1]. Non-conservative interactions between the 

tip and the sample give rise to a decrease in the oscillation amplitude of the lever, as some energy is transferred 

in every oscillation cycle [2]. In the case of magnetic materials, due to the hysteretic processes at the tip apex 

(or in the sample). 

In this work, we analyse the information extracted from the dissipation in Magnetic Force Microscopy (MFM) 

in different systems. The dissipative maps in Magnetic Dissipation Force Microscopy (MDFM) have been used 

to distinguish between Néel and Bloch domain walls [3], to detect magnetic nanoparticles [4] or to obtain 2D 

maps of the sample stray field [5]. In addition, the MDFM mode allows to improve the lateral resolution, to 

obtain unexpected negative gradients of dissipation [6] or to distinguish artefacts [7]. 

The MFM arises a unique technique not only to obtain information about the magnetic configuration of 

different nanostructures, but also to characterize biomagnetic materials of great interest in biomedicine [8]. 

One open question, the evaluation of the heating capacity of the magnetic nanoparticles used in hyperthermia 

treatment is addressed in this work. We have used MDFM mode to evaluate the dissipation of energy at the 

nanoscale in flowers-like magnetic nanoparticles [9]. The flower-like nanoparticles present a magnetic 

behaviour close to superparamagnetic state at room temperature. Thus, the magnetic moment can be reoriented 

due to the stray field of the MFM tip.  
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Figure: Dissipation images corresponding to (a) Saturated Co disc [6], (b) CoPt multilayer [7] and (d) flower-like nanoparticles. (c) 

is the corresponding topographic image of the flower-like nanoparticles
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Carbon nanotubes (CNTs) are widely used for their mechanical, electrical properties, in particular for 

application in aeronautics, construction…Usually, small amount (few percents) is dispersed within a matrix 

and brings the targeted properties. Therefore, mass concentration is an important information, as well as 

inhomogeneity. To access their content and dispersion, one may use Scanning Electron Microscopy (SEM), 

but it gives access to local information and requires to extract some small sizes samples. 

CNTs themselves are diamagnetic [1] but as their synthesis method can include ferrocene as metal precursor 

[2]; one may use the ferromagnetism of the iron to access the CNT concentration. As so, Vibrating Sample 

Magnetometry (VMS), by measuring the magnetic moment, can lead to the sample CNTs concentration [3], 

whenever the matrix containing the CNT is free of other ferromagnetic materials. VSM requires a large magnet-

instrument and sample size is also limited. 

 We have developed an approach where we access the CNTs content by detecting the ferromagnetic 

signature of the iron used during the CNTs synthesis by dynamic susceptibility [4]. We designed and fabricated 

a table-top compact apparatus which detects the magnetic susceptibility of the samples with a varying 

excitation frequency. This dynamic susceptometer allows accessing the ferromagnetic signature of the 

ferrocene, and so of the CNTs. We demonstrated, by comparing top VSM measurements, that it allows 

detecting contents of few percents of CNTs in cement or polymer based matrices, and can be a quantitative 

way to determine the global CNTs content of different composite materials as well  as homogeneity.  

This technique could be extended to other type of composite materials containing one ferromagnetic 

element. 
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Figure: (Left) Schematic of the dynamic susceptometer module (without its electronics). It comprises a square excitation loop (pink) 

within which are located two round detection coils (blue). (Right) 
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Despite decades of advances in magnetic imaging, obtaining direct, quantitative information with high 

spatial resolution remains an outstanding challenge. The imaging technique most widely used for local 

characterization of magnetic nanostructures is the Magnetic Force Microscope (MFM), which is indeed a very 

active topic of investigation [1,2]. Advantages of MFM include relatively high spatial resolution, simplicity in 

operation as well as sample preparation, and the capability to applied in situ magnetic fields to study 

magnetization process [3]. In this work we study the combination of hard and soft magnetic materials, 

characterized respectively by their large and weak magnetic anisotropies that enables interesting applications 

in a wide diversity of areas: permanent magnets, magnetic recording media, microwave absorption, ferrofluids 

or biomedical solutions. We create create a novel synthetic strategy to efficiently design magnetic alloy 

nanoparticles (10-20 nm) by virtue of a multi-shell onion structure type in which hard magnetic materials 

(cobalt ferrite, barium ferrite, and strontium ferrite) and soft magnetic materials (manganese ferrite, iron oxide) 

are carefully layered. These unique structures enable strong multiple exchange couplings at the interface of 

hard and soft magnetic layers, enhancing the nanoparticle magnetic properties [4] and reaching truly 

ferromagnetic behaviour. In that sense, the developement of novel modes and additional functionalities [5,6,7]  

in MFM are crucial to be widely used in experiments in such emerging areas of magnetism at the nanoscale. 
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Figure: (a) Topography image of  an individual 

multishell (4 layers) nanoparticle (~ 20 nm size); 

MFM images acquired at room temperature at 

different magnetic fields  (b) remant state (c) + 700 

Oe (d) -700 Oe.
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With the increasing demand for new high technology and energy-efficient devices, multi-stimuli 

functional materials with strong interplay between their structural, magnetic, and electronic subsystems appear 

at the forefront of research in material science. However, to properly characterized such samples, it is highly 

appealing to develop a novel experimental approach which combines element-specific and macroscopic 

measurements performed under strictly the same conditions (e.g., temperature and magnetic field) on a single 

sample. We have recently implemented two new instruments at the beamline ID12 of the European Synchrotron 

Radiation Facility (ESRF), which will be introduced in this presentation. These instruments offer the ESRF 

users a unique possibility to measure under strictly the same experimental conditions the element-specific X-

ray absorption spectroscopy (XAS)/ X-ray magnetic circular dichroism (XMCD), high-resolution XRD 

simultaneously with the measurement of various macroscopic properties (magnetization, volume changes, 

magnetocaloric properties, resistivity), all as a function of magnetic field (up to 17 T) and temperature (5–

325 K) [1].  

To demonstrate the potential and features of these scientific instruments, two case studies will be 

presented: (1) FeRh, which has a first-order anti-ferromagnetic to ferromagnetic transition around room 

temperatura (2) HoCo2, which exhibits a first-order ferrimagnetic to paramagnetic transition. These two cases 
demonstrate new horizons for studying the physics of magnetic materials, where the interplay between the 
magnetic, structural, and electronic subsystems of the solid is essential. 
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Fig. 1  Field dependence of the stray field at the surface of the FeRh sample, with (a) its temperature and magnetostriction data measured 

simultaneously and (b) with XMCD(H) curves either at the Fe K-edge (scaled by a factor of 2.52) or at the Rh L2-edge. These measurements are 

performed at 245 K to observe the transition from antiferromagnetic to ferromagnetic.
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Recently, machine learning has allowed significant progress in material science. In spintronics, the 

estimation of some characteristics from a magnetic structure image has been studied as a new attempt of the 

application of machine learning. Its study is achieved by convolution neural network (CNN), which is a 

technique of image recognition in informatics. Magnetic structures are well-known to be deeply related to 

magnetic parameters. Although a complicated magnetic structure, which often appears in an as-grown magnetic 

film, is considered random by human eyes, it is influenced by some magnetic energies such as magneto-static 

energy. Thus, the characteristics of the parameters are probably hidden in the random magnetic structure. 

Previous studies have reported estimation of the parameters from magnetic domain images that were captured 

by high-resolution microscopes [1-2]. It, however, takes a long time to take an image. If the parameters can be 

estimated from the quickly captured image, the time required to estimate parameters can be greatly reduced 

and the speed of research and development may greatly increase in spintronics. In previous studies, the 

magnetic parameters are estimated from a magnetic state where the total magnetic energy is globally 

minimized[1-2]. It is known that there are numerous magnetic states where the energy is locally minimized 

because the magnetic material has hysteresis, and they often appear in the magnetization process. It is, however, 

unclear whether or not the parameters can be estimated from the local-minimum-energy state because the local-

minimum-energy magnetic state depends on not only the parameters but also the magnetic process. 

In this study, we have shown that TbCo composition is estimated from a local-minimum-state image 

captured by the MOKE microscope using CNN. Using the MOKE microscope is easy for most of the 

researchers in spintronics, and the time required to take an image is shorter than one second. We have proposed 

the ac demagnetizing method combined with a MOKE technique to control local-minimum-energy magnetic 

states and have generated several local-minimum-energy magnetic states from a single sample by its method. 

We have succeeded in the estimation of the TbCo composition from the generated local-minimum-energy state. 

Our results show that the magnetic parameters are deeply related to not only global-minimum-energy magnetic 

states but also local-minimum-energy magnetic states. This approach may estimate all magnetic parameters 

from any magnetic states that appear in experiments and considerably simplify experimental processes in 

spintronics. 
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Figure: (a) Magnetic images having different 

domain sizes, which appear in a same 

sample. (b) Schematic diagram of global- 

and local-minimum states. (c) Estimation 

results of Tb composition. 
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An effective tool for the characterization of thin magnetic films is the magneto-optic Kerr effect (MOKE), which can 

provide information about fundamental magnetic properties, such as magnetic anisotropy or domain structure. MOKE 

linear-in-magnetization is only applicable in ferromagnets (FM) and certain canted antiferromagnets (AFM). In contrast, 

the quadratic-in-magnetization MOKE (QMOKE) is also employable for the fully compensated AFM [1]. We revealed 

that QMOKE signal exhibits a remarkable dependence on the polarization of incident light. This anisotropy is apparent 

in the amplitude and shape of the QMOKE signal. Our contribution describes how to measure the anisotropy of QMOKE 

comprehensively. 

To demonstrate our approach, we selected a 20 nm thin layer of FeRh, prepared on the MgO substrate. FeRh is 

particularly interesting as a potential candidate for spintronic devices owing to its specific magnetic ordering, having FM 

phase above and a compensated AFM phase below the ordering temperature of 380 K [2]. We used an in-house built 

MOKE setup to measure the QMOKE anisotropy of the sample at different wavelengths in its FM state (at T= 420 K). 

We illuminated the sample with a wide-spectral range light source (supercontinuum laser, 460-1600 nm) under near-

normal incidence. We detected polarization rotation (Δ𝛽) of the light reflected from the sample while applying a magnetic 

field of 50 mT under variable angles (φ𝐻 =0 to 360 deg) using home-made vectorial electromagnet. The method is 

described in detail in [3]. In order to study the impact of different polarization of incident light (𝛽) on the polarization 

rotation Δ𝛽, we measured the QMOKE signal Δ𝛽(𝜑𝐻) for different initial polarizations 𝛽. An example of the QMOKE 

signal, obtained at wavelength 810 nm is shown in Fig.1 (a). Clearly, there is a remarkable change in the amplitude of 

the MO signal for different 𝛽, indicating a strong anisotropy of the magneto-optical response. Since the QMOKE is 

known to be strongly wavelength-dependent [4], we measured the full spectrum of the QMOKE anisotropy (see Fig.1 

(b)). The obtained spectral dependence is rather similar to that of QMOKE in thin Fe films [5]. Moreover, by measuring 

QMOKE, we are also able to extract the magnetic anisotropy of FeRh. 

 

Figure 1: (a) Polarization rotation (Δ𝛽) as a function of the external field angle (𝜑𝐻) at 𝜆 = 810 nm for different polarization 

orientations 𝛽, which indicates large anisotropy. b) Spectral dependence of QMOKE amplitude for polarizations 𝛽 =0° and 45°. 

Temperature T = 420 K, applied field 𝜇0𝐻= 50 mT. 
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The climate emergency has established the need for sustainability within existing and new technologies, 

which is driving a demand for material innovation. New materials need to be economically sourced from 

abundant elements, whilst still obtaining the functional characteristics of the existing leading materials. 

Functional Magnetic Materials (FMMs) are central to new green technologies and an excellent example of a 

sector with great industrial demand for innovation. FMMs are categorised as either hard/permanent magnets, 

or soft magnets, both of which find a wide selection of applications: wind turbines, electrical machines, power 

electronics and 6G technology. Different magnetic properties such as coercive field (large for hard magnets 

and small for soft magnets) and saturation magnetisation (high for both) are required for different applications. 

At the present, existing hard magnets, i.e. NdFeB and SmCo, consist of elements that are on the critical list, 

while soft magnets are limited due to processing costs and eddy losses. 

The need for innovation is clear: by improving the material properties of FMMs, industries can fully 

capitalise on the aforementioned engineering advances in green technologies, thus saving money and benefiting 

the environment. Traditional methodologies for material discovery, whereby existing material compositions 

are tweaked and optimised, have proved too slow and costly, taking over a decade to reach deployment; such 

an approach is not practical or sufficient to address the current material challenges. Material informatics will 

pave the way for discovering new FMMs that overcome these existing problems, by using data-driven solutions 

to reduce the use of natural resources and expensive experiments. The figure below shows the digital approach 

we have been taking for FMM discovery. 

Our research has focused on using Natural Language Processing (NPL) to data mine open access papers to 

create a FMM database. This has been achieved by combining the linear approach NPL, which searches for 

defined compositions and parameters within papers, with semantic networks, to allow the compositions related 

parameters to be correctly linked together [1]. In doing this we are able to data mine papers, which contain 

more than one composition and magnetic parameter for the database. Having created this database, machine 

learning (ML) algorithms are trained on it, which are then used to observe trends within the data, along with 

predicting compositions with specific magnetic parameters. These compositions are then fabricated and 

characterised using high throughput techniques, including combinatorial sputtering, XRD, FMR and MOKE 

magnetometry. This allows us to check the results from the ML, quickly and cheaply, along with discovering 

new functional magnetic materials. 
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Figure: Schematic of how materials informatics works for 

magnetic materials
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We present a method for the acquisition and analysis of 57Fe backscatter Mössbauer spectra with detection 

across a continuous energy range that includes the 14.4 keV γ-rays and characteristic 6.4 keV x-rays. We utilise 

purpose-built MPAs (multi-parameter analysers) constructed on the basis of commercial ADCs and custom 

high-speed digital latches. Our system allows for the simultaneous registration of Doppler modulation 

velocities and photon energies with up to 4K and 8K digital channel resolution, respectively, and a maximum 

acquisition speed with these resolutions of 100 MHz. Every detector event is recorded amd optimal 

discrimination of the γ-ray events, the conversion x-ray events, and the high-energy non-resonant fluorescent 

photons, is performed post-acquisition, in contrast to most systems which record at a single narrow energy 

window per detector. The processed data is subsequently fit using a full Hamiltonian model for the nuclear 

energy levels of 57Fe [1]. There are a number of advantages of our combined acquisition and analysis method, 

for example: the shorter absorption length of the 6.4 keV x-rays allow for greater surface sensitivity compared 

to the 14.4 keV γ-rays [2], the non-resonant fluorescent photons at higher energies provide an intrinsic route 

for robust background correction, and Fe-containing samples of arbitrary atomic structure and morphology can 

be investigated non-destructively without the need for any surface preparation. 

Four examples of systems we have investigated are presented to demonstrate the utility of our method: 

oxidation on the surface of a millimetric α-Fe plate, 12 µm thick amorphous CoFeB-based ribbons with ultra-

soft magnetisation [3], 5 µm thick anisotropic Nd-Fe-B films sputtered on Si substrates with varying deposition 

conditions [in prep], and a 6 mm thick sample from the nickel-rich ungrouped iron meteorite NWA 6259, to 

investigate the presence of FeNi in the difficult-to-synthesise, L10 phase, tetrataenite [4]. 
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Figure: (a) Raw data matrix of the acquisition, 

zoomed to resonant energies, (b) data 

normalised for each velocity channel, with 

resonant peaks clearly visible and (c) the 

resulting data and fit for the iron plate with 

increasing surface oxidation, the blue, 

magenta and lime contributions are from pure 

α-Fe, β-FeOOH and an unidentified Fe(II) 

product, respectively.
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Magnetic force microscopy (MFM) is a well-established technique in scanning probe microscopy (SPM) 

allowing the imaging of magnetic samples with spatial resolution of tens of nm and stray fields down to the 

mT range. However, as commonly device-specific phase or frequency deviation is used in publications, it lacks 

comparability between measurements. This issue can be overcome by characterizing the magnetic stray field 

of the tip by using magnetic reference samples. As a result, the calculation of sample stray fields in A/m is 

possible, yielding quantitative magnetic force microscopy (qMFM) measurements.  

Spatial resolution and field sensitivity can be pushed to several nm and the hundred µT range by measuring 

in vacuum conditions. This results from the higher cantilever quality factors Q in vacuum, directly leading to 

an increase in measurement signal.  However, with increasing signal amplitude, non-linear behavior must be 

considered. Additionally, advanced feedback techniques are required for stable operation [1]. 

We here present an implementation of a phase-locked loop-based (PLL) signal detection [2] that overcomes 

non-linearities into a Park Systems NX-Hivac SPM. This allows transfer function based quantitative and stable 

magnetic force microscopy also in vacuum without an artificial reduction of Q. The gain in resolution and 

sensitivity is discussed and measurements on samples like stripe domain samples and nanopatterned as well as 

skyrmion hosting multilayer stacks are shown and analyzed to demonstrate the feasibility of the PLL approach. 

Furthermore, it will be shown that the enhanced sensitivity also enables the sensing of large samples with 

magnetic features in the mm range. 
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b) 

 

Figure: MFM line scan of a nanostructured magnetic multilayer sample [Co(1.0 nm)/Ru(1.4 nm)/Pt(0.6 nm)]10 in a) ambient contions 

(p ≈ 103 mbar, Q ≈ 200) and b) high vacuum conditions (p ≈ 10-6 mbar, Q ≈ 31 k). Plotted raw data has been not post processed after 

lock-in measurement. Drastically improved signal to noise ratio (SNR) in vacuum is self-evident, allowing advances in spatial 

resolution and field sensitivity.
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We have developed a method to quantify the mass of nano-disperse materials with high sensitivity and low-

cost with applications in medical, food safety and industrial environments. In this work, we provide a method 

to quantify the presence of magnetic and dielectric nanomaterials, which employs inductive sensors working 

at radio-frequency. The main difference between our method compared to previous ones is the sensitivity to 

the magnetic permeability and the electric permittivity, which expands the applicability scope of the technique 

and causes its sensitivity improvements. 

Our method uses the self-resonant frequency (SRF) of inductors allowing high sensitivity with low cost and 

enabling the development of portable devices. Starting with the equivalent impedance model [2] and 

Lichtenecker’s mixing formulas [3], we define an analytic simplified model to describe the relation between 

nanomaterial mass and variations of the SRF of the inductor[4]. Our method measures the refraction index of 

the nano-tag, making the technique able to quantify any nanomaterial like gold, latex or MNPs.  

We verified the model and simplifications against electromagnetic simulations and experimental 

measurements. These verifications demonstrate the validity of the model, the value of magnetic nanoparticles 

as nano-tags for precise quantification, and the advantages of the SRF measuring method for low-cost, high-

sensitivity systems. 
 

Figure 1. Simulations and 

experimental setups, data, and model 

adjustment results. 
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We report on state of an electromagnet end station for x-ray magnetic circular dichroism (XMCD). This 

end station has been installed on the absorption branch of the Beamline for Advanced Dichroism Experiments 

(BLADE). At the Diamond Light Source (DLS), BLADE is a soft x-ray beamline optimized for studies of 

magnetic materials using x-ray magnetic circular dichroism. 

The absorption branch has been originally equipped with the superconducting high field magnet that can 

provide the field up to 14T and cool samples down to 3K. The operation of the high field magnet is however 

time demanding and it suffers from the remanent field of about 20 mT so when small magnetic field is applied, 

the magnetisation cannot be determined accurately. Hence, the need for a complementary end station which 

would provide accurate small field and high throughput. 

The electromagnet end station is built around commercial coil from GMW Associates providing the field 

up to 1.9T. The sample can be cooled with a flow of liquid helium using vertically mounted cryostat Janis ST-

400. The base temperature is about 15K. Samples can be cleaved in-situ or annealed to the temperature of 

500K. 

The electromagnet system has been successfully tested and routinely used since 2021. An example of 

experimental result will be presented [1]. It is open to users via standard DLS proposal route. 
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Figure: Image of the electromagnet end-station 

connected at the end of the absorption branch of 

I10.
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The characterization of the magnetic properties of materials at the local scale is important for applications 

such as in situ monitoring, non-destructive testing or nanometrology. Indeed, for some materials that exhibit a 

magnetic response and in particular steels, mechanical and magnetic properties are correlated via the 

microstructure. The measurement of magnetic properties at the local scale could therefore allow access to the 

mechanical properties of materials in a non-destructive way and a better understanding of their microstructure. 

In order to obtain additional contrasts, it is possible to use the mapping of the frequency response to the 

application of an alternating magnetic field (magnetic susceptibility).  

Two magnetic mapping tools, at two scales, submillimeter and submicrometer, are developed in the 

laboratory by combining magnetoresistive magnetic sensors [1] and a scanning system. The use of the giant 

and tunnel magnetoresistance effect, based on spin electronics, allows the development of very sensitive 

magnetic sensors whose size can be submicron. These sensors allow to detect magnetic fields emitted by the 

sample surface in a quantitative way, with a detectivity of the order of nT/√𝐻𝑧, in a topography-decolored 

way, and on a large frequency range (DC to the hundred MHz).  

In order to achieve micrometer and submicrometer resolution, the GMR sensor is integrated into a flexible 

cantilever (Figure 1 left) and combined with a local probe microscope. On a larger scale, the tool working with 

sub-millimeter resolution is composed of a 3D probe integrating GMR sensors mounted in  Wheatstone bridge 

and gradimeter to eliminate temperature and environmental drift, and positioned on a pyramidal support (Figure 

1 right), and a motorized stage. The three components of the field can be extracted and allow a 3D mapping of 

the fields emitted by the material surface. 
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Figure: (Left) Atomic force microscope (AFM) support composed of 3 flexible cantilivers (1µm Si3N4) on which are integrated a 

GMR sensor. (Right) 3D probe composed of 4 GMR dies positioned on a pyramidal support.
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Implementing a sample carrier system to characterize spin waves on thin films put demands on signal 

integrity, wide bandwidth, optimized interface connections and multiple layouts per sample. We will present 

detailed results from our design of an improved device carrier for wideband electrical interfacing (<17 GHz) 

of mixed signal magnonic devices. The device is designed for all electrical measurements of mixed surface 

acoustic waves and spin waves.  

The focus will be the verification of a compact, 16-port chip carrier and enclosure compatible with 

material requirements for measurement setups that include an applied magnetic field and variable temperature. 

The design premise accommodates commercially available direct cable interface contacts and a mechanical 

enclosure for both shielding and thermal control. The contacts are connected to a reusable chip carrier printed-

circuit-board (PCB), designed to provide a controlled, repeatable sample chip environment. For signal integrity 

and broad band impedance, CST software simulations are used and compared to control measurements. The 

chip carrier PCB is designed for commercial reproduction. The sample chips are produced in-house, utilizing 

a thin film growth and lithography techniques.  

 
Figure 1: Sample (gray) connected to the PCB (green) via 

ribbon bonding, and then connected to two compact 8-

port Mini-D RF Edge Launch Connectors (gold) 

 

 

 

 

From this design we will present simulations and experimental results. We will address effects of different 

bonding methods (wire/ribbon) and circuit layout designs of the chip carrier and the sample lithography. We 

will exemplify the design through presenting results from studies of all-electrical measurements of coupling 

between spin-waves generated by wide-band antennas [1] and surface acoustic waves on LiNbO3 [2].  We will 

present results on signal integrity, correlation with simulation, as well as preliminary results of intermixing of 

signals. Results will be presented from thin film magnetic materials in surface acoustic wave substrates. 

Prototypical materials such as Fe and Ni films will provide baseline measurements, leading toward 

measurement of  La0.7Sr0.3MnO3 (LSMO) thin films deposited on the surface acoustic wave material LiNbO3. 
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As materials scientists we have always used digital means to acquire and analyse our data, at least ever since 

computers became available. One point which was slower to change was how we record our thoughts and make 

our notes during the experiments themselves: we still heavily rely on the good old paper notebook. 

However, in the past three decades computers and digital mobile devices have become ubiquitous not only 

in laboratories but also in our daily lives. This led to a gradual shift in how we produce and handle data. Many 

of us have experimented or made the full switch to electronic laboratory notebooks (ELN). There are many 

advantages to ELNs. They are easy to search, copy, archive and share. You can easily collaborate with and 

monitor other scientists work [1]. In many cases this switch is strongly encouraged by funding agencies’ 

requirements on data management. 

However, ELNs have limitations when it comes to machine automated data processing at accessing all 

information within the data. But what if your digital book could do more than just store data and aid you 

research?  

This is where ontologies come in. Ontologies are a structured representation of knowledge that follows a 

standardized (domain specific) schema. They enable the modelling of relationships between concepts or things 

(entities), making it easier to retrieve data using a powerful query language named SPARQL.  

When using a database of experiments, you may e.g. query which/how many samples you have substituted 

Mn for Cr. From an ontology however, you can query what was the mechanism used to reduce the volume of 

your parent compound, which is a much more complex question than a database can answer since it models 

not only values but also the knowledge of how you got to your results. 

Overall, ontologies are a crucial step towards making our data FAIR - Findable, Accessible, Interoperable, 

Reusable. It is not a matter of choosing between ELNs or Ontologies. For instance, integrating ontological 

concepts into ELNs can enhance their functionality and expand the range of data that can be processed and 

analysed.  

In this presentation I will talk about the challenge of designing and implementing an ontology for 

magnetocaloric materials in the project DiProMag [2] as part of Germany’s Material Digital initiative [3]. What 

advantages ontologies bring versus simple databases? How building ontologies actually changes the way we 

conceptualize and record our experiments? These are questions I will strive to answer as ontologies are the 

natural evolution of how we manage our data. 
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The field of magnonic constitutes a promising ground for the integrating of non-reciprocal microwave 

components such as circulators, isolators, and phase shifters [1]. Recently, unidirectional transmission of 

exchange spin waves down to 60 nm wavelength was achieved using the chiral coupling between ferromagnetic 

nanowires with thin YIG films [2].  

In this communication, we implement this method to study the wave vector dependence of the relaxation time 

of dipole-exchange spin waves over a broad range of wavevectors k = [0-100 rad.µm-1]. We performed spin 

wave spectroscopy in the Damon-Eshbach configuration on several devices consisting of a w=200 nm width, 

t=60 nm thick, and a=400 nm lattice spacing permalloy (Ni80Fe20) nanowires arrays on top of a 55 nm thick 

YIG film (see Fig. 1-a). The frequency-field mapping of the transmission spectra for these devices reveals two 

types of non-reciprocal transmission (see Fig. 1-b). At higher frequency, we attribute the unidirectional 

transmission to the excitation of high wavevectors (kNW) from the nanowires arrays. At lower frequencies, the 

partial non-reciprocity observed comes from the wavevectors (kCPW) directly excited by the rf field of the 

antenna. We fit the separation distance dependence (D) of the amplitudes, and the oscillation frequencies of 

theses transmission spectra in order to extract the attenuation length Latt (k, H), and the group velocity Vg (k, 

H) for all wavevectors [4]. The obtained relaxation times defined as τ (k, H) = Latt (k, H) /Vg (k, H) (see Fig. 1-

c) show that it decreases as the wavevector and the bias field increase. We obtain a good agreement with 

theoretical expressions of the relaxation time derived from Kalinikos-Slavin formalism. This study benchmarks 

the propagation properties of exchange spin waves in the context of phenomenological Gilbert damping. 

 

This work was supported by the French ANR project “MagFunc” and the Département du Finistère through 

the project “SOSMAG”.  

 
Figure 1: (a) Scanning electron micrograph image of Ni80Fe20 NWA. (b) Mapping of imaginary part of 

transmission spectra ΔL21. (c) Comparison of measured relaxation time with analytical expression for 23mT 

and 64mT in plane applied field. 
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Nowadays more than ever, it is important to look for greenhouse gas emissions free technologies to 

implement in the refrigeration industry. Magnetic refrigeration is a very promising candidate since this 

technology is based on the magnetocaloric effect of solid-state materials around room temperature which do 

not emit greenhouse gases. Measuring and comparing thermodynamic properties of such magnetocaloric 

materials is a crucial tool towards the continuous improvement of magnetic refrigerants.  

The magnetocaloric effect is expressed by two quantities. The first one is the entropy change of the material 

upon the variation of the field 𝐻 under isothermal conditions, ∆𝑆𝑖𝑠𝑜, and can be calculated indirectly from 

isothermal magnetization versus field curves using a commercial superconducting quantum interference device 

(SQUID) [1]. The second one is the temperature change induced by the application of the field 𝐻 under 

adiabatic conditions, ∆𝑇𝑎𝑑. This last quantity can be obtained directly by measuring the temperature of the 

sample, however, it can be challenging to develop a setup for such measurements in adiabatic conditions. 

Nevertheless, recently, it has been shown that this quantity can also be obtained directly through time-

dependent magnetometry, namely using a SQUID device [2]. With this last approach, a ∆𝑇𝑎𝑑(𝑇) curve profile 

was obtained using Gadolinium (a benchmark magnetocaloric material) under a 1 T field change. The adiabatic 

temperature change can also be measured indirectly by using thermodynamic equilibrium measurements of 

magnetization and using the following expression derived from Maxwell relations [2], 

∆𝑇𝑎𝑑(𝑇𝑖)∆𝐻 =   ∫
𝑇𝑖

𝐶𝑝(𝑇𝑖, 𝐻) (
𝜕𝑀(𝑇𝑖, 𝐻)

𝜕𝑇
)

𝐻
𝑑𝐻

𝐻𝑓

𝐻𝑖

 

In this work, by solving this equation in order to 𝐶𝑝(𝑇𝑖, 𝐻) and using the direct measurement of ∆𝑇𝑎𝑑(𝑇𝑖)∆𝐻 

through magnetometry for small incremental changes ∆𝐻 up to 1 T under adiabatic conditions, we were able 

to estimate the temperature and field dependent heat capacity of the material at a given temperature. Ensuring 

adiabaticity during these measurements is also challenging, which motivates studying additional setups with 

improved thermal insulation and/or faster magnetic field applications. Our current experimental procedure of 

increasing the field incrementally has improved on the previously reported method, reducing the 

underestimation of ∆𝑇𝑎𝑑(𝑇𝑖)∆𝐻 without compensation techniques. We are currently exploring these different 

approaches to estimate the heat capacity 𝐶𝑝(𝑇𝑖, 𝐻) of Gadolinium using time-dependent magnetometry and 

have obtained values within 48% of the reported values for Gadolinium [3]. This approach will allow a full 

characterization of a magnetocaloric material (∆Siso, ∆Tad, Cp) using a single SQUID magnetometer, enabling 

accelerated progress towards new, competitive, and industry-ready materials. 
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BL29- BOREAS at the ALBA Synchrotron Light Facility is a beamline for soft x-ray polarization-

dependent spectroscopic investigations on advanced basic and applied materials [1]. It counts on two 

endstations: MaReS – designed for RMXS and reflectometry but nowadays also offering GISAXS, holography 

and CDI capabilities – and HECTOR – devoted to XAS, XLD and XMCD studies [2]. 

An APPLE II undulator and a monochromator based on three variable line spacing plane gratings 

generate a high photon flux from about 0.1 up to 4 keV with a sharp energy resolution and full polarization 

control. The beamline provides a rather broad photon energy range (approx. 0.1 to 4 keV) with full polarization 

control and variable focusing for experiments at the two endstations. Both MaReS and HECTOR implement 

high magnetic field (6 and 2 Tesla max., respectively) and low temperature capabilities (4-370 K and 18-400 

K, respectively). This allows atomic-level investigations on magnetic and electronic properties of quantum 

materials, among which ferromagnets, antiferromagnets, superconductors, ferroelectrics, multiferroics or 

topological insulators. The samples under study may have the form of isolated atoms, nanoparticles and 

powders, organic molecules, Van-der-Waals layers, thin films or bulk specimens. 

The beamline being operative since mid 2012, along the past few years we have largely enhanced the 

instrumentation available with notably: i) a state-of-the-art Scanning Tunneling Microscope, ii) a full surface 

preparation technique chamber with Molecular Beam Evaporation, LEED/Auger, ion sputtering and high 

temperature annealing, iii) an Argon-filled Glove box. All capabilities are now completed, fully commissioned 

and interconnected to the x-ray endstations via an iv) ultra-high vacuum radial distribution chamber. 
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Břežany, Czech Republic 
2 Charles University, Faculty of Mathematics and Physics, Ke Karlovu 3, Prague 2 12116, Czech 

Republic 
*martin.zahradnik@eli-beams.eu 

 

Optical techniques that allow the investigation of ultrafast magnetization dynamics are typically using the 

magneto-optical (MO) effects, such as MO Kerr and Faraday effect. These techniques are usually limited to 

single-wavelength operation, however, a development of a broadband femtosecond Faraday effect 

spectrometer has recently also been demonstrated [1]. Acquisition of the transient response in a broad spectral 

region combines advantages of ultrafast pump-probe experiments with conventional spectroscopy. Here, we 

would like to present a broadband femtosecond instrument, which is using optical ellipsometry [2] instead of 

the MO effects. The instrument was developed at ELI Beamlines and proved to be a powerful tool in 

investigation of ultrafast properties in magnetic materials. 

ELI Beamlines is a part of the pan-European research network of user facilities ELI-ERIC, providing the 

international community with leading high-power, high-intensity, and short-pulsed laser systems. The 

presented broadband femtosecond pump-probe ellipsometry has recently attracted considerable attention of the 

user community. Using a femtosecond driving laser and a whitelight supercontinuum, the technique allows 

acquisition of the dynamic evolution of optical properties in a spectral range from 350 to 750 nm, with time 

resolution of 100 fs, and with the possibility of tuning the pump excitation between 250 nm and 2.5 µm. 

Similar to conventional ellipsometry, the ultra-fast beamline is especially suitable for, though not limited 

to, characterization of thin films of solid state materials. The wide application potential and versatility of the 

presented technique was demonstrated in a number of various material systems. After initial experiments on 

bulk semiconductors (Ge, Si, InP), mapping the dynamic evolution of critical points [3], the instrument was 

further used for probing the dynamics of hot charge carriers [4] and birefrigence in thin films of ZnO [5]. Most 

recently we reported on photo-induced insulator-to-metal transition in thin films of cobaltites [6], or ultra-fast 

changes in absorption onset of zincblende GaN.  

Here we would like to emphasize that the instrument can successfully serve also for investigation of ultrafast 

properties in magnetic materials. We demonstrate it on the example of Ni-Mn-Ga, a ferromagnetic shape 

memory alloy, whose spectral transient response was systematically studied with respect to its martensitic 

transformation. 
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Space magnetism is a discipline that seeks to answer big questions about the past and present of different 

planets, satellites and other bodies. In the case of rocky bodies, the magnetic bearings are capable to record the 

magnetic conditions that existed when they were created. This property allows us to see through a window in 

time and compare present and past magnetic field levels to get answers about the geological evolution of these 

bodies. 

The purpose of this paper is to present an experiment aimed at knowing the possible magnetization of a 

rocky body during the cooling that it suffered in the process of its formation. We have focused on the possible 

origin of the satellites of Mars for which two hypotheses are considered asteroid capture and giant impact. 

A giant impact on Mars would be capable of detaching a significant amount of material from the planet 

itself. Upon impact, material at a temperature of more than 1500 ºC would be ejected at a distance of several 

radius of the planet. This material would cool down and follow an elliptical trajectory that could cover areas 

located several times the radius of the planet. 

For such scenario, if the impact took place in the former stage of the planet the magnetic field of Mars has 

been published to be approximately twice that of Earth [1]. In that case, the magnetic field at distances 5.5 

times the radius of Mars would be about 600 nT, increasing and decreasing as it moves in the elliptical orbit 

[2].  

To simulate this scenario, some samples of volcanic rock are going to be heated to 1000 ºC in an industrial 

furnace GALTERMIC Model ATMD200P1200. The supply of Ar gas is necessary throughout the process and 

it is carried out inside the furnace by means of a flowmeter. The temperature of the experiment as well as the 

duration of the experiment are controlled by a programmer. Afterwards, during the cooling, the rock will be 

exposed to a rotating magnetic field within a set of triaxial Helmholtz coils that simulates the scenario. Three 

different power supplies will be used to compensate the Earth's magnetic field in DC and, simultaneously, 

introduce a 10 Hz signal that simulates the movement of the body in the elliptical orbit. The magnetic field 

levels are calibrated prior to the experiment using a fluxgate magnetometer and the rock temperature will be 

monitored with a type K thermocouple (TT-K-1-0041) of 300 mm in length and 1.5 mm in diameter. 

The experiments will be carried out during the months of March and April 2023. And the final measurements 

will include an in-depth analysis of the magnetic properties, both in bulk and by layers, that the volcanic rocks 

have acquired after cooling, being exposed to environmental conditions that would simulate the possible origin 

of a satellite on Mars.  
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In spintronic applications, the generation and manipulation of magnetic domain walls have been an 

important research field since its proposal as the key element in magnetic data storage structures [1]. Nowadays, 

these systems are studied, not only for their information storage capabilities, but for its potential application to 

process such information at a small computational cost [2, 3], and for their ability to generate microwave 

signals [4]. In this work we study the ferromagnetic resonance of a permalloy nanostrip with a gold 

microantenna sputtered on top, measured by the stripline ferromagnetic resonance tehcnique [5]. The behavior 

of the microstrip resonance with the radiofrequency stimulus and the applied magnetic field fits the Kittel's 

equation. Additionally, a new resonance is observed between 4 Oe and 9 Oe for an applied radiofrequency 

signal between 2.0 GHz to 3.0 GHz. Throughout magnetoresistance measurements, this new resonance at low 

magnetic fields was found to correspond to the formation and pinning of a magnetic domain wall. The presence 

of the domain wall was confirmed by Kerr microscopy. Our results show a distinctive RF emission caused by 

the DW whose frequency increases linearly with the external field, which can be very important for applications 

in computing and communications. 
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The scope of this communication is to outline the main marks and performances of the MagneDyn beamline 

[1] at the Free Electron Laser FERMI which was designed and built to perform ultrafast magnetodynamic 

studies in solids. Open to users since 2019, MagneDyn operates with variable circular and linear polarized 

femtosecond pulses delivered by the externally laser-seeded FERMI free-electron laser (FEL). The very high 

degree of polarization, the high pulse-to-pulse stability, and the photon energy tunability in the 50-300 eV 

range allow to perform advanced time-resolved magnetic dichroic experiments at the K-edge of light elements, 

e.g. carbon and at the M- and N-edge of the 3d-transition-metals and rare earth elements, respectively. To this 

end two experimental end-stations are available. The first is equipped with an in-situ dedicated electromagnet, 

a cryostat, and an extreme ultraviolet (EUV) Wollaston-like polarimeter[2,3]. The second, designed for carry-

in users instruments, hosts also a spectrometer for pump-probe resonant X-ray emission and inelastic 

spectroscopy experiments with a sub-eV energy resolution. A Kirkpatrick–Baez active optics system provides 

a minimum focus of ∼20x20 μm2 FWHM at the sample. A pump laser setup, synchronized with the FEL-laser 

seeding system, delivers sub-picosecond pulses with photon energies ranging from the mid-IR to near-UV for 

optical pump-FEL probe experiments with a minimal pump-probe jitter of few femtoseconds. The overall 

combination of these features renders MagneDyn a unique state-of-the-art tool for studying ultrafast magnetic 

phenomena in solids. 
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