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What is a physical system?

What is a model (in physics)?

What is expected from a model?

What are the means to validate a model?

What is the strategy for building a model?

Few questions awaiting answers
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What is a physical system?

The systems under investigation are complex:

- more than one constituent in the system

- the constituents cannot be considered as independent  

Experimental characterization is challenging 

Modelling - research and debate

PCB board with spin torque oscillators 
Mosaic EU Grant
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Describe as faithfully as possible the system under investigation

Define the physical quantities of interest 

An idealized version of a system, simple enough so that 

it can be solved but no too simple to preserve essential physics

Reality  Model 1 Model 2                …..

Modelling - research and debate

What is a model (in physics)?
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What is expected from a model?

Analysis  of the solution leads to increased understanding of a 

phenomenon or process, which can lead to radical improvements

and knowledge progress.

What are the means to validate a model?

Comparison with experiments and other models (it makes sense )

What is the strategy for building a model?

Solve the appropriate equations, either analytically or numerically.

 this allows to calculate the physical quantities of interest.

Modelling - research and debate
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What is the strategy for building a model? • Step by step, iteratively

with rigor and critical thinking

• Hard but most of the time 

collective work - literature, GNU 

General Public License, github, openscience
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Atomistic spin dynamics

 Formalism

 Illustrations : alloy GdFe, Fe nanodot, AOS [Tb/Co] multilayers 

Micromagnetism

 Formalism

 Macrospin limit

 Illustrations

Micromagnetism and spin related phenomena

 Formalism

 Illustrations

Conclusions

Outline
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Starting point ?
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ab-initio calculation 

atomistic models

micromagnetic models

𝐾, 𝐽, µ

𝐾 𝑇 , 𝐴𝑒𝑥 𝑇
𝑀𝑠(𝑇)

RX, TEM, AFM    - crystalline structure, composition

topography, defects, µstructure

MFM, MOKE, NV - magnetic domain structure

VSM, SQUID, XMCD   - hysteresis loops  M(Happ), M(Vapp)

TR-MOKE: real time signals

Real time resistance measurements 

many other techniques 

E
xp

er
im

en
ts

 

few 
primitive 

cells

few 
nm3

< µm

Hierarchy of models in magnetism: space & time 

fs ps ns yearhµs time scale

ultra-fast fast

atomistic LLG µmicromagnetic LLG kinetic Monte Carlo, minimum energy path, 
statistical approaches,… 

rare events (slow)

M



10
Liliana  Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism  Liège 2025      

Typical interactions Special role of the spin 

exchange

magnetostatic

magnetocrystalline anisotropy 

Zeeman

charge + spin

Spin dependent transport 

FM1 FM2NM

Main “ingredients” in magnetism & spintronics
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Atomistic spin dynamics

Formalism : atomistic spin model is a discrete description of magnetism (each atom possess a

localized magnetic moment or spin); the time evolution of a single atomic spin given by the

phenomenological Landau-Lifshitz-Gilbert equation

Lev D. Landau Evgeny M. Lifshitz Thomas L. Gilbert

Department of Theoretical Physics 

National Scientific Center - Kharkiv
Argonne National 

Laboratory

 Landau LD, Lifshitz EM (1935) Theory of the 

dispersion of magnetic permeability in 

ferromagnetic bodies. Phys Z Sowietunion 8:153

 Gilbert TL (1955) A Lagrangian

formulation of the gyromagnetic equation of 

the magnetic field. Phys Rev 100:1243. 

https://doi.org/10.1103/PhysRevB.100.1235

𝑑𝑺𝒊
𝑑𝑡

= −
𝛾𝑖

1 + 𝜆𝑖
2

𝑺𝒊 × 𝑩𝒊 + 𝜆𝑖𝑺𝒊 × 𝑺𝒊 × 𝑩𝒊
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Atomistic spin dynamics

𝑩𝒊 = −
1

𝜇𝑖

𝜕 ෡ℋ

𝜕𝑺𝒊
+ 𝜻𝒊

𝜆𝑖 - Gilbert damping is a coupling of the spin to the electronic system and lattice  (loss of energy)

𝑑𝑺𝒊
𝑑𝑡

= −
𝛾𝑖

1 + 𝜆𝑖
2

𝑺𝒊 × 𝑩𝒊 + 𝜆𝑖𝑺𝒊 × 𝑺𝒊 × 𝑩𝒊

precession term relaxation term

෡ℋ = −෍

𝑖<𝑗

𝐽𝑖𝑗𝑺𝒊 ∙ 𝑺𝒋 −෍

𝑖

𝑘𝑢 𝑺𝒊 ∙ 𝒖𝑲
2 −෍

𝑖

𝜇𝑖𝑺𝒊 ∙ 𝑩𝒂𝒑𝒑 +⋯Hamiltonian: 

exchange term anisotropy term

𝜻𝒊 =0, 𝜁𝑖𝜂(0)𝜁𝑗𝜃(𝑡) = 2𝛿𝑖𝑗𝛿𝜂𝜃𝛿 𝑡
𝜆𝑖𝑘𝐵𝑇𝑒µ𝑖

𝛾𝑖

Zeeman term

Thermal field: 

𝛾𝑖 - gyromagnetic ratio

dipolar

magnetostriction

...

• correctly simulate the static and dynamic proprieties of ferrimagnetic and antiferromagnetic

materials as alloys of transition metals (TM) and rare – earth elements (RE)
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Atomistic spin dynamics :  link with first principle computation

https://www.vasp.at

 Spin moments per layer

• µs (Fe1)= 2.76 µB

• µs (Fe2)= 2.49 µB

• µs(Fe_bulk) = 2.2 µB

 Layer-resolved Ks and µs in Fe/MgO structures

MgO-interface
Fe 1ML
Fe 2ML

Bulk Fe

 Temperature dependence of Ks and Ms

 Ks scaling with Ms

 Curie temperature Tc

 Temperature dependence of dead layer thickness

෡ℋ = −෍

𝑖<𝑗

𝐽𝑖𝑗𝑺𝒊 ∙ 𝑺𝒋 −෍

𝑖

𝑘𝑢 𝑺𝒊 ∙ 𝒖𝑲
2

ab-initio calculation atomistic models

 Ibrahim et al . Phys. Rev. B (2022)

T= 0 K

https://www.vasp.at/
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Atomistic spin dynamics

 Ibrahim et al . Phys. Rev. B (2022)
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 Bulk Fe bcc structure

Callen-Callen law

MgO-interface
Fe 1ML
Fe 2ML

Bulk Fe
Ku (bulk) =0

 Model: introduce Ks for Fe 1ML & Fe 2ML 

 Ms of Fe 1ML decreases more rapidly
 Ms of Fe 2ML behaves as Fe bulk
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12 nm octahedral  single crystal 

magnetite  Fe3O4 nanoparticle

magnetization dynamics at 300K

 Fluctuations of different magnetization components between 8 minima along [111] 

crystal directions due to the cubic magnetcrystalline anisotropy 

Atomistic spin dynamics : finite size Fe3O4 nanoparticle

 R.F.L Evans Springer (2018)
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Atomistic spin dynamics : bulk ferrimagnets

Static proprieties of amorphous GdFe Alloys

 media of magnetic hard disks

 Ostler et al . Phys. Rev. B (2011)

Gd25Fe75
GdxFe100-x

62 500 spins & periodic boundary conditions (fcc) 
https://vampire.york.ac.uk/

 The model allows to reproduce experimental observations

 validation of the model calibration 
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Ultrafast reversal in Tb/Co multilayers      storage layer in magnetic RAM
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 The model allows to finely tune composition, the structure and to explore many possible 

combination  prediction and prospection 
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𝑩𝒊 = −
1

𝜇𝑖

𝜕 ෡ℋ

𝜕𝑺𝒊
+ 𝜻𝒊

𝑑𝑺𝒊
𝑑𝑡

= −
𝛾𝑖

1 + 𝜆𝑖
2

𝑺𝒊 × 𝑩𝒊 + 𝜆𝑖𝑺𝒊 × 𝑺𝒊 × 𝑩𝒊

𝜻𝒊 =0, 𝜁𝑖𝜂(0)𝜁𝑗𝜃(𝑡) = 2𝛿𝑖𝑗𝛿𝜂𝜃𝛿 𝑡
𝜆𝑖𝑘𝐵𝑇𝑒µ𝑖

𝛾𝑖

𝐶𝑝ℎ
𝑑𝑇𝑝ℎ 𝑡

𝑑𝑡
= 𝐺[𝑇𝑒 𝑡 − 𝑇𝑝ℎ 𝑡 ]

𝑃(𝑡) =
𝐹

𝑡𝐹𝑀𝜏𝐿
∙ 𝑒

−
(𝑡−𝑡0)

2

𝜏𝐿
2

𝐶𝑒
𝑑𝑇𝑒 𝑡

𝑑𝑡
= −𝐺[𝑇𝑒 𝑡 − 𝑇𝑝ℎ 𝑡 ] + 𝑃(𝑡)

LL
G

 &
 2

 te
m

pe
ra

tu
re

 m
od

el

laser heating

 L. Aviles-Felix et al., Sci. Rep. (2021)

 R. Moreno  et al. Phys Rev B (2017)

 Multiphysics coupling  : spin dynamics and heat equations

 ASD Spintec solver 

Atomistic spin dynamics & 2 Temperature model 
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Constant pulse duration

 More than 50 x 50 X 50 exchange coupled spins 

 Heun’s integration scheme (predictor corrector scheme)

 Parallelization of the solver (CPU , GPU  releases)

Atomistic spin dynamics : AOS of MTJ based on [Tb/Co] layers

Parameters 

Initial state 𝑆𝑖 , 𝑇𝑒𝑙 , 𝑇𝑝ℎ

compute 𝐵𝑖

integrate 𝑁 coupled LLG 

integrate heat equations 𝑇𝑒𝑙 , 𝑇𝑝ℎ

Test ?

solution 𝑆𝑖 , 𝑇𝑒𝑙 , 𝑇𝑝ℎ

Spindynamics (LLG) 

SpinSwift (LLB)
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50fs laser pulse
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 Mechanism of reversal : transient ferromagnetic state linked 

to the difference of demagnetizing time of Tb and Co.

Atomistic spin dynamics : AOS of MTJ based on [Tb/Co] layers
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A. Olivier et al., Nanotechnology  (2020)

tCo=1.4nm

1.5nm < tMg< 3nm

0
.4

n
m

 <
 t

Tb
1

.2
n

m

 David Salomoni’s PhD

Atomistic spin dynamics : AOS of MTJ based on [Tb/Co] layers
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 Reproducible helicity independent AOS with single shot:  

- MTJ 100nm large with a TMR of 50%

- field free

- 50fs laser pulses, 5.5 mJ/cm2

FeCoB1.3nm/ [Tb(0.6nm)/Co(1.4nm)]5

Atomistic spin dynamics : AOS of MTJ based on [Tb/Co] layers

 David Salomoni’s PhD
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Materials

Nanofabrication

Test   Modelling

Design  

Theory   

𝐴𝑒𝑖𝑘↑𝑥ȁ ۧ↑

+𝐵𝑒𝑖𝑘↓𝑥ȁ ۧ↓

devices

concepts

Importance of continuous 

exchanges between experiments 

and theory/modelling:

 Validation

 Calibration

 Accurate /reliable prediction

 Feed / challenge the models 
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Atomistic spin dynamics

 Formalism

 Illustrations : alloy GdFe, Fe nanodot, AOS [Tb/Co] multilayers 

Micromagnetism

 Formalism

 Macrospin limit

 Illustrations

Micromagnetism and spin related phenomena

 Formalism

 Illustrations

Conclusions

Outline
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Micromagnetism

1 Å 1 nm 10 nm 100 nm 1 µm 10 µm1 Å

Atomic

scale

Individual

spins

1 nm

Nanoparticles

Clusters

Ultra-thin films

Nanoscopic

scale

1 µm 10 µm

Macroscopic

scale

Micrometric structures

quantum mechanics

L, l, e <1 µm

~ 
4

 Å

Co (hcp)

micromagnetism

10 nm 100 nm

Mesoscopic

scale

Thin films

Sub-µm structures

bulk
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Classical theory of continuous ferromagnetic material

Continuous functions (space & time)

magnetization

field

energy

Thermal effects- temperature dependent parameters  

1963 - W. F. Brown Jr. 
1907 P. Weiss / magnetic domains

1937 Landau-Lifshitz / domain walls

Magnetization – constant amplitude vector

Micromagnetism : the beginning & hypothesis 

𝑴(𝒓, 𝑡)

𝑯(𝒓, 𝑡)

𝐸 𝑴(𝒓, 𝑡 )

𝑴 𝒓, 𝑡 =𝑀𝑆

𝑀𝑆 𝑇 , 𝐴𝑒𝑥(𝑇), 𝐾𝑢(𝑇)

Very large number of

individual spins

Continuous media 
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Micromagnetism: Gibb’s free energy

Magnetocrystalline anisotropy

easy axis and hard axis 

Impact of the crystal symmetry

Local  interaction 

Exchange interaction

magnetic order (T<Tc )

parallel alignment of spins

short range interaction but very strong

Magnetostatic interaction

Maxwell’s equations

long range interaction 

Zeeman coupling

Externally applied field

Local  interaction

න
Ω

𝐴𝑒𝑥 𝛻𝒎 𝒓, 𝑡
𝟐
𝑑𝑉

න
Ω

𝐾𝑢 1 − 𝒖𝒌 ∙ 𝒎 𝒓, 𝑡
𝟐
𝑑𝑉

−𝜇0𝑀𝑆න
Ω

𝒎 𝒓, 𝑡 ∙ 𝑯𝒂𝒑𝒑 𝒓, 𝑡 𝑑𝑉

−
1

2
𝜇0𝑀𝑆න

Ω

𝒎 𝒓, 𝑡 ∙ 𝑯𝑫 𝒓, 𝑡 𝑑𝑉
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Micromagnetism : magnetic stable state

𝑴 𝒓, 𝑡 , = 𝑀𝑆𝒎 𝒓, 𝑡 𝒓 ∈ 𝛀

Magnetization distribution: 

𝒎 𝒓, 𝑡 =1

Gibb’s free energy: 

𝐸𝑡𝑜𝑡𝑎𝑙 = න
Ω

𝜀𝑒𝑥 + 𝜀𝐾 + 𝜀𝑎𝑝𝑝 + 𝜀𝐷 𝑑𝑉

Magnetic stable state = minimum of the  Gibb’s free energy functional 

𝒎 → 𝒎+δ𝒎
𝛿𝐸𝑡𝑜𝑡𝑎𝑙(𝒎) = 0

𝛿2𝐸𝑡𝑜𝑡𝑎𝑙 𝒎 > 0
 variational principle 
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Micromagnetism : static equilibrium equations 

𝛿𝐸𝑡𝑜𝑡𝑎𝑙 = −𝜇0𝑀𝑆න
Ω

𝒎×𝑯𝒆𝒇𝒇 ∙ 𝛿𝜽 𝑑𝑉 + 2𝐴𝑒𝑥ර
𝑆

𝒎×
𝜕𝒎

𝜕𝒏
∙ 𝛿𝜽 𝑑𝑆

𝑯𝒆𝒇𝒇 = −
1

𝜇0𝑀𝑆

𝛿𝐸𝑡𝑜𝑡𝑎𝑙
𝛿𝒎

= 𝑯𝒆𝒙 +𝑯𝑲 +𝑯𝑫 +𝑯𝒂𝒑𝒑 + 𝐶𝒎

 A. Hubert, R. Schafer Magnetic Domains

𝒎×𝑯𝒆𝒇𝒇 = 𝟎, ∀ 𝒓 ∈ Ω
𝜕𝒎

𝜕𝒏
= 𝟎, ∀𝒓 ∈ 𝑆Brown’s equations

Effective field:

 Possible thus to find the magnetic stable states
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Micromagnetism : dynamic equation 

𝜕𝐦

𝜕𝑡
= −𝛾0 𝐦×𝐇𝐞𝐟𝐟 +𝜶 𝐦 ×

𝜕𝐦

𝜕𝑡
+

𝜕𝐦

𝜕𝑡 𝑎𝑑𝑑

Equation de Landau-Lifshitz-Gilbert + more interactions

Experiments Simulation

macrospin

𝒎 𝒓, 𝑡 , 𝒓 ∈ 𝛀
Space & time dependence 

 Magnetization trajectory between two magnetic states 
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𝜕𝒎

𝜕𝑡
= −𝛾0 𝒎×𝑯𝒆𝒇𝒇 + 𝛼 𝒎×

𝜕𝒎

𝜕𝑡

−𝛾 0𝑎𝐷𝐿𝑉 𝒎 × 𝒎×𝒎𝑷 + 𝛾 0𝑎𝐹𝐿𝑉
2 𝒎×𝒎𝑷

Macrospin: micromagnetic limit if the exchange interaction is infinite

mp

m

LLG equation

Spin Transfer Torques

damping-like field-like

m is supposed to be uniform in each point of the CoFeB and have coherent dynamic.

V

Slonczewski terms

the effective field includes

contributions due to the anisotropy, 

demagnetizing and applied field

𝑯𝒆𝒇𝒇 =

0
0

𝐻𝐾𝑚𝑧 +𝑀𝑆𝑚𝑧 + 𝐻𝑎𝑝𝑝

𝒎𝒑 =
0
0
1

the spin current polarization is  parallel 

with the out-of-plane direction

Circular magnetic tunnel junction pillar: polarizer  mp / insulator (MgO) / CoFeB (m) 
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1 + 𝛼2
𝜕𝒎

𝜕𝑡
= −𝛾0 𝒎×𝑯𝒆𝒇𝒇 − 𝛾 0 𝑎𝐹𝐿𝑉

2 − 𝛼𝑎𝐷𝐿𝑉 𝒎×𝒎𝑷

− 𝛼𝛾0 𝒎× 𝒎×𝑯𝒆𝒇𝒇 − 𝛾 0 −𝛼𝑎𝐹𝐿𝑉
2 + 𝑎𝐷𝐿𝑉 𝒎 × 𝒎×𝒎𝑷

Holstein –Primakoff

transformation :

𝑐 =
𝑚𝑥 − 𝑖𝑚𝑦

2 1 + 𝑚𝑧

𝑐∗ =
𝑚𝑥 + 𝑖𝑚𝑦

2 1 + 𝑚𝑧

𝜔𝐻 =
𝛾0𝐻𝑎𝑝𝑝
1 + 𝛼2

𝜔𝐾 =
𝛾0𝐻𝐾
1 + 𝛼2

𝜔𝐷 =
𝛾0𝑀𝑠

1 + 𝛼2

𝜔𝐷𝐿 =
𝛾0

1 + 𝛼2
𝑎𝐷𝐿𝑉

µ0

𝜔𝐹𝐿 =
𝛾0

1 + 𝛼2
𝑎𝐹𝐿𝑉

2

µ0

𝜕𝒄

𝜕𝑡
𝐹𝐿

= 𝑖 𝛼𝜔𝐷𝐿 + 𝜔𝐹𝐿 𝑐

𝜕𝒄

𝜕𝑡
𝑝𝑟𝑒𝑐

= −𝑖𝑐 𝜔𝐻 + 𝜔𝐷 −𝜔𝐾 2 𝑐 2 − 1 =

𝜕𝒄

𝜕𝑡
𝑑𝑎𝑚𝑝

= −𝛼𝑐 1 − 𝑐 2 𝜔𝐻 + 𝜔𝐷 − 𝜔𝐾 2 𝑐 2 − 1

𝜕𝒄

𝜕𝑡
𝐷𝐿

= − 𝜔𝐷𝐿 − 𝛼𝜔𝐹𝐿 1 − 𝑐 2 𝑐

 Timopheev et al. Phys Rev B (2017)

𝒎𝟐 = 𝟏

Macrospin: micromagnetic limit if the exchange interaction is infinite
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𝜕𝑐

𝜕𝑡
= −𝑖𝑐 𝜔𝐻 − 𝛼𝜔𝐷𝐿 +𝜔𝐹𝐿 + 𝜔𝐷 − 𝜔𝐾 2 𝑐 2 − 1

−𝛼𝑐 1 − 𝑐 2 𝜔𝐻 +
𝜔𝐷𝐿

𝛼
− 𝜔𝐹𝐿 𝜔𝐷 −𝜔𝐾 2 𝑐 2 − 1

𝑐 = 𝑝𝑒−𝑖𝜙

𝜕𝑝

𝜕𝑡
= −2𝛼 𝜔𝐻 +

𝜔𝐷𝐿

𝛼
− 𝜔𝐹𝐿 + 𝜔𝐷 − 𝜔𝐾 2𝑝 − 1 1 − 𝑝 𝑝

𝜕𝜙

𝜕𝑡
= − 𝜔𝐻 − 𝛼𝜔𝐷𝐿 + 𝜔𝐹𝐿 + 𝜔𝐷 − 𝜔𝐾 2𝑝 − 1

Power equation 

Phase equation 

𝜔𝐻 =
𝛾0𝐻𝑎𝑝𝑝
1 + 𝛼2

𝜔𝐾 =
𝛾0𝐻𝐾
1 + 𝛼2

𝜔𝐷 =
𝛾0𝑀𝑠

1 + 𝛼2

𝜔𝐷𝐿 =
𝛾0

1 + 𝛼2
𝑎𝐷𝐿𝑉

µ0

𝜔𝐹𝐿 =
𝛾0

1 + 𝛼2
𝑎𝐹𝐿𝑉

2

µ0 Stability analysis around the equilibrium state

 Extraction of the critical lines, draw state diagrams

𝑝𝑒𝑞 → 𝑝𝑒𝑞 + 𝛿𝑝

Macrospin: micromagnetic limit if the exchange interaction is infinite
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State “up” 𝒎 = 0 0 1 stable if :

𝑉 = 0 𝐻𝑎𝑝𝑝 > − 𝐻𝐾−𝑀𝑠

State “down” 𝒎 = 0 0 −1 stable if :

𝐻𝑎𝑝𝑝 < + 𝐻𝐾−𝑀𝑠𝑉 = 0

𝐻𝑎𝑝𝑝

mz

𝑉 ≠ 0 𝐻𝑎𝑝𝑝 +
𝑎𝐷𝐿𝑉

𝛼µ0
−
𝑎𝐹𝐿𝑉

2

µ0
− 𝑀𝑆 − 𝐻𝐾 > 0

𝐻𝑎𝑝𝑝 +
𝑎𝐷𝐿𝑉

𝛼µ0
−
𝑎𝐹𝐿𝑉

2

µ0
+ 𝑀𝑠 − 𝐻𝐾 < 0𝑉 ≠ 0

𝐻𝑎𝑝𝑝

V

P /AP

𝑎𝐹𝐿 negligible

Macrospin: micromagnetic limit if the exchange interaction is infinite
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 Strelkov et al. Phys Rev B (2017)

P /AP

R()

Parallel state

Antiparallel stateP

AP

Experimental stability V-H

diagrams of 80 nm diameter

MTJ at room temperature

Macrospin: micromagnetic limit if the exchange interaction is infinite
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 Strelkov et al. Phys Rev B (2017)

𝐸𝐾 = −𝐾1 𝒖𝑘 ∙ 𝒎
2 − 𝐾2 𝒖𝑘 ∙ 𝒎

4

Mesurements

P

AP

Simulation

p

m

H

V

 The model pointed out the necessity to add a new term to the crystalline anisotropy:

 The macrospin model is simple but enables a straightforward analysis

Macrospin: micromagnetic limit if the exchange interaction is infinite
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 Strelkov et al. Phys Rev B (2017)
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-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

V
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V
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H
C- H

C+

 

 

H
app

 (T)
V

o
lt
a

g
e

 (
V

)

AP

P

AP/P

𝑀𝑠(𝑇)

𝑀𝑠0
=
𝑎𝐷𝐿(𝑇)

𝑎𝐷𝐿,0
= 1 −

𝑇

𝑇𝑐

1.73

𝐾𝑢(𝑇) = 𝐾0
𝑀𝑠(𝑇)

𝑀𝑠0

𝜉

𝐶
𝑑𝑇

𝑑𝑡
= −𝑄 𝑇 − 𝑇0 +

𝑉2

𝑅

Joule heating changes the temperature during the operation 

Macrospin: micromagnetic limit if the exchange interaction is infinite
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Mesurements

Simulation
Macrospin: micromagnetic limit if the exchange interaction is infinite

 Sample dependent features
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Atomistic spin dynamics

 Formalism

 Illustrations : alloy GdFe, Fe nanodot, AOS [Tb/Co] multilayers 

Micromagnetism

 Formalism

 Macrospin limit

 Illustrations

Micromagnetism and spin related phenomena

 Formalism

 Illustrations

Conclusions

Outline
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Micromagnetisme
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Micromagnetisme

magpar

nmagmicro3D 

FastMag



42
Liliana  Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism  Liège 2025      

Micromagnetisme
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Micromagnetisme
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Micromagnetisme
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Micromagnetism and spin related phenomena : DMI and domain walls
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Micromagnetism and spin related phenomena : DMI and domain walls

A. Thiaville et al., EPL, 100 (2013)
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O. Boulle et al, Phys. Rev. Lett (2013)
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Micromagnetism and spin related phenomena : DMI and domain walls

 DMI+SOT : the key to explain the fast current induced DW motion in these materials
 DW velocity ~ Japp
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Thin film of Pt / Co / MgO
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SimulationsMeasurements

DARPA - TEE

Juge et al. PR Appl. (2019)

10.1103/PhysRevApplied.12.044007

6.7x1011 A m-2

J

200 nm

6.7x1011 A m-2

1 frame = 1 ns

2.9x1011 A m-2 6.7x1011 A m-2

SkH

 SOT current driven motion of the skyrmions

depends strongly on the pinning 

Micromagnetism and spin related phenomena : skyrmion Hall effect
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Micromagnetism and spin related phenomena : SOT MRAM

Vin

Japp

Co

AlOx

Happ

z

x
y

time

Happ

Japp

Pt

0.0 0.2 0.4 0.6 0.8
-1.0

-0.5

0.0

0.5

1.0

380e10

370e10

 

 

260e10

<
m

z
>

time (ns)

250e10

N. Mikuszeit et al. Phys. Rev. B (2015)
K. Garello et al  Appl. Phys. Lett. (2014)

 Bipolar switching
 Very short pulse < 250ps
 Reversal by nucleation/propagation of DW

No fieldJapp = 350x1010 A/m2Japp = 260x1010 A/m2
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Micromagnetism and spin related phenomena : SOT MRAM

 DW reversal mechanism if nanopillar size > 30nm

 Critical current varies linearly with nanopillar size

 Writing energy ~20fJ
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Vin

Japp

V2

CoFeB

Happ

z

x
y

βW Channel

60 nm

1 nm

MgO 200 nm

3 nm

Key elements:

Interfaces HM/FM and FM/Ox

 perpendicular anisotropy – binary states & memory stability

 Dzyaloshinskii-Moriya interaction

Spin orbit torques  to switch between the two stable states

Micromagnetism and spin related phenomena : SOT MRAM + heating
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Develop appropriate modelling approach 

Intrinsic issues 

 Parameters sensitive to temperature  Ki(T), Ms(T), Aex(T),…

 Impact on the magnetization dynamics 

 Impact on the operation of the storage layer 

coupling : current  temperature    magnetization dynamics  

Electric solver

𝑱𝒂𝒑𝒑 𝒓, 𝑡

Joule Heating

𝑻(𝒓, 𝑡)

COMSOL micromagnetic model

𝑴 𝑱𝒂𝒑𝒑 𝒓, 𝑡 , 𝑻(𝒓, 𝑡)

LLG + SOT

E. Grimaldi et al, Nature Nanotechnology (2020) 

Micromagnetism and spin related phenomena : SOT MRAM + heating
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Writing with current Joule heating

βW Channel

MTJ

+Japp

-Japp

Free layer

Initial conditions : T=293 K | V=0

SiO2

constant T=293 K 
on the boundaries

Micromagnetism and spin related phenomena : SOT MRAM + heating
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325

TiN

CoFe

equivalent

material
MgO

βW

Equivalent MTJFull structure MTJ

𝑇 (𝐾)

t=1 ns

× 1012

11

00

295

325

× 1012

1

𝑇 (𝐾)

295

𝐽𝑥 (A/m2)𝐽𝑥 (A/m2)

Micromagnetism and spin related phenomena : SOT MRAM + heating
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𝑀𝑠0 (A/m) 1.09e6

𝐾0 (J/𝑚3) 1.25e6

𝐴𝑒𝑥0 (J/m) 1.5e-11

a 1

b 1

p 2.5

q 1.7

𝑇𝐶 (K) 750

DMI (J/𝑚2) 1.5e-4

𝐻𝑎𝑝𝑝 (T) 0.06

Lee et al., AIP Adv., (2017)

Material parameters follow Callen-Callen laws

Magnetocrystalline

anisotropy

Spontaneous magnetization

𝑀𝑠0 the value at 0K

TC – critical temperature

K(𝑇) = 𝐾0
𝑀𝑠(𝑇)

𝑀𝑠0

𝑝

𝑀𝑠(𝑇) = 𝑀𝑠0 1 −
𝑇

𝑇𝐶

𝑎 𝑏

𝐴𝑒𝑥(𝑇) = 𝐴𝑒𝑥0
𝑀𝑠(𝑇)

𝑀𝑠0

𝑞

Exchange stiffness

FeCoB

ΔT=30 K

7 % variation

16 % variation

11 % variation

interface & bulk

Micromagnetism and spin related phenomena : SOT MRAM + heating
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MS(T(t))T(t)

Given current pulse T(t) fitting  micromagnetics

𝑇 𝑡 =
−

𝑐

𝑡 − 𝑡′
+ 𝑇𝑟 𝑡𝑖 < 𝑡 < 𝑡𝑓

−
𝑢

𝑡 − 𝑡∗
+ 293 𝑡 > 𝑡𝑓

Fitting parameters : 𝑐, 𝑡′,𝑇𝑟, 𝑢 and 𝑡∗ depend on the
simulation conditions

𝐽𝑎𝑝𝑝 = 1 × 1012 Τ𝐴 𝑚2

𝑡𝑖 = 0,1𝑛𝑠
𝑡𝑓 = 1,1𝑛𝑠

𝐽𝑎𝑝𝑝 = 1 × 1012 Τ𝐴 𝑚2

𝑡𝑖 = 0,1𝑛𝑠
𝑡𝑓 = 220,1𝑛𝑠

240°

30°

Micromagnetism and spin related phenomena : SOT MRAM + heating
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𝐽 = 0.9 × 1012 𝐴/𝑚2 𝐽 = 1.2 × 1012 𝐴/𝑚2
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Model versus Reality

Validity of the model

Utility of the model

Critical thinking on numerical solutions

Modelling – take home messages

A solver gives always a solution! 
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