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Interactions 
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Configuration results from competition of the different interactions

Exchange
1000 K, 100 T

21exc SSJE



EDMI = D12 . ( S1 x S2)

Dzyaloshinskii–Moriya interaction (DMI)

HZeeman Energy Ezee = - m0 M . H

Dipolar
1 K,  10 mT Edip= - m0 M . Hdip

Magneto-crystalline
anisotropy

10 K, 0.01 to 10 T   2

K KE cos



Magnetic configurations
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O. Fruchart, ESM 2017
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Standard 
values

Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)
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K. Krishnan, Fundamentals and applications of magnetic materials, OXFORD University Press (2016)



Type of measurements

10

MTXM = magnetic transmission X-ray microscopy

Photons detection Electrons detection Scanning local probes

Laser X rays
Electron in

Electron out

MTXM

STXM

X-holography

Kerr

Faraday
X-PEEM TEM Lorentz

SEMPA

SP-LEEM

e-holography

MFM
SNOM

MRFM

SP-STM

MFM = magnetic force microscopy

SNOM = scanning near field optical microscopy

MRFM = magnetoc resonance force microscopy

SP-LEEM = spin polarized low energy electron microscopy
NV = NV center of diamond probe 

SEMPA = scanning electron microscopy with polarization analysis

X rays 

NV microscopy

SHPM

SHPM = scanning all probe microscopy



Outlines
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Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)



Outlines
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Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)



Linearly polarized light 
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polarized light 



Magneto-optic effect
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Longitudinal Faraday and Kerr effect under
an angle of incidence θinc relative to the
surface normal. The case of s-polarization is
sketched. By the MO interaction with the
magnetic medium the linearly polarized
incoming light (Einc) is transformed to an
elliptically polarized light Etrans and Erefl. The
resulting Faraday rotation θf and ellipticity
ef, respectively, Kerr rotation θk and
ellipticity ek are shown. θrefl is the angle of
reflection of light.

Faraday effect (MOFE)

Kerr effect (MOKE)Reflection

Sample

J.McCord, Journal of Physics D: 
Applied Physics 48, 333001 (2015)

Transmission

M. Faraday (1846),  J. Kerr (1877) 
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The three basic configurations of the (a) polar, (b) longitudinal, and (c) transverse magneto-optical
Kerr effect. The unit vector of magnetization m is lying along the corresponding sensitivity axes (as
indicated).

Out-of-plane
magnetization

In-plane
magnetization

In-plane
magnetization

J.McCord, Journal of Physics D: 
Applied Physics 48, 333001 (2015)

The effects might come together!

Magneto-optic effect
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M. Faraday (1846),  J. Kerr (1877) 

Classical description :

diagonalization

More generally : 3 useful configurations

dielectric 
conductivity 
tensor

Magneto-optic effect
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intensityintensity

amplitude
amplitude

1.610-5 610-7

210-3
810-4

Practical opto-electronics, Springer (2014)
V.V. Protopopov, Magneto-optics

polar

polar long.

long.

Magneto-optic effect
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Topical Review
J. McCord,

J. Phys. D: Appl. 
Phys. 48,

333001 (2015)



Ultimate resolution

20J. McCord, J. Phys. D: Appl. Phys. 48, 333001 (2015)

10 µm2 µm5 µm

Hext

Stripe domains in Ni81Fe19

Domain width 250 nm

Interaction domains in Nd2Fe14B

Domain width 400 nm

(sample O. Gutfleisch, TU 
Darmstadt)

Magnetic domains in a angle sensor

Stripe width 300 nm

Localization accuracy 10 nm

(sample R. Mattheis, IPHT Jena)150 nm
resolution
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All Optical – Helicity  Independent switching

Gd based Material

Specific materials 

Single pulse 

Characteristic State diagram 

& Fast 

Wei, J. et al. 
Phys Rev Applied 15, 054065 (2021).

MnRuGa

54321

Ostler, T. A. et al. Nat Commun 3, 666 (2012).

Radu, I. et al. Nature 472, 205–208 (2011).

Characteristics 



Dynamic
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GdCo

Probe

Polarisor P Analysor A

Pump

Dt



Dynamic
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GdCo

Probe

Polarisor P Analysor A

Pump

Dt



Magneto-optical imaging

• Flat and smooth surface required

• Imaging through substrate and covering layers (devices)

• Spatial resolution below 200 nm

• Magnetization can be observed directly

• Quantitative measurements possible 

• Almost no influence on magnetization (but light induced heat)

• Straightforward sample manipulation (fields, temperature, stress)

• Surface sensitive (approx. 30 nm)

24



Outlines
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Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)



Scanning Electron Microscopy with Polarization Analysis
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Scanning 
electron beam

Polarization of emitted
electrons related to the 

local magnetization
direction



One exemple 
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 GdFeCo ferrimagnet

 DMI enhancement: Fe dusting
layer for interfacial (Ir/Fe) and Pt 
capping layer

 Small Pt layer for surface sensitive 
imaging technique

 Si//Ta(5)/Ir(5)/Fe(0.3)/[Gd26.1Fe65.5

Co8.3](8)/Pt(1.5)

Boris Seng  PhD Dual Degree between Johannes Gutenberg Universität Mainz and Université de Lorraine.
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Spin textures observed at room 
temperature
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10 µm

Kerr microscopy at RT, 0 mT

 OOP anisotropy

 Nucleation using relaxation after
IP saturation

 µm-sized spin textures nucleated

 To determine the chirality, 
observation of the domain wall
spin configuration is necessary



Determination of the domain wall width
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 Observation of the IP|x and IP|y components of the magnetization

 Localization of the domain walls

1 µm



Determination of the domain wall width
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Binarization, skeletonize, polynomial fitting

→ Determination of the local normal of the skeleton



Determination of the domain wall width
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Distribution of the domain wall profile: Intensity ∝ cosh−1(𝑥/Δ) ⊗ 𝑒−(𝑥²/2𝜎²)

→ δreal = π Δ = 175 ± 5 nm



Determination of the chirality
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 We determined firstly the position of the DW

 We can also deduct the direction of the local magnetization

1 µm



Determination of the chirality
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 Qualitatively, Néel-type spin 
textures

 Homochirality
1 µm



Determination of the chirality
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→ Pure right-hand Néel-type chirality



Determination of the exchange stiffness A
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∆ = ∆0 −
1

2𝜋(𝑄 − 1)
𝑑

+
1

∆0 − ∆∞

𝑄 =
2𝐾𝑢

µ0𝑀𝑠
2 , ∆0 =

𝐴

𝐾𝑒𝑓𝑓
, 𝐾𝑒𝑓𝑓 = 𝐾𝑢 −

µ0𝑀𝑠
2

2
, ∆∞ =

𝐴

𝐾𝑢 +
µ0𝑀𝑠

2

2 𝑠𝑖𝑛2(Ψ)

∆ = 𝑓(𝐴, 𝐾𝑢, 𝑀𝑠, 𝑑, Ψ)
 ∆, Ψ: measured using SEMPA imaging
 Thickness 𝑑 known, measurement of the uniaxial anisotropy 𝐾𝑢 and the 

saturation magnetization 𝑀𝑠 using magnetometer.

→ The exchange stiffness is found numerically and equal to: 𝐴 = 8,0 ± 0.5. 𝑝𝐽.𝑚−1



Observation of a ferrimagnetic skyrmionium
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→ First observation of a ferrimagnetic skyrmionium in ferrimagnetic materials

500 nm



Conclusion of our SEMPA study
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 Determination of the domain   
wall width

Determination of the 
chiral character of the 
spin textures: pure 
right-hand Néel-type

Extraction of the 
exchange stiffness 
could be possible 
with SEMPA

Observation of a 
ferrimagnetic 
skyrmionium

B. Seng, et al Adv. Func. Mater 2102307 (2021).



Outlines
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Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)



TEM Lorentz microscopy
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Highlight domain walls Highlight domains
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H = 796 Oe

In-plane magnitude

In-plane directions In-plane vectors

Material from S. McVitie, Univ. Glasgow, UK

Skyrmion
lattice
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• Lorentz deflection angle +/- 4 µradians – equiv. to BS~0.2 Tesla

• Six-fold symmetry

3D histogram analysis

Material from S. McVitie, Univ. Glasgow, UK



Outlines
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Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)



X-ray magnetic circular dichroism (XMCD) 
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- XMCD disentangles spin and orbital 
magnetic moment

- XMCD disentangle the moment 
from specific atoms in an alloy or a 
multilayer

- XMCD requieres to work in 
synchrotron to get enough X-ray 
flux (700 - 900 eV for Fe,Co,Ni)

nucleus
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XMCD

integral

Co Ni

« Surface » sensitive technic (< 50 nm)

X-ray magnetic circular dichroism (XMCD) 



47

Electronic transitions in conventional
L-edge x-ray absorption (a), and x-ray 
magnetic circular x-ray dichroism
(b,c), illustrated in a one-electron
model. The transitions occur from
the spin-orbit split 2p core shell to 
empty conduction band states. In 
conventional x-ray absorption the 
total transition intensity of the two
peaks is proportional to the number
of d holes (first sum rule). By use of 
circularly polarized x-rays the spin 
moment (b) and orbital moment (c) 
can be determined from linear
combinations of the dichroic
difference intensities A and B, 
according to other sum rules

https://www-ssrl.slac.stanford.edu/stohr/xmcd.htm

X-ray magnetic circular dichroism (XMCD) 
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https://www-ssrl.slac.stanford.edu/stohr/xmcd.htm

X-ray magnetic circular dichroism (XMCD) 
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Magnetic imaging by means of PEEM. A 

layer in the sample is selected by tuning 

the x-ray energy to the desired element. 

X-ray polarization contrast at an 

absorption peak is used for imaging

contrast. The local electron yield from a 

sample region, imaged by PEEM, 

depends on the relative orientation of the 

magnetic direction or axis and the 

polarization, as illustrated on the right.

Photoemission electron microscopy (PEEM,

https://www-ssrl.slac.stanford.edu/stohr/peem.htm
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μm

Distance between 2 circles => resolution (here 15 nm)

Transmission X-ray microscopy (TXM)
(ALS, SLS, BESSY II, ANKA)

Advantages : large image (10 μm) 
with good, 50ps time resolution 

Disadvantages : mostly 300K, small field, lenses

characteristic domain width W

90º 
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Advantages : large image (10 μm) 
with good, 50ps time resolution 

Disadvantages : mostly 300K, small field, lenses

Transmission X-ray microscopy (TXM)

μm

Distance between 2 circles => resolution (here 15 nm)

(ALS, SLS, SOLEIL, BESSY II, ANKA)

Scanning TXM

BUT Only one lense

AND Scanning

=> More flux locally

Still 50 ps time resolution

and 25 nm resolution

(ALS, SSRL, SLS, Soleil)

characteristic domain width W

90º 



52

Scanning TXM

BUT Only one lense

AND Scanning

=> More flux locally

Still 50 ps time resolution

and 25 nm resolution

Dynamics in MTXM, STXM, 
Holography requieres stromboscopy

X-ray Holography

2 μm

SEM

Au mask

SiN  membranex

Magnetic film

20 m pinholem

mask and sample

SEM

CCD

Au mask

SiN  membranex

Magnetic film

20 m pinholem

mask and sample

Advantage : 400K-10K, more space around the sample

Disadvantage : sample preparation, 

CCD2 μm

Echantillon
TF-1

limited image size (< 2 μm)
Loss in resolution (50nm)
Phase retrieval

(ALS, SSRL, SLS, Soleil)



STT induced switching - STXM
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100nm

Excitation : Current pulsed at t=0ps

Co

TEM

fixe

Micromagnetic simulation 
(Scheinfein code)

t=0ps

D.P. Bernstein et al., PRB(R) 83, 
180410 (2011)

« Top 
view »
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fixed

100nm

Co

Micromagnetic simulation 
(Scheinfein code)

Excitation : Current pulsed at t=0ps

t=50ps

D.P. Bernstein et al., PRB(R) 83, 
180410 (2011)

STT induced switching - STXM
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D.P. Bernstein et al., PRB(R) 83, 
180410 (2011)

100nm

Co
fixed

Excitation : Current pulsed at t=0ps

t=250ps

Micromagnetic simulation 
(Scheinfein code)

STT induced switching - STXM
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100nm

Co

fixed

Micromagnetic simulation 
(Scheinfein code)

t=550ps

Excitation : Current pulsed at t=0ps

D.P. Bernstein et al., PRB(R) 83, 
180410 (2011)

STT induced switching - STXM
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100nm

Co

Micromagnetic simulation 
(Scheinfein code)

t=1000ps

fixed

Excitation : Current pulsed at t=0ps

D.P. Bernstein et al., PRB(R) 83, 
180410 (2011)

STT induced switching - STXM
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Outlines
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Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)
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Interaction between the Tip and the sample

Different interaction = different techniqe

Scanning probe microscopy

Making tip is an art ! 



61AFM characterizes topography

Atomic Force Microscopy



Magnetic  Force Microscopy
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https://www.hitachi-hightech.com
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Domain wall Chirality

CCW CCW

540nm

MFM Sim.

500 nm 

540nm

Domain wall Chirality CW

MFM Sim.

500 nm 

Thèse J.Briones

5
0
0
 n

m

Domain wall Vortex

nMMdiv


  ),(
MFM

Simulation



MFM - Caracteristic

65

Maps the derivative of the magnetic stray field
Spatial resolution down to 10 nm (vacuum)
Non-destructive
Mostly sensitive to the z-component of stray field (depending on tip)

No sample preparation needed
Surface should be relatively flat

Tip quality is critical
Tip-sample interaction: induced change of magnetic state
Limitations to measure magnetically soft samples

)( DHmF






66

1asec 1fsec 1psec 1nsec 1µsec 1msec 1sec 1ksec

100pm

1nm

10nm

100nm

1µm

10µm

100µm

1mm

10mm

100mm

  
s
p

a
ti
o

n
 r

e
s
o

lu
ti
o

n
 /

 i
m

a
g

e
 s

iz
e

 temporal resolution / acquisition time

X-Ray

HF-SEMPA SEMPA

LorentzTEM

FMR-

MFM MFM

 

 

MO

Standard 
values

Magnetic force microscopy (MFM)

X-Ray microscopy

Scanning electron microscopy (SEMPA)

Transmission electron microscopy (TEM)

Magneto-optical microscopy (MO)



Thank you !
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