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Cluj-Napoca /  ESM 1999  2nd

Brasov           /  ESM 2003 3rd

Cluj-Napoca  / ESM 2007  5th

Me☺
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𝜕𝐌

𝜕𝑡
= −𝛾0 𝐌×𝐇𝐞𝐟𝐟 +

𝜶

𝑴𝑺
𝐌×

𝜕𝐌

𝜕𝑡
+

𝜕𝐌

𝜕𝑡
𝑎𝑑𝑑

STT

STT, SOT,… 

Micromagnetic modeling of spintronic devices

Landau-Lifshitz-Gilbert equation + various flavors

Skyrmions and chiral structures

Spin torque nanososcillators

Tb1/Co2 + FeCoB

Domain walls
x

y

z

All optical swiching

STT- MRAM

SOT- MRAM

Me☺



Liliana  Buda-Prejbeanu Domains, domain walls, spin textures European School of Magnetism  Liège 2025      
4

How to define domains, walls, spin textures?

What are their origins?

Which is their internal structure ?

What are their properties ?

Few questions awaiting answers

A very broad topic. My objective : open doors for you and not be  exhaustive
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https://whc.unesco.org/

Very famous domains and walls

Ancient time More recently Virtual
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F. Bloch, Zur Theorie der Austauschproblems und der 

Remanenzerscheinung der Feromagnetika, Z. Phys. 74 (1932) 295–335. L. Néel, Energie des parois de Bloch dans les couches minces,

C. r. hebd. séances Acad. sci. 241 (1955) 533–538.

Louis NEEL 
1904-2000
Nobel Price 1970

Felix BLOCH 
1905-1983
Nobel Price 1952

Pierre WEISS
1865-1940

Domain theory of ferromagnetism

Weiss mean field theory

An old story written by …
Bloch and Néel domain walls

Weiss, Pierre; Foëx, Gabriel (1931). Le Magnétisme
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Timeline and key concepts for magnetic material

1900 2000

Weiss magnetic domains

Bloch & Néel walls

Quantum theory

Maxwell equations 

1990

Microscopy technics

MFM

MOKE

Lorentz

Hologrophy

Spin TEM

NV magnetometry

Modelling 

µmagnetism

atomistic SD

Band structures, ab-initio ….

.

.

.

Stoner–Wohlfarth model

.

.

.

Dynamics
Ferromagnetic resonance , magnonics

Field driven 

Current driven (STT, SOT, VCMA, Seebeck, acoustic)

DMI interaction

Spintronics, Spinorbitronics, Skyrmionics,…

.

.

.

Phonon-magnon-spin-photon… coupling
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Scale and processes

quantum atomistic macrosopicnanoscopic microscopic

elementary 

Local interactions :

exchange, MCA

single domain

coherent rotation

multi-domains

wall nucleation/propagation
permanent

magnets

individual 

magnetic moments 

Long range interactions: 

magnetostatic

Schäfer, R. (2021). 
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Starting point : quantum physics
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Pierre WEISS

1865-1940
Magnetic domains  exchange

Solid state material : transition metals, rare earth materials,  band vs localized magnetism, magnetic moments 

𝐽12 =
𝑒2

4𝜋𝜀0
ඵ𝑑𝒓1𝑑𝒓2𝜓𝐴

∗ 𝒓1 𝜓𝐵
∗ 𝒓2

𝑍2

𝑹𝑨 − 𝑹𝑩
−

𝑍

𝑹𝑨 − 𝒓2
−

𝑍

𝑹𝑩 − 𝒓1
+

1

𝒓1 − 𝒓2
𝜓𝐵 𝒓1 𝜓𝐴 𝒓2

Exchange integral: electrostatic interaction, overlapping of electrons wave functions  𝜓𝐴 𝒓1 and 𝜓𝐵 𝒓2

𝑺𝟏
𝑺𝟐

A

B

Werner  

HEISENGERG

1901-1976

Nobel Price 1932

ℋ = −෍

𝑖<𝑗

𝐽𝑖𝑗 𝑺𝒊 ∙ 𝑺𝒋

𝐽𝑖𝑗 > 0

ferromagnetic order (T< TC)

parallel alignment
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Pierre WEISS

1865-1940

𝐽12 =
𝑒2

4𝜋𝜀0
ඵ𝑑𝒓1𝑑𝒓2𝜓𝐴

∗ 𝒓1 𝜓𝐵
∗ 𝒓2

𝑍2

𝑹𝑨 − 𝑹𝑩
−

𝑍

𝑹𝑨 − 𝒓2
−

𝑍

𝑹𝑩 − 𝒓1
+

1

𝒓1 − 𝒓2
𝜓𝐵 𝒓1 𝜓𝐴 𝒓2

𝑺𝟏
𝑺𝟐

A

B

𝐽𝑖𝑗 < 0

antiferromagnetic order (T< TN)

antiparallel alignment

Magnetic domains  exchange

Werner  

HEISENGERG

1901-1976

Nobel Price 1932

Solid state material : transition metals, rare earth materials,  band vs localized magnetism, magnetic moments 

Exchange integral: electrostatic interaction, overlapping of electrons wave functions  𝜓𝐴 𝒓1 and 𝜓𝐵 𝒓2

ℋ = −෍

𝑖<𝑗

𝐽𝑖𝑗 𝑺𝒊 ∙ 𝑺𝒋
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2D  picture:  the exchange is an isotropic interaction  
→ no preference for the orientation of the magnetic moments   

Ferromagnetic order 
T< TC

Magnetic domains  exchange

→ parallel alignment at large scale is favorable  

→ spontaneously one single magnetic domain : far too ideal 
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→ magneto-crystalline anisotropy : few orientations are more favorable than others

3d orbital (z2) 

in  crystalline 

environments

Magnetic domains  magneto-crystalline anisotropy (MCA)
Ferromagnetic order 

T< TC

3D  picture : charges have periodic arrangement in a crystal 

→ crystal electric field acts on the electrons  (orbital orientation)

→ additional terms in Hamiltonian

→ several magnetic domains distinguished by the alignment with the MC axis



Liliana  Buda-Prejbeanu Domains, domain walls, spin textures European School of Magnetism  Liège 2025      
14

Magnetic domains and walls : a battle between exchange & anisotropy

domain 
uniform magnetization

domain wall  
gradual variation of the magnetization

𝑴 = 𝑀𝑠

0
0
+1

𝑴 = 𝑀𝑠

0
0
−1

domain
uniform magnetization

𝑴(𝒓) = 𝑀𝑠

𝑚𝑥 (𝒓)
𝑚𝑦 (𝒓)

𝑚𝑧 (𝒓)

→ ferromagnetic systems host magnetic domains and walls 
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Magnetic domains and walls : a real and complex world

Schäfer, R. (2021). Magnetic Domains https://doi.org/10.1007/978-3-030-63210-6_8
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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

Zeeman interaction

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

Magnetostatic interaction

Maxwell’s equations

long range interaction 
−
1

2
𝜇0𝑀𝑆න

Ω

𝒎 𝒓, 𝑡 ∙ 𝑯𝑫 𝒓, 𝑡 𝑑𝑉

Domains and walls : a battle between interactions / Gibb’s free energy

𝐴𝑒𝑥 ~𝐽𝑖𝑗

𝐾𝑢 ~symmetry

6𝑡ℎ 𝑓𝑜𝑙𝑑 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙
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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 

Magnetic domains and walls  stable state
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Bloch wall : a 3D model wall

𝐸𝑒𝑥 = න
Ω

𝐴𝑒𝑥 𝛻𝒎 𝒓, 𝑡
𝟐
𝑑𝑉 = 𝐴𝑒𝑥න

Ω

𝜕𝑚𝑥

𝜕𝑥

2

+
𝜕𝑚𝑥

𝜕𝑦

2

+
𝜕𝑚𝑥

𝜕𝑧

2

+
𝜕𝑚𝑦

𝜕𝑥

2

+
𝜕𝑚𝑦

𝜕𝑦

2

+
𝜕𝑚𝑦

𝜕𝑧

2

+
𝜕𝑚𝑧

𝜕𝑥

2

+
𝜕𝑚𝑧

𝜕𝑦

2

+
𝜕𝑚𝑧

𝜕𝑧

2

𝑑𝑥𝑑𝑦𝑑𝑧

Exchange energy:

𝐸𝑒𝑥 = 𝐴𝑒𝑥𝐿𝑦𝐿𝑧න
−𝐿𝑥/2

+𝐿𝑥/2 𝜕𝑚𝑦

𝜕𝑥

2

+
𝜕𝑚𝑧

𝜕𝑥

2

𝑑𝑥 = 𝐴𝑒𝑥𝐿𝑦𝐿𝑧න
−𝐿𝑥/2

+𝐿𝑥/2 𝑑𝜃

𝑑𝑥

2

𝑑𝑥

𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

0
sin 𝜃(𝑥)
cos 𝜃(𝑥)

Bloch wall  : invariance along y and z

x

y

z

𝜃

𝒖𝒌

Lx/2-Lx/2
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𝐸𝐾 = න
Ω

𝐾𝑢 1 − 𝒖𝒌 ∙ 𝒎 𝒓, 𝑡
𝟐
𝑑𝑉 = 𝐾𝑢න

Ω

1 − 𝑢𝑘𝑥𝑚𝑥 + 𝑢𝑘𝑦𝑚𝑦 + 𝑢𝑘𝑧𝑚𝑧
2
𝑑𝑥𝑑𝑦𝑑𝑧

MCA energy:

𝐸𝑘 = 𝐾𝑢𝐿𝑦𝐿𝑧න
−𝐿𝑥/2

+𝐿𝑥/2

1 − 𝑚𝑧
2 𝑑𝑥 = 𝐾𝑢𝐿𝑦𝐿𝑧න

−𝐿𝑥/2

+𝐿𝑥/2

𝑠𝑖𝑛2𝜃𝑑𝑥

𝒖𝒌 = 0,0,1

Magnetostatic energy :

𝜌 = −∇ ∙ 𝒎 𝒓, 𝑡Volume charges: 𝜌 = 0

Surface charges: 𝜎 = 𝒏 ∙ 𝒎 𝒓, 𝑡

✓ because of the symmetry 

✓ 3D sample, the surface is at ∞

𝐸𝐷 = 0

𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

0
sin 𝜃(𝑥)
cos 𝜃(𝑥)

Bloch wall  : invariance along y and z

x

y

z

𝜃

𝒖𝒌

Lx/2-Lx/2

Bloch wall : a 3D model wall
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𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

0
sin 𝜃(𝑥)
cos 𝜃(𝑥)

Bloch wall  : invariance along y and z

𝐸𝑡𝑜𝑡 = න
−𝐿𝑥/2

+𝐿𝑥/2

𝐴𝑒𝑥
𝑑𝜃

𝑑𝑥

2

+ 𝐾𝑢𝑠𝑖𝑛
2𝜃 𝑑𝑥

✓ Use the variational principle to find the 𝜃 function

minimising the 𝜀𝑡𝑜𝑡
𝜀𝑡𝑜𝑡 𝜃 =

𝐸𝑡𝑜𝑡
𝐿𝑦𝐿𝑧

= න
−𝐿𝑥/2

+𝐿𝑥/2

𝐴𝑒𝑥
𝑑𝜃

𝑑𝑥

2

+ 𝐾𝑢𝑠𝑖𝑛
2𝜃 𝑑𝑥

𝜃 → 𝜃+ δ𝜃
δ𝜀𝑡𝑜𝑡 = 𝜀𝑡𝑜𝑡 𝜃+ δ𝜃 − 𝜀𝑡𝑜𝑡 𝜃 → ∞−׬0

+∞
2𝐴𝑒𝑥

𝑑𝜃

𝑑𝑥

𝑑𝛿𝜃

𝑑𝑥
+ 2𝐾𝑢𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝛿𝜃 =0

✓ Boundary conditions 𝜃 −
𝐿𝑥
2

= 0 , 𝜃 +
𝐿𝑥
2

= π

𝑑𝜃

𝑑𝑥
±
𝐿𝑥
2

= 0

−𝐴𝑒𝑥
𝑑𝜃

𝑑𝑥

2

+ 𝐾𝑢 𝑠𝑖𝑛𝜃 2 = 0

𝑑𝜃

𝑑𝑥
= ±

𝐾𝑢
𝐴𝑒𝑥

𝑠𝑖𝑛𝜃

x

y

z

𝜃

𝒖𝒌

Lx/2-Lx/2

→ two solutions with the same energy 

Bloch wall : a 3D model wall
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𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

0
sin 𝜃(𝑥)
cos 𝜃(𝑥)

Bloch wall  : invariance along y and z

x

y

z

𝜃

𝒖𝒌

Lx/2-Lx/2

𝜃(𝑥) = ±2𝑎𝑡𝑎𝑛 𝑒
𝑥
Δ

Δ =
𝐴𝑒𝑥
𝐾𝑢

-10 -5 0 5 10

-180

-90

0

90

180


 (

)

x /
-10 -5 0 5 10

-1,0

-0,5

0,0

0,5

1,0

m
y

x /

Bloch wall parameter:

Δ~1… .100𝑛𝑚…

Bloch wall width: 𝛿 = 𝜋Δ

Bloch wall energy 𝛾𝐵 = 4 𝐴𝑒𝑥𝐾𝑢

Bloch wall : a 3D model wall
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x

y

z

𝜃

𝒖𝒌

Lx/2-Lx/2

x

y

z𝜃

𝒖𝒌

Lx/2-Lx/2

𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

0
sin 𝜃(𝑥)
cos 𝜃(𝑥)

Bloch wall  : invariance along y and z

𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

sin 𝜃(𝑥)
0

cos 𝜃(𝑥)

Néel wall  : invariance along y and z

𝜌 = −∇ ∙ 𝒎 𝒓, 𝑡 =0No volume charges: 

𝜌 = −∇ ∙ 𝒎 𝒓, 𝑡 = −
𝑑 sin 𝜃(𝑥)

𝑑𝑥Volume charges: 

Surface charges: 𝜎 = 𝒏 ∙ 𝒎 𝒓, 𝑡

No surface charges: 𝜎 = 𝒏 ∙ 𝒎 𝒓, 𝑡 =0

Bloch wall becomes Néel wall when finite size
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Bloch wall becomes Néel wall when finite size

𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

0
sin 𝜃(𝑥)
cos 𝜃(𝑥)

Bloch wall  : invariance along y and z

𝑴 𝒙 = 𝑀𝑠

𝑚𝑥 𝑥

𝑚𝑦 𝑥

𝑚𝑧 𝑥

= 𝑀𝑠

sin 𝜃(𝑥)
0

cos 𝜃(𝑥)

Néel wall  : invariance along y and z

𝜌 = −∇ ∙ 𝒎 𝒓, 𝑡 =0No volume charges: 

𝜌 = −∇ ∙ 𝒎 𝒓, 𝑡 = −
𝑑 sin 𝜃(𝑥)

𝑑𝑥Volume charges: 

Surface charges: 𝜎 = 𝒏 ∙ 𝒎 𝒓, 𝑡

No surface charges: 𝜎 = 𝒏 ∙ 𝒎 𝒓, 𝑡 =0

X

X

++++

- - - -
+

+
+

-
-

-

thicker layers

thinner layers

Exchange length
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Domain wall in thin films with in plane MCA

thicknessTEM cross section

In-plane uniaxial MCA LD Buda PhD (Univ. Strasbourg 2001)

𝑀𝑆 = 1400𝑘𝐴/𝑚

𝐾𝑈 = 500𝑘𝐽/ 𝑚3

𝐴𝑒𝑥 = 14𝑝𝐽/𝑚

Δ = 5.29𝑛𝑚

𝑙𝑒𝑥 = 3.37𝑛𝑚

𝐶𝑜 10ത10 parameters

2D micromagnetic simulation
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Domain wall in thin films with in plane MCA

TEM cross section

In-plane uniaxial MCA IL Prejbeanu PhD (Univ. Strasbourg 2001)

MFM images : epitaxial 50nm thin film of Co(1010)

c

wall

do
m

ai
n

do
m

ai
n

M

M

wall

wall

demagnetized state

remanent state
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Domain wall in thin films with out of plane MCA
Co, Q=0.5

Kittel, PR 70, 965 (1946)

𝑀𝑆 = 1400𝑘𝐴/𝑚
𝐾𝑈 = 600𝑘𝐽/ 𝑚3
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Domain wall in thin films with out of plane MCA

M. Hehn PhD (Univ. Strasbourg 1997)

Epitaxial thin film of Al2O3/ Ru(5nm)/Co(0001) (hcp)

walldomains

re
m

an
en

ce
de

m
ag

ne
tiz

ed

//

//

⊥

⊥

c

5µm x5µm

500nm square dots
Co(0001)  t=150nm
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Domain wall in nanowires with MCA

TEM cross section

In-plane uniaxial MCA IL Prejbeanu PhD (Univ. Strasbourg 2001)

MFM images : nanowire of Co(1010)

Walls?
Domains?
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Domain wall in thin nanowires with MCA

IL Prejbeanu PhD (Univ. Strasbourg 2001)

Pinning         During the field reversal         
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Domain wall in thin nanowires no MCA Spin-polarized scanning electron microscopy

Ni80Fe20 width = 500 nm/ thickness 10nm

M. Klaui et al, Phys Rev. Lett (2005)

Micromagnetic simulation

Ni80Fe20 width = 250 nm/ thickness 32nm

R
. D

. M
cM

ic
ha

el
et

 a
l. 

IE
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.M
ag

.(
19

97
)

Nakatani et la. JMMM (2005)

𝑀𝑆 = 800𝑘𝐴/𝑚
𝑛𝑜 𝑀𝐶𝐴
𝐴𝑒𝑥 = 10𝑝𝐽/𝑚
Δ → ∞
𝑙𝑒𝑥 = 4𝑛𝑚

NiFe parameters
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Hysteresis in thin films

Energy landscape depends on the 

applied field (conservative term)

Zeeman interaction

Thermal fluctuations play a role!
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Co    t=10 nm, diameter 500 nm

IL Prejbeanu PhD (Univ. Strasbourg 2001)

Hysteresis in nanostructures (1)
Finite size effects

Shape anisotropy is important 
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IL Prejbeanu PhD (Univ. Strasbourg 2001)

Co    t=30 nm, diameter 500 nm

H (kOe)

Hysteresis in nanostructures (2)
Finite size effects

Space to put “wall”
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A very good book

90° walls

Cross-tie walls
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Interfaces and additional interaction
Dzyaloshinskii-Moriya interaction

A Fert t al., Nature Nanotechnology  (2013)

( )2112 SSD −=DMH

3-site indirect exchange mechanism between two
atomic spins S1 and S2 with a neighboring atom
with strong spin-orbit coupling :

From a normal ferromagnetic state with S1

parallel with S2, the DMI tilts S1 with respecte to
S2 by a rotation around the D12.

( )  



















−




+












−




= dV

y

m
m

y

m
mD

x

m
m

x

m
mDE z

y

y

z
z

x
x

zDM m

Pt /Co(0.6) /AlOx Isotropic samples in-plane x0y ( )12rzD ˆˆ = DM

z

xy

A. Thiaville et al., Europhys. Lett., (2013)

Antisymmetric exchange / symmetry breaking

I. Dzyaloshinskii

T. Moriya
Mott insulators, spin glasses, interfaces thin layers 

(top & bottom layers are important)
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Dzyaloshinskii Moriya wall (3rd type)



Liliana  Buda-Prejbeanu Domains, domain walls, spin textures European School of Magnetism  Liège 2025      
37

Dzyaloshinskii Moriya wall (3rd type)

No field

Large DM=2.0 mJ/m2

No field

no DMi

0,00 0,05 0,10 0,15 0,20
0,000

0,002

0,004

0,006

0,008

0,010

0,012

0,014

 OX (longitudinal)

 OY (transverse)
 

 

a
v
e

ra
g
e

 m
a
g

n
e

ti
z
a
ti
o

n

DM (mJ / m
2
)



x

y

z

mz

𝑀𝑆 = 1090𝑘𝐴/𝑚

𝐾𝑈 = 1245 𝑘𝐽/ 𝑚3

𝐴𝑒𝑥 = 10𝑝𝐽/𝑚

Δ = 2.8 𝑛𝑚

𝑙𝑒𝑥 = 3.66 𝑛𝑚

𝐶𝑜 (0.6𝑛𝑚) parameters
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LLG equation – describing the dynamics (phenomenologically)

- includes many terms 

Japp

m

DW

𝑑𝒎

𝑑𝑡
= −𝛾0 𝒎×𝑯𝒆𝒇𝒇 + 𝛂 𝒎×

𝑑𝒎

𝑑𝑡

+ 𝒖 ∙ 𝛻 𝒎 − 𝛽 𝒎× 𝒖 ∙ 𝛻 𝒎

−𝛾0𝐻𝐷𝐿 𝒎× 𝒎× ෝ𝒚 + 𝛾0𝐻𝐹𝐿 𝒎× ෝ𝒚

DW dynamics - basics

x

y

z

STT Levy-Zhang term, e flow 

in a gradient of magnetization
u ~ Japp

SOT terms

Spin Hall Effect, Rashba effect

Damping-like and Field like 

~Japp

Precession  + Damping ()

𝑯𝒆𝒇𝒇 = 𝑯𝒆𝒙 +𝑯𝑫𝑴𝑰 +𝑯𝑲 +𝑯𝒅𝒆𝒎 +𝑯𝒂𝒑𝒑
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 Japp



m

DW

• The DW is described by 3 variables (q, , ), w is the width of track
• A standard Bloch DW profile is assumed

• no STT Levy-Zhang, no FL

• DMI is included by adding the term - D sin(-) in the DW energy 

• Dynamical equations are derived using a Lagrangian approach 

[Boulle et al., JAP, 112, 053901 (2012) 

𝑑𝜓

𝑑𝑡
+
𝛼 𝑐𝑜𝑠𝜒

Δ

𝑑𝑞

𝑑𝑡
= 𝛾0𝐻𝑧 +

𝜋

2
𝛾0𝐻𝐷𝐿𝑠𝑖𝑛𝜓

x

y

z

𝑑𝑞

𝑑𝑡

𝑐𝑜𝑠𝜒

Δ
− 𝛼

𝑑𝜓

𝑑𝑡
=
1

2
𝛾0𝐻𝐾𝑠𝑖𝑛2 𝜓 − 𝜒 +

𝜋𝐷𝛾0
2𝜇0𝑀𝑆Δ

𝑐𝑜𝑠 𝜓 − 𝜒 −
1

2
𝛾0𝐻𝑦𝑠𝑖𝑛𝜓

𝑑𝜒

𝑑𝑡

𝛼𝜇0𝑀𝑆Δ𝜋
2

6𝛾0
𝑡𝑎𝑛2𝜒 +

𝑤

𝜋Δ

2 1

𝑐𝑜𝑠2𝜒
= −𝜎𝑡𝑎𝑛𝜒 + 𝜋𝐷𝑐𝑜𝑠 𝜓 − 𝜒 + 𝜇0𝐻𝐾𝑀𝑆Δ 𝑠𝑖𝑛2 𝜓 − 𝜒

𝜃(𝑥) = 2𝑎𝑡𝑎𝑛 𝑒
𝑥−𝑞
Δ(𝜓)

DW dynamics - basics



Liliana  Buda-Prejbeanu Domains, domain walls, spin textures European School of Magnetism  Liège 2025      
40

field Hz

D
W

 v
el

oc
ity

Walker 

breakdown

𝐻𝑐 =
𝛼

2
𝑀𝑆 𝑁𝑦 −𝑁𝑧

translation precession

𝑣 =
𝛼Δ

1 + 𝛼2
𝛾0𝐻𝑧

𝑣 =
Δ

𝛼
𝛾0𝐻𝑧

No DMI

DW dynamics - Hz
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Dzyaloshinskii Moriya wall (3rd type)

Large DM=2.0 mJ/m2

Large DM=2.0 mJ/m2



Liliana  Buda-Prejbeanu Domains, domain walls, spin textures European School of Magnetism  Liège 2025      
42

Dzyaloshinskii Moriya wall – control by applied field
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Dzyaloshinskii Moriya wall – control by SOT
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Skymions – topological twists

Magnetic skyrmion = small, 2D, circular domain enclosed by a chiral DW

Bloch skyrmion Néel skyrmion

𝑁𝑠𝑘 =
1

4𝜋
ඵ𝒎 ∙

𝜕𝒎

𝜕𝑥
×
𝜕𝒎

𝜕𝑦
𝑑𝑥𝑑𝑦Topological charge: 𝑵𝒔𝒌 = 𝒑 = ±𝟏

𝑊 = +1

𝑝 = −1

Core polarity

Winding number

= 𝑝 ∙ 𝑊

T.H.R. SKYRME
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[1] Yu et al., Nat. Mater. 10,106 (2011) [2] Romming et al., Science 341,636 (2013)    [3] Jiang et al., Science 349,283 (2015) 
[4] Boulle et al., Nat. Nanotech. 11,449 (2016)     [5] Woo et al., Nat. Mater. 15,501 (2016) [6] Moreau-Luchaire et al., Nat. Mater. 11,444 (2016)

40 nm

FeGe [1]

20 µm

Ta/FeCoB/TaOx [3]

200 nm

Pt/Co/MgO [4]

500 nm

[Pt/CoFeB/MgO]15 [5]

500 nm

[Ir/Co/Pt]10 [6]
• Néel skyrmions

• 𝑇 = 300 𝐾

• Size = 30 nm – 2 µm

• Structural inversion asymmetry

• Bloch skyrmions

• 𝑇 < 300 𝐾

• Size = 20 nm – 90 nm

• Bulk inversion asymmetry

• Néel skyrmions

• 𝑇 ~ 5 𝐾

• Size < 10 nm

• Structural inversion asymmetry

Ultra-thin epitaxial films

Bulk crystals Ultra-thin sputtered films

∼ 2 nm

Ir(111)/PdFe [2]

Skymions – real sample
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Spin textures – 2D

anti-skyrmion (1) Biskyrmion (-2) skyrmionium (0)

Néel meron(-1/2) Vortex (-1/2) Bimeron (-)
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hopfion
3D skrmion

Spin textures - 3D

https://newscenter.lbl.gov/202

1/04/08/spintronics-tech-a-

hopfion-away/
Swapneel PATHAK

PhD  Univ. Strasbourg (2021)
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Hopfion rings on 

skyrmion strings in 

FeGe samples of 

confined geometry.

Experimental over-focus Lorentz images 

recorded in an FeGe plate of 

dimensions 1 μm × 1 μm and with a 

thickness of 180 nm.

Zheng et al. Nature 623, 718–723 (2023)

Spin textures – 3D
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Rajgowrav CHEENIKUNDIL PhD Univ. Strasbourg (2021)

Spin textures - 3D
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Skymions – SOT driven dynamics

Pt

Co

𝑱
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𝑻𝐷𝐿 = −𝛾0 𝒎×𝑯𝐷𝐿 , µ0𝑯𝐷𝐿 = 𝐶𝐷𝐿𝐽 ො𝒛 × Ƹ𝒋 ×𝒎

• Damping-like torque (DL)

𝑻𝐹𝐿 = −𝛾0 𝒎×𝑯𝐹𝐿 , µ0𝑯𝐹𝐿 = 𝐶𝐹𝐿𝐽 ො𝒛 × Ƹ𝒋

• Field-like torque (FL)

Pt

Co

𝑯𝑭𝑳

𝑯𝑫𝑳
𝑯𝑫𝑳

𝑱

Current 𝑱 flows in the stack→ spin Hall + Rashba effects

JS

→ spin-orbit torque (SOT)

Skymions – SOT driven dynamics
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Pt

Co

JS𝑱

𝑻𝐷𝐿 = −𝛾0 𝒎×𝑯𝐷𝐿 , µ0𝑯𝐷𝐿 = 𝐶𝐷𝐿𝐽 ො𝒛 × Ƹ𝒋 ×𝒎

• Damping-like torque (DL)

𝜕𝒎

𝜕𝑡
= −𝛾0 𝒎×𝑯𝑒𝑓𝑓 + 𝛼 𝒎×

𝜕𝒎

𝜕𝑡
− 𝛾0 𝒎×𝑯𝐷𝐿

Landau-Lifshitz-Gilbert equation:

Rigid skyrmion

𝑭𝐷𝐿 + 𝑮 × 𝒗 − 𝛼𝑫𝒗 = 𝟎Thiele equation:

𝑯𝑫𝑳
𝑯𝑫𝑳

Current 𝑱 flows in the stack→ spin Hall + Rashba effects

→ spin-orbit torque (SOT)

Skymions – SOT driven dynamics
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Pt

Co

JS𝑱

𝑭𝐷𝐿

𝑻𝐷𝐿 = −𝛾0 𝒎×𝑯𝐷𝐿 , µ0𝑯𝐷𝐿 = 𝐶𝐷𝐿𝐽 ො𝒛 × Ƹ𝒋 ×𝒎

• Damping-like torque (DL)

𝜕𝒎

𝜕𝑡
= −𝛾0 𝒎×𝑯𝑒𝑓𝑓 + 𝛼 𝒎×

𝜕𝒎

𝜕𝑡
− 𝛾0 𝒎×𝑯𝐷𝐿

Landau-Lifshitz-Gilbert equation:

Rigid skyrmion

𝑭𝐷𝐿 + 𝑮 × 𝒗 − 𝛼𝑫𝒗 = 𝟎Thiele equation:

Current 𝑱 flows in the stack→ spin Hall + Rashba effects

→ spin-orbit torque (SOT)

Skymions – SOT driven dynamics



Liliana  Buda-Prejbeanu Domains, domain walls, spin textures European School of Magnetism  Liège 2025      
54

Skymions – SOT driven dynamics

Pt

Co

JS𝑱

𝑭𝐷𝐿

𝒗

𝑻𝐷𝐿 = −𝛾0 𝒎×𝑯𝐷𝐿 , µ0𝑯𝐷𝐿 = 𝐶𝐷𝐿𝐽 ො𝒛 × Ƹ𝒋 ×𝒎

• Damping-like torque (DL)

𝜕𝒎

𝜕𝑡
= −𝛾0 𝒎×𝑯𝑒𝑓𝑓 + 𝛼 𝒎×

𝜕𝒎

𝜕𝑡
− 𝛾0 𝒎×𝑯𝐷𝐿

Landau-Lifshitz-Gilbert equation:

Rigid skyrmion

𝑮 = −4𝜋
𝑀𝑠𝑡

𝛾
𝑁𝑠𝑘 ො𝒁 (gyrotropic vector)

𝑮𝑁𝑠𝑘 = +1

𝑭𝐷𝐿 + 𝑮 × 𝒗 − 𝛼𝑫𝒗 = 𝟎Thiele equation:

Current 𝑱 flows in the stack→ spin Hall + Rashba effects

→ spin-orbit torque (SOT)
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Pt

Co

JS𝑱

𝒗
𝑭𝐷𝐿

𝑮

𝑻𝐷𝐿 = −𝛾0 𝒎×𝑯𝐷𝐿 , µ0𝑯𝐷𝐿 = 𝐶𝐷𝐿𝐽 ො𝒛 × Ƹ𝒋 ×𝒎

• Damping-like torque (DL)

𝜕𝒎

𝜕𝑡
= −𝛾0 𝒎×𝑯𝑒𝑓𝑓 + 𝛼 𝒎×

𝜕𝒎

𝜕𝑡
− 𝛾0 𝒎×𝑯𝐷𝐿

Landau-Lifshitz-Gilbert equation:

Skyrmion Hall effect (SkHE)

tan 𝜃𝑆𝑘𝐻 =
2∆

𝛼𝑅𝑣 =
𝛾𝜋

4

𝑅

𝛼𝑅/2∆ 2 + 1
𝐶𝐷𝐿𝐽

Circular skyrmion with 𝑅 ≫ ∆

Skyrmion velocity Skyrmion Hall angle

𝑁𝑠𝑘 = −1

𝜃𝑆𝑘𝐻 = 𝑭𝐷𝐿, 𝒗

Rigid skyrmion

𝑮 = −4𝜋
𝑀𝑠𝑡

𝛾
𝑁𝑠𝑘 ො𝒁 (gyrotropic vector)

𝑭𝐷𝐿 + 𝑮 × 𝒗 − 𝛼𝑫𝒗 = 𝟎Thiele equation:

Current 𝑱 flows in the stack→ spin Hall + Rashba effects

→ spin-orbit torque (SOT)

Skymions – SOT driven dynamics
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Skymions – SOT driven dynamics

[Pt/CoFeB/MgO]15Ta/FeCoB/TaOx

• Inter-layer stray fields→ Twisted spin 

textures with hybrid chiralities

Li et al., Adv. Mat. 31, 1807683 (2019)Jiang et al., Nat. Phys. 13,162 (2017) Woo et al., Nat. Mater. 15,501 (2016)

• Diameter ~ 110 nm

• Velocity ~ 100 m s-1

• Multilayer [HM/FM/NM]N

• Diameter ~ 1 µm

• Velocity ~ 1 m s-1

• Single-layer HM/FM/NM
• Complex motion

• Dissipated power 𝑃 = 𝑅𝐼2 ∝ 𝑁
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Skymions – SOT driven dynamics

11 ns pulse, J = 5.6x1011 A m-2, µ0Hz ≈ -5 mT

• Irregular current-driven motion due to pinning effects
o Nucleation/annihilation events
o Distortion

• Overall direction consistent with dynamics of left-handed Néel 
skyrmion driven by SOTs

XMCD-PEEM images

• Skyrmion Hall effect
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𝛼𝑅/2∆ 2 + 1
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Romeo Juge

PhD  Univ. Grenoble Alpes (2020)

Pt/Co/MgO 
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Skymions – SOT driven dynamics

Pham et al. , Science 384 (2024)
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An old but still surprising topic..... and many flavors to discover

Domains &  Domain walls & Spin textures

How to define them?

What are their origins?

Which is their internal structure ?

What are their properties ?
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