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Me @ Micromagnetic modeling of spintronic devices

Landau-Lifshitz-Gilbert equation + various flavors STT SOT...

()
ot add

STT- MRAM

Skyrmions and chiral structures All optical swiching SOT- MRAM

Tb1/Co2 + FeCoB
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Few questions awaiting answers

- How to define domains, walls, spin textures?

(2

- What are their origins?

- Which is their internal structure ?

- What are their properties ?

A very broad topic. My objective : open doors for you and not be exhaustive
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Very famous domains and walls

Ancient time More recently Virtual

https://whc.unesco.org/
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An old story written by ...

Felix BLOCH
1905-1983

Pierre WEISS
1865-1940

Domain theory of ferromagnetism
Weiss mean field theory

e

Zur Theorie des Austauschproblems
und der Remanenzerscheinung der Ferromagnetika.

Von F. Bloeh in Leipzig 1).
Mit 2 Abbildungen.

{Kingegangen am 14. September 1931.)

Die Slatersche Methode zur Behandlung der Austauschaufspaltung und Term-
systemeinteilung beim Mehrkorperproblem wird analog mur Jordan-Klein-
schen Theorie umgeformt in eine nichtlineare Wellengleichung im dreidimen-
gionalen Raum, wobei das Absolutquadrat der Wellenfunktion anschaulich als
»opindichte® gedeutet werden kann (§ 1 und 2). Vernachlissigt man den ¢-Zahl-
charakter der Wellenfunktion, so stellt die Wellengleichung analog sur Hartree-
schen Methode eine klassisch-anschauliche Anniherungsgleichung fiir das Ver-
halten der Spindichte dar, die zur Diskussion der Remanenz- und Hysteresis-
erscheinungen verwendet wird (§4 und 6). Ferner wird im Anschluff an das

F. Bloch, Zur Theorie der Austauschproblems und der

Weiss, Pierre; Foéx, Gabriel (1931). Le Magnétisme Remanenzerscheinung der Feromagnetika, Z. Phys. 74 (1932) 295-335.
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Nobel Price 1952

Bloch and Néel domain walls

Louis NEEL
?1904-2000

ACADEMIE DES SCIENCES.
SEANCE DU LUNDI 8 AOUT 1955
PROSIDENCE DE M. Gastox JULIA.

MAGNETISME. — Inergie des parois de Bloch dans les couches minces,
Note (*) de M. Loms N,

ﬂ:} moniee gqug l'mturgiu :Ii'l.mu paroi de Bloch, situde davs uoe cooehs mines
oontinugy augmente d'abord i wesure que Pdpaissenr de la couche diminue, passe
par un maximom puis réprénd sa valeur normale quand la conche est davenne execes-
sIvement minge,

Comme I'a montré K. Bloch (*), la paroi séparant deux domaines élémen-
taires, d'aimantation spontanée J, et J,, posside une épaisseur linie 24, &
l’intér‘imu* de layuelle Maimantation spontanée tourne progressivement de la
direction de J, 4 la direction de J,. Donnons en effet & la paroi une épaisseur
arhitraire 2a. L'¢nergie de oette paroi cat la somme de deux Lermes dont le

L. Néel, Energie des parois de Bloch dans les couches minces,
C. r. hebd. séances Acad. sci. 241 (1955) 533-538.
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Timeline and key concepts for magnetic material

1900

Maxwell equations

Weiss magnetic domains
Bloch & Néel walls

Quantum theory

Stoner-Wohlfarth model

Liliana Buda-Prejbeanu

1990

Microscopy technics
MFM
MOKE
Lorentz
Hologrophy
Spin TEM
NV magnetometry
Modelling
pmagnetism
atomistic SD
Band structures, ab-initio ....

Domains, domain walls, spin textures

2000

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

individual
magnetic moments

elementary

quantum

atomistic

single domain
coherent rotation

nanoscopic

multi-domains
wall nucleation/propagation

permanent
magnets

ATOM
rf Electron
Nogainaty crarged paricies
Neutron
Paricles ih e charge
= @ .
Proton
e
Nucleus

Local interactions :
exchange, MCA
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(i)

200 Qe (i)

00Qe (iii) -50 Oe

(iv) -100 O (v) -150 Oe (Vi) -200 Oe

p

Bousquet

ROnnow

Weiler
AtkinSOn
’eCtures

Domains, domain walls, spin textures

microscopic

_________ 10 pm——o

Schfer, R. (2021).

Long range interactions:
magnetostatic

macrosopic

Permanent
magnets
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Magnetic
bridges

Q-axis barriers




Starting point : quantum physics
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Magnetic domains <« exchange Pierre WEISS
1865-1940
Solid state material : transition metals, rare earth materials, band vs localized magnetism, magnetic moments

Exchange integral: electrostatic interaction, overlapping of electrons wave functions ¥, (1) and Yz(r,)

82

R —2 —r | : Yp(r)Pa(rs)
IRy —Rg| |Rys—1,| |Rp—r1yl |ri—ryl| 20 VAV 2

Tz = f j drydry Y (re) Wi (ra)

41te,

7—[=—z]US,S]

i<j

Werner

HEISENGERG ferromagnetic order (T< T;)

1901-1976 parallel alignment
§ Nobel Price 1932
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Magnetic domains <« exchange Pierre WEISS
1865-1940
Solid state material : transition metals, rare earth materials, band vs localized magnetism, magnetic moments

Exchange integral: electrostatic interaction, overlapping of electrons wave functions ¥, (1) and Yz(r,)

82

R —2 —r | : Yp(r)Pa(rs)
IRy —Rg| |Rys—1,| |Rp—r1yl |ri—ryl| 20 VAV 2

Tz = f j drydry Y (re) Wi (ra)

41te,

7—[=—z]US,S]

i<j

Werner

HEISENGERG antiferromagnetic order (T< T,)

1901-1976 antiparallel alignment
§ Nobel Price 1932
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Magnetic domains «<— exchange Ferromagnetic $:d$r
C

2D picture: the exchange is an isotropic interaction
-> no preference for the orientation of the magnetic moments

-> parallel alignment at large scale is favorable
-> spontaneously one single magnetic domain : far too ideal v M(r)| = M,
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Magnetic domains «<— magneto-crystalline anisotropy mca) Ferromagnetic ?:d;’r
C

3D picture : charges have periodic arrangement in a crystal
-> crystal electric field acts on the electrons (orbital orientation)
-> additional terms in Hamiltonian

-> magneto-crystalline anisotropy : few orientations are more favorable than others

3d orbital (z2)
in crystalline
environments

-> several magnetic domains distinguished by the alignment with the MC axis
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Magnetic domains and walls : a battle between exchange & anisotropy

domain domain wall domain
uniform magnetization gradual variation of the magnetization uniform magnetization
B 0 my (1) 0
M = M 01 M(r) = Mg | my (1) M=Ms<0>
& m, (1) -1
wal| =

magnetizatiOn

- ferromagnetic systems host magnetic domains and walls Variable (r)
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Magnetic domains and walls : a real and complex world

Fig. 2 Collection of domain images, obtained by Kerr microscopy on various magnetic materials.
(Most domain images are adapted by permission from Ref. [1] (¢) Springer 1998)
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Domains and walls : a battle between interactions / Gibb’s free energy

Exchange interaction +
magnetic order (T<1,) *
parallel alignment of spins

short range interaction but very strong

* S? * j Ay (Vm(r, t))de Aex ~Jij
Q

_>
S.

Magnetocrystalline anisotropy
easy axis and hard axis

Impact of the crystal symmetry
local interaction

J K, [1 — (uy - m(r, t))zl av
0

K, ~symmetry

Zeeman interaction
Externally applied field
local interaction

—MoMsj m(r,t) - Hyp,, (1, t) dV
Q

Magnetostatic interaction = | +‘“+‘T+ + % + fl e .
Maxwell’s equatlons anis’(,):fe I:\ -= == - -+ + = |4 T-Il- T A MO MS f m(r; t) * HD (r) t) dV
long range interaction opy e A STELE 2 0

6t" fold integral
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Magnetic domains and walls <« stable state

Magnetization distribution: minima
M(r,t),= M;m(r,t) r € Q |
im(r, t)|=1

energy

Gibb’s free energy:

Space of configurations

Etotar = j [gex T ég + Eqpp T ED] av
Q

Magnetic stable state = minimum of the Gibb's free energy functional
0Etotqi(m) =0

62Et0tal (m) > 0

m - m+ém < variational principle
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Bloch wall : a 3D model wall

Exchange energy:

j Agy (Vm(r, t))de
Q0

Eex

+L, /2 amy

dx

(

Eex = AexLysz
—Ly/2

Liliana Buda-Prejbeanu

:AexJ
Q

/2

am,
0x

)+

Domains, domain walls, spin textures

2
) ] dx = AexLysz

Bloch wall : invariance along y and z

]\ fﬂ)x M(x)=MS<

K
K

+L, /2

Ly/2

am,,

my (x)
my,(x)
my,(x)

]
)

0z

Omy
0z

deo
dx

-

dxdydz

2
)dx

0
sin 0(x)
cos 0(x)

|
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Bloch wall : a 3D model wall

Bloch wall : invariance along y and z

Vi f /\ _7‘: Z‘: a m, (x) 0
U ] K - / X M(.X') = M my(x) = M; 51n9(x)
1/ \/ on" m,(x) cos 8(x)
L,/2 L/2 uy, = (0,0,1)
MCA energy:

Ex = j K, [1 — (uk -m(r, t))zl dV = Kuj [1 — (ukxmx + u,ym, + ukzmz)2] dxdydz
Q Q

+L, /2 +L, /2

E, = KuLysz [1 —mZ]dx = KuLyLZf sin?0dx
—Ly/2 —Ly/2
Magnetostatic energy:  Ep =0
Volume charges:  p = -V - m(r, t) v’ because of the symmetryp = 0
Surface charges: ¢ =n -m(r,t) v 3D sample, the surface is at oo

Liliana Buda-Prejbeanu Domains, domain walls, spin textures European School of Magnetism Liege 2025 ——



Bloch wall : a 3D model wall

Bloch wall : invariance along y and z

My (X) 0
M(x) = Mg| my(x) | = M| sinf(x)
m,(x) cos 0(x)
+Ly/2 do\>
E.p; =f Ay (—) + K, sin%0 | dx
~Ly/2 ax
+Ly/2 2
£r01(0) = Eror _ j A,y (d_0> + K, sin6 | dx v" Use the variational principle to find the 6 function
LyL, —Ly/2 dx minimising the &;,¢
+ 00 de déo 0 — 6+60
f—oo [2Aex dx dx o T oK SanCOSQ59] 0 8ot = Eror(0+ 60) — €46¢(0) =0
6\’ Ly L
—Aex <—> + K, (sin)? =0 v’ Boundary conditions 6 (— —> =0, 0 <+ —x> =T
dx 2 2
a9 _  |Ku ., - o (| Ly\
dx T |a,. sin — two solutions with the same energy A\ T2~
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Bloch wall : a 3D model wall

Bloch wall : invariance along y and z

/ f f Z‘Z Z‘ My (x) 0
Yook | < M@= mG | = smow
x/ 0\ ' m,(x) cos 6 (x)
L /2
(e2)
O(x) = £2atan\eA
A - — = - 1,0 . . .
Bloch wall parameter; A = |— +e0 | . _ /\
K, 1 l : '
90 ’ 05
A~1....100nm ... _ ‘ >
> =
<0 s Ao 0,0
Ku
Bloch wall width: & = mA = 05 \ /
-180 : i , , -1,0 , . . :
-10 -5 0 5 10 -10 -5 0 5 10
X IA X IA

Bloch wall energy vz = 4./A.. Ky

21

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



Bloch wall becomes Néel wall when finite size

Bloch wall : invariance along y and z

! My (X) 0
f /\ { 2 z M(x) = Mg | my(x) | = M| sin8(x)
X cos 8(x)

m,(x)

L. /2 No volume charges: p = —V - m(r, t)=0

X

Surface charges: ¢ =n -m(r,t)

y
y Néel wall : invariance along y and z
Uy / mx my (x) sin 0 (x)
/ \/\/\/A M(x) = Mg | my(x) | = M; 0
6z L /2

. cos B (x)
L2 ()

__dsin 0(x)
dx

Volume charges: p ==V -m(r,t) =

No surface charges: o =n - m(r,t)=0
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Bloch wall becomes Néel wall when finite size

Bloch wall : invariance along y and z

my (x) 0
+++§> 2\ M(x) = Mg | my(x) | = M| sin8(x)

m,(x) cos 8(x)
1l ©

il No volume charges: p = =V - m(r,t)=0

thicker |ayer3 Surface charges: ¢ =n - m(r,t)

2
Magnetostatics lex = &
IS Importane Mo M?

Exchange length m, (x) sin 6 (x)
] M(x) = Mg <my(x)>=Ms< 0 )
: @ m, (x) cos 8(x)

Volume charges: p = —V- m(r,t) = —

Néel wall : invariance along y and z

d sin 0(x)
dx

thinner layers
No surface charges: o =n -m(r,t)=0
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Domain wall in thin films with in plane MCA

TEM cross section thickness 2D micromagnetic simulation
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In-plane uniaxial MCA LD Buda PhD (Univ. Strasbourg 2001)
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Domain wall in thin films with in plane MCA

TEM cross section MFM images : epitaxial 50nm thin film of Co(1010) MEM

resolution
limijt

both
Chiralities
exist
*singularitjeg

wall -

.
.

“"
o

(1010)

(0001) (1120)

In-plane uniaxial MCA IL Prejbeanu PhD (Univ. Strasbourg 2001)
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Kittel, PR 70, 965 (1946)
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Domain wall in thin films with out of plane MCA

500 nm
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Domain wall in nanowires with MCA

TEM cross section MFM images : nanowire of Co(1010) MFm
Surface
v . Charges
Multipje :
States
L=y X
T A t=60 nm
w = 800 nm
)
”/T” 5
b@"\@ ! 3 3 Tl
v £
******** E
-
: (@ -
B 2 -4
_______ LRI :"
i A
H$ @©» ®» @O @O

IL Prejbeanu PhD (Univ. Strasbourg 2001)
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Domain wall in thin nanowires with MCA

Pinning 150 am During the field reversal :

PN =N O LN =N

&8 8ot
LA ER N L Las

IL Prejbeanu PhD (Univ. Strasbourg 2001)
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Domain wall in thin nanowires no MCA Spin-polarized scanning electron microscopy

Micromagnetic simulation Nig,Fe,, width = 500 nm/ thickness 10nm
N|80Fe20 width = 250 nm/ thickness 32nm
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Hysteresis in thin films T T S ﬁm ‘
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Fig. 3 Domain nucleation and growth in magnetic films with strong perpendicular anisotropy,

Space of configurations together with the hysteresis loops along which the domains were imaged. First row: [Co

(0.3nm)/Pt (0.7nm)]3 multilayer (sample courtesy D. Makarov, Dresden). Second row: Pt

i 3 : 5 ilayer (s: courtesy PM. ) A ) s).

Thermal fIUCtuatlonS play a I'O|e! (3nm)/Co (1 nm)/Pt (1.5nm) trilayer (sample courtesy PM. Shepley and T.A. Moore. Leeds)

Third row: FePt film, 16 nm thick (sample courtesy P. He and S.M. Zhou. Tongji [4]). Fourth
row: FePd(11 nm)/FePt (24 nm) double layer (Sample courtesy L. Ma and S.M. Zhou, Tongji [3])
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Hysteresis in nanostructures (1)

Finite size effects
Shape anisotropy is important

Co t=10 nm, diameter 500 nm

_ (ii) () 2000 (i) 00e (i) -500c  shave
: 1ze
T ow*fwm
% | ' A
= . .
=0 | H N | |
= (iv)~e -100 Oe (V) -150 Oe (vi) -200 Oe
| ‘ e 0" - - L .' : k.
(V) ‘ | v Ston
. | ,' er-
(\i{) —,,_/I Woh’farth
1T like
1 -05 0 0.5 1
(kOe)

IL Prejbeanu PhD (Univ. Strasbourg 2001)
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Hysteresis in nanostructures (2)

Finite size effects
Space to put “wall”

[k

(V)

Co t=30nm, diameter 500 nm

a

IL Prejbeanu PhD (Univ. Strasbourg 2001)
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Fig. 2.26. Lorentz picture
of a polycrystalline Permal-
loy film showing the streaky
ripple texture perpendicu-
lar to the mean magneti-
zation in the domains and

A very good book

cross-tie walls. The conver-
gent wall displays diffrac-
tion fringes as shown in
the enlargement. (Courtesy

S. Tsukahara [261])

Magnetic

Libra
Tmasuzs Fig. 2.30. Differential phase images showing orthogonal magnetization components
Read of a Permalloy element of 60 nm thickness. (Courtesy S. McVitie and J.N. Chap-

man [273])
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Interfaces and additional interaction

Dzyaloshinskii-Moriya interaction

) , . 3-site indirect exchange mechanism between two
Antisymmetric exchange / symmetry breaking

atomic spins S; and S, with a neighboring atom

2 with strong spin-orbit coupling :
fs._ f NOn
S\\ Dl - =2 7‘ H D (S g ) collineay
J - - — ° X .
( \ ~— = (\ : ‘« DM 12 1 2 conflgUratiOn
i \ ‘ Large SOC
Y = X From a normal ferromagnetic state with S

parallel with S,, the DMI tilts S1 with respecte to
S, by a rotation around the D,,

Mott insulators, spin glasses, interfaces thin layers _
(top & bottom layers are important) T. Moriya

Pt /Co(0.6) /AIOx Isotropic samples in-plane x0y D = DM (2 X IA’12)

Eoy (m)=j_” D(mZ 8;:: -m, 8mzj+ D(mzaaymy—m amzj dv
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Dzyaloshinskii Moriya wall (3" type)

o ves| Lot fron | Lior ] Tros || woiioes

!
o 225\ N7\ 22N | mi"f"ww
o [N NI TN L NP PN || et
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Dzyaloshinskii Moriya wall (3" type)

no DMi Large DM=2.0 mJ/m?2

. 1.00

0.80
040 Co (0.6nm) parameters
0.20
020
-0.40

-0.80
I -0.80
-1.00

Mg = 1090kA/m

K,y = 1245 kJ/ m3

Aex = 10pJ/m
0,014
0.012 A =28 nm
oo —=— OX (longitudinal) | l,, = 3.66nm

0,008 - —e— QY (transverse) 1

average magnetization
o
o
o
(o))

000 005 010 015 020

DM (mJ / m?)
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DW dynamics - basics

° \ 8

x DW

LLG equation — describing the dynamics (phenomenologically)
- Includes many terms

dm dm Precession + Damping (o)
dt — _yo(m X Heff) +oafmX dt Heff =Hexy +Hpyy + Hg + Hgey +Happ
STT Levy-Zhang term, e flow
+ (u-Vm—-pL(mx (u-V)m) in a gradient of magnetization
u~J
app
enhanceg —YoHpy, (m X (m X )’)) + YoHp (M X y) SOT terms

Spin Hall Effect, Rashba effect
Damping-like and Field like
~J

app
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DW dynamics - basics

y

0(x) = 2atan (ez(_‘/fl))

m
® NV Q * The DW is described by 3 variables (q, v, ), w is the width of track
f =P + A standard Bloch DW profile is assumed
x)X DW *no STT Levy-Zhang, no FL

DMl is included by adding the term - D sin(y-y) in the DW energy
* Dynamical equations are derived using a Lagrangian approach

dy «acosydqg T ,
1t + N dr YoH, + EVOHDLS”“/)

DW tire
dq cosy ap 1 : Dy, 1 . due
A Y= E]/OHKSLTLZ(I,D —-x) + 2o Mo cos(p — x) — E)/OHySlTll/J DM

dy apogMgAm? wiyz 1 ,
i 6y, tan®y + (nA) cos2y = —otany + mDcos(Y — y) + ugHxMsA sin2(y — y)
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DW dynamlcs - HZ %0 L T e K T 200 } /...:“"/..\'l \' &"".I... _:2BM1
N _ g 0 { N ]
eV, = Tk S I
z s Vi ] 4 i/
iOJ 40_; o e Kk Kk K K Kk ok kK ok ok % ok ok % 0.25mT % OF \ /. '\ /.:—
g-) * z .\ . & je -
No DMI T:'g 201+ .....oolooool.....I....;D.10mT g = .\° './ 1 /./:
D:.-.....-I-..-..-'.-..--.jo-OSmT -200_ \.\J. *'Q/:.
0 10 20 30 I i ! y
time (ns) : fire (ns;o b
translation precession
A Walker ZA
v =—Yoll; breakdown (v) = T3 Vo,

DW velocity

v

field H,
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Dzyaloshinskii Moriya wall (3" type)

Large DM=2.0 mJ/m?

y
TH =100mT "
S -

©—>x -1.00 -075 -050 -025 000 025 050 075 1.00

Static
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Dw tijjt
Motion

y

H,=100mT
X

Large DM=2.0 mJ/m?

-1.00 -0Y5 -050 -025 000 025 050 075 1.00
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Dzyaloshinskii Moriya wall — control by applied field

600F ]
I A ]
500 | o -
| RO 100mT
2 400} °o°° CH
> | |
5 300} o .7
S _ 0%, —+— 0.0000J/m? |
> i o+ " '@ 0.0006 J/m” |
> 200 89** * * 0.0010 J/m’
@) ol '@ 0.0020 J/m? |
100 - 09# 9 1
P Elastjc
Q8- L . . - L - Interng)
0 100 200 300 400
200mT Structure)
H,H, (MT) .
0 Very large
0 T T T T i T speed!
SR —e— 0.6 mJ/m’
| \eTxm —*— 1 mIm°
O\o x%é}g —e— 2 mJm’
— 15+ Oi.\ *ﬁ\%g& i
= 20 (2 3 S
S A e
= N
= o\.‘.
% 30t O\o?t.\ i 300mT
0%
0‘0‘888
2928 00m0n0080°
-45 .
0 100 200 300 400
HH, (MT)
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Dzyaloshinskii Moriya wall — control by SOT

400 T 7 T T T T T T T 7 T T T
350 @ 0.0006J/m’ e 2
"% 0.0010 J/m’ o 1
300 o 0.0020 Jm? o ? T
w I ° )
= 250} K 4
£ K3 . %
2 200 | 9 x * X |
o I o * *
S .
O 150 F o * o o o ]
g [ x g 000
a) 100 - ’0 -
- )
50 8 § J=200e10 A/M2 — =g Elastic
L | h te rna '
0 S ] , ] , ] , ] , ] , ] , ] , ] , Str
0 50 100 150 200 250 300 350 400 450 y UCture,l
e
110" x A/m?) ry large
0 S T T T T T T T T T T T T T T T spGEd'
| Qg:o Q@ o o
- o * * vk * * o | m,
* :
0 e, | < EE .
—~ I 99 | -1.00 -0.75 -050 -025 000 025 050 075 1.00
o Q.
2 45+ %9 .
D -60 | .
@ 0.0006 J/m*
75 * - 0.0010 J/m* o
- B 2 7
@ 0.0020 J/m 9
-90 L 1 1 L 1 L 1 L 1 L 1 L 1 L 1

0 50 100 150 200 250 300 350 400 450
J_ (10" x A/Im®)

app
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Skymions - topological twists

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

h.‘ *‘kf

“[ ‘-\\f
*;’(// p__l’,Wf ‘N‘\

Hvseat et I///A\\\l///A\\\I

Bloch skyrmion Néel skyrmion

T.H.R. SKYRME

Winding number

am 6m
Topological charge: N H dxdy =p-W —> Ng=p=1%1
T—Core polarity
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Skymions — real sample

7

Bulk crystals

FeGe [1]

c T<300K

* Bloch skyrmions

* Size=20nm-90 nm

e Bulk inversion asymmetry

Ta/FeCoB/TaO, [3]

eeo P P00
Db @ @ @a @ @ @a @0 0 ¢
\ T ~ 2 nm

J
, N m— (0 m
Ultra-thin epitaxial films
Ir(111)/PdFe [2] _ [Ir/Co/Ptlo[6]
"."0\5‘6“' °." «  Néel skyrmions AR
> >y b i ® « Size<10nm
o« % N ¢
..:;/ /' .. e T~5K
o &,/ ®
»re AP T « * Structural inversion asymmetry

J\ ==mmm 500 nNm

Ultra-thin sputtered films

[Pt/CoFeB/MgO];< [5]

Pt/ Co/ MgO [4] _

I 200 nm 500 nm
* Néel skyrmions

e Size=30nm-—2pum
e T=300K

*  Structural inversion asymmetry

[1] Yu et al., Nat. Mater. 10,106 (2011)
[4] Boulle et al., Nat. Nanotech. 11,449 (2016)

Liliana Buda-Prejbeanu

[2] Romming et al., Science 341,636 (2013)
[5] Woo et al., Nat. Mater. 15,501 (2016)

Domains, domain walls, spin textures

[3] Jiang et al., Science 349,283 (2015)
[6] Moreau-Luchaire et al., Nat. Mater. 11,444 (2016)
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Spin textures — 2D

La rge
Variety

anti-skyrmion (1) Biskyrmion (-2)

(b) skyrmionium (0)

(c)

( d;\!eel meron(-1/2)

.._ C‘..‘
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Spin textures - 3D

hopfion 3D skrmion

https://newscenter.Ibl.gov/202
1/04/08/spintronics-tech-a-

, Swapneel PATHAK
hopfion-away/

PhD Univ. Strasbourg (2021)

Domains, domain walls, spin textures
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/)G‘;jmg register
// nanostripe _

F. Zheng et al., Nat.
Nanotechnol., 13, 451 (2018)
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Spin textures — 3D

Hopfion rings on
skyrmion strings in
FeGe samples of
confined geometry.

Experimental over-focus Lorentz images
recorded in an FeGe plate of
dimensions 1 ym x 1 um and with a
thickness of 180 nm.

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

Liliana Buda-Prejbeanu
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1B,=250mr P |50 mT e 150 mT
//q — : S

Damaged layer

Magnetization flip Edge modulations

[;' - S -\~4

180 mT

';‘:Z’""?
g—
M

170 mT

190 mT

modulations

Skyrmions

S
_
=
&

o—Amwnmm\Jg
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Spin textures - 3D

Figure 6.22: Relaxed magnetization structure of a hollow buckyball with side length, L =

100nm (a) the charges at vertices are visualized by plotting the volume charge density V - m

(b) The local magnetization is plotted by means of arrows (¢) Zoomed-in view of one of the

triple charged vertices (d) Zoomed-in view of a single charge vertex structure.

Liliana Buda-Prejbeanu
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Skymions — SOT driven dynamics
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Skymions — SOT driven dynamics

Current J flows in the stack = spin Hall + Rashba effects
- spin-orbit torque (SOT)

*  Damping-like torque (DL)
Tp, = —yvo(mX Hp,), woHp, = Cp J[(Z X j) X m]

*  Field-like torque (FL)
Tr, = —yo(m X Hpy), poHp, = CprJ(Z X )
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Skymions — SOT driven dynamics

Landau-Lifshitz-Gilbert equation:

om om
¥= _yO(mXHeff) +a mXW _yo(mXHDL)

@ Rigid skyrmion

4 )
Thiele equation: Fp; + G xXv — aDv= 0

Current J flows in the stack = spin Hall + Rashba effects L )
- spin-orbit torque (SOT)

* Damping-like torque (DL)
Tp, =—yvo(mXHp,), wolp, = Cp J[(Z X j) X m]
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Skymions — SOT driven dynamics

Landau-Lifshitz-Gilbert equation:

om om
rr —vo(m X Hepp) + a| m X rrll Yo(m x Hp))
@ Rigid skyrmion
4 I

Thiele equation: F,, + GxXv — aDv= 0

Current J flows in the stack = spin Hall + Rashba effects 9 )
- spin-orbit torque (SOT)

*  Damping-like torque (DL)
Tp, = —yvo(mX Hp,), woHp, = Cp J[(Z X j) X m]
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Skymions — SOT driven dynamics

Landau-Lifshitz-Gilbert equation:

om
ot

at

om
—_—= —yo(mx Heff) +a|lmXxX— —Yo(m X HDL)

@ Rigid skyrmion

/

Current J flows in the stack = spin Hall + Rashba effects 9

~
Thiele equation: Fp; + G Xv — aDv= 0
t
G = —41 <—5> N,.2 (gyrotropic vector)
)4
)

- spin-orbit torque (SOT)

*  Damping-like torque (DL)
Tp, = —yvo(mX Hp,), woHp, = Cp J[(Z X j) X m]

Liliana Buda-Prejbeanu Domains, domain walls, spin textures
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Skymions — SOT driven dynamics

Landau-Lifshitz-Gilbert equation:

om om
Fral —yo(m X Heff) +a|mX i Yo(m X Hp;)
@ Rigid skyrmion
4 I

Thiele equation: Fp; + G Xv — aDv= 0

Mt ,
G = —41 N2 (gyrotropic vector)
14

Current J flows in the stack > spin Hall + Rashba effects | Skyrmion Hall effect (SKHE) y
- spin-orbit torque (SOT)

@ Circular skyrmion with R > A
* Damping-like torque (DL)

P
Tp, = —vo(m x Hp,), woHp, = Cp J[(Z X j) x m] Skyrmion velocity Skyrmion Hall angle
2A
T R = —
aR/2M)= + 1
L Osinn = (Fpp, V) )
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Skymions — SOT driven dynamics

Ta/FeCoB/TaO,

0.7
0.6
0.5
0.4

v (m s?)

0.3
0.2

N T A O R O

0.1 ;
&
0.0M|I|I|I|I|I\

0O 1 2 3 4 5 6
J (101° A m2)

» Diameter ~ 1 um
« Velocity ~ 1 m s
 Single-layer HM/FM/NM
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v (ms?)

120

80

40

[Pt/CoFeB/MgO],;

— A B @ Pt/Co/Ta
. 0.0 Pt/CoFeB/MgO

O

J (10!t A m™)

o Diameter ~ 110 nm
« Velocity ~ 100 m s

- Multilayer [HM/FM/NM],

Domains, domain walls, spin textures

Layer
16

I
mq

i
I
A

|

|

|

l

Layer 10

* Inter-layer stray fields = Twisted spin
textures with hybrid chiralities
» Complex motion

« Dissipated power P = RI? < N
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Skymions — SOT driven dynamics

Pt/Co/MgO

XMCD-PEEM images *

e 500 nm p—j

11 ns pulse, J = 5.6x101* Am?2, u,H,=-5mT

Romeo Juge
PhD Univ. Grenoble Alpes (2020)

Liliana Buda-Prejbeanu

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

’ AT '
PoTht B *.-pr .
b PR T Tk

Skyrmion Hall effect

> ‘0.‘;.' ‘.
Irregular current-driven motion due to pinning effects
o Nucleation/annihilation events
o Distortion

Skyrmion velocity Skyrmion Hall angle (SkHA)

. - 24
_r Cou AN Uskn = R
4 [(aR/20)% +1 20
m Exp. data | 6or ]
—— Model 50
] ~ 40t
+H 15 ol
@
+ + ] 20}
AR -
O 1 1 1 1 1
! ! - L ! 1 : 0 20 40 60 80 100 120

Domains, domain walls, spin textures

-1
vims
J (10" Am?) ( )
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Skymions — SOT driven dynamics

T T T T T T 14D T T T T T T T T T T T T T T T |
A m SAF | B | m SAF
000 & SF i 120 | A SF _
@ Single layer 100 @ Single layer 1
Model SAF _ | i -l 7
800 F —a— Sj i T . . T
. imulation SAF T- o sof s \ |
(7] L - i g) Lkl
— - | L —
E ool _ gL ] = 8 Hld 9
- !‘_’j - r— e
= i - )A [ ] LT l L i
.E e - I
0 - ./‘ - - — F — g
T AT L ey
} | ’ - | E 4
’ -7 L - 0 + B —
200 A&7 ' 1 1 Ui‘;‘ _ | ll+l
ik -20 | -
ry
0 L |'*‘.¢ﬂd.?¢|* 40 - o T
0 2 4 6 8 10 100 1000
e Current density (10" A/m?) Velocity (m/s)
" ﬂﬁ@
Pham et al. , Science 384 (2024)
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Domains & Domain walls & Spin textures

Energy
.. How to define them? F “”damenta, Dy“amics
Interactions 1D, 2D, 3p .
- What are their origins? S"l?';'d
J Which is their internal structure ? gOT
_ Mod mi ...
- What are their properties ? éwaterfals els
XPeriments Theorjes

An old but still surprising topic..... and many flavors to discover
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