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domain wall




The concept of domain:

Postulated by Pierre Weiss in 1907 to explain why
ferromagnetic bodies can appear non-magnetic.

110 aniversary!



F=a(T-T,)M?*+bM*

ferromagnetic paramagnetic

Two possible states below T









The distinct response of ferromagnets is
inherently related to domains (and domain walls)
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Observation techniques

Magneto-optical Kerr effect (MOKE)




Observation techniques

Transmission Electron Microscopy (TEM)

FLorentz — Q(V X B)

electrons are deflected by the Lorentz force
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Observation techniques

Transmission Electron Mi
— n b ’




Observation techniques

V-B=0
/_/_
V-H=-V-M

longitudinal variations of M are a source of magnetic field (stray field)

Magnetic force microscopy (MFM)
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Observation techniques

Spin-polarized scanning-tunneling microscopy (SP-STM)
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Observation techniques

Spin-polarized scanning-tunneling microscopy (SP-STM)
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Observation techniques

MFM

X-ray topography

[l X-ray spectro-microscopy

[1 Polarized SEM [1 Conventional SEM

[l Defocused TEM

[] Differential and holographic TEM

Neutron

[1 Magneto-optic topography
[l Bitter
I I I I
10 nm 0.1 pm 1 pm 10 um

Spatial resolution

Mthodoy | Sty | Evaluation | puowed | Smble | Necssary
lomain s . N magnetic field N capital
obpvaton | paraionsin, | mognetizaion| MGty nsimens
Bitter very good indirect 100 A/cm moderate-low low
Magneto-optic fair direct any high moderate
Digital MO good quantitative any moderate high
Defocused TEM very good indirect 3000 A/cm high high
Differential TEM good quantitative 1000 A/cm high very high
Holograph. TEM good quantitative 100 A/cm very high very high
Secondary SEM poor indirect 100 A/cm low high
Backscatt. SEM poor rather direct 300 A/em moderate-low high
Pol. SEM good quantitative 100 A/cm very high very high
X-Ray topography poor indirect any moderate extremely high
Neutron poor indirect any low extremely high
MFM good indirect 3000 A/cm low moderate
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The origin of domains

On the theory of the dispersion of magnetic permeability in ferromagnetic bodies
Landau & Lifshitz, Phys. Z. Sowjet. 8, 153 (1935)



The origin of domains

V-H=-V-M — Emagnetostatic — % /Hg (M)dv
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domains form to minimize the magnetic energy

V-M=0
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Size of domains (d)
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strategy: compute the total magnetic energy of the system and Lo E !
determine d from the principle of minimum energy = ! - ! — i =
N NS
E

J/

E(d,L)= 17M?*d + eqw(L/d)

~
magnetostatic domain wall

do ~ L2 Kittel's law




Size of domains (d)
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To know the actual size of the domains we need
to determine the energy of the domain walls
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Domain walls
Micromagnetic formalism

discrete

S(I‘z) . S(I‘Z —+ AI‘Z)

Hew ==Y JijSi - S;
v]

continuous
_ A

S(r) = M(r)/M,

1
1 — §(Ar1 ) vs‘r:ri)Q




Domain walls

Uniaxial ferromagnet (m = M/M)

E:/{A(vm)2+K(mi+m§)—7 a )}d”
exchange anis;trropy Stra;rﬁeld

m = (07 sin (), COSH(x)) Bloch wall (V-M=0)

Cdw = / (A0 + K sin? 0)dx M;

A" — K sinfcosf = 0

X —»

4 TA(2)? + K cos® 0] = 0

A dO\2 20
O — 9sinfcosfh =0 i lag)"eos 0 =1
— g _

:I:\/%% — /1 —cos26 = sinf

sidn99 =+\/L&dx — lntang =/ & (z - X)




Domain walls

Uniaxial ferromagnet (m = M/M.)

E:/{fl(Yrm)iJr\K(mieri)—? a )}dv

J/

TV
exchange anisotropy

~~

stray field

m = (07 sin (), Cose(x)) Bloch wall (V-M=0)

Cdw = / (A0 + K sin? 0)dx M;

A" — K sinfcosf = 0

cos 6 ,
sin 0
O(x) = 2 arctan|exp(z/w)] k
w=+A/K ~4 -2 5 4 VAR
Edw — 4/ AK




Domains & domain walls

Fe, Ni

w ~ 10 nm
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Domain walls in thin films

Bloch wall
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Domain walls in thin films
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— Asymmetric Bloch walls
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- Muulti-dimensional description due to the stray fields
- Additional length scales
- Analytical -> numerical calculations & ansatzs + variational procedures




Domain walls in thin films

cross-tie wall
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Bloch walls

TRTTT

two (equivalent)
rotation senses

T

Bloch lines & Bloch points




Bloch walls

LT

two (equivalent)
rotation senses
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Bloch lines & Bloch points
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Domain wall motion H

M
M = —v M X Heg v = /;oge (gyromagnetic ratio) ;
N / m '

VO e
torque

E = / [A(VM)? — KM? — M - Hyotdv H = Heyi + Hyg

o / (AV2M + K M., + Hyy,) - 6M]do

H¢r

Landau-Lifshitz-Gilbert equation:

M:—’}/MXHeff—QCMXM

torque damping




Domain wall motion

m=—ym X Heg —am X m

E:/[A(vm)2—Km§+ Kqmi, —M-Held’z # ¢ /)

——
Kq="20 02

m = —~(sin 6 cos ¢, sin @ sin ¢, cos )

m, =0 — stray-field-free wall

0 — apsind = 2[4V - (sin? OV¢) + L2 sin 0 sin 2¢)]

M
L {A[V?0 — §5in20(V¢)?]

sin 0

dsinf + ab =

_ K+Kgsin? ¢

2

sin 29} + vH sin 6



Domain wall motion

m=—ym X Heg —am X m yI
z X

E = /[A(Vm)2 — KmZ+ Kqm —M-Held’z # ¢/ / r-—  F b b &
——
Kq="20 02 m, =0 — stray-field-free wall
m = —(sin # cos ¢, sin @ sin ¢, cosh)

— i = Ms [— AVl 0V ¢) + 52 sin 0 sin 2¢)
M—i— af = 2 {A[v29 — 1 sin2ep)?| — 0 s gin 20} + vH sin 6

6 = 0(x,t) and ¢ = conts.



Domain wall motion

m=—ym X Heg —am X m yI
z X

E = /[A(Vm)2 — KmZ+ Kqm —M-Held’z # ¢/ / r-—  F b b &
——
Kq="20 02 m, =0 — stray-field-free wall
m = —(sin # cos ¢, sin @ sin ¢, cosh)

0 — i = Ms [— AVl 0V ¢) + 52 sin 0 sin 2¢)
el + o) = 22 {A[v29 — 1 sin2ep)?| — 0 s gin 20} + vH sin 6

6 = 0(x,t) and ¢ = conts.
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Walker's solution
y 0(x,t) = 2arctan{exp[£(x £ vt)/w.]}, sin2¢ = H/H,

w, = \JA/(K + Kgsin?), H.=2M, v=

QR

wH

( cos ¢ sin ¢
cosh[(x — vt) /w,]’ cosh[(x — vt) /w,]’

m —

+ tanh[(x — vt)/w*]>




Domain wall motion

The wall moves at a constant speed (~ H for low fields).
If the speed increases the angle increases -> stray field & wall narrowing.
There is a maximum velocity.

There is a critical field above which this solution is not valid.

Walker's solution
y 0(x,t) = 2arctan{exp[£(x £ vt)/w.]}, sin2¢ = H/H,

w, = \JA/(K + Kgsin?), H.=2M, v=

QR

wH

( cos ¢ sin ¢
cosh[(x — vt) /w,]’ cosh[(x — vt)/w,]

m —

, +tanh[(z — vt)/w*])




Domain wall motion

Longitudinal susceptibility [F # ¥ P e %k §
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Walker's solution
y 0(x,t) = 2arctan{exp[£(x £ vt)/w.]}, sin2¢ = H/H,

w, = \JA/(K + Kgsin2), H.=2M,, v=2wH

QR

( cos ¢ sin ¢
cosh[(x — vt) /w,]’ cosh[(x — vt)/w,]

m —

, +tanh[(z — vt)/w*]>




Domain wall motion

Field- vs. current-induced motion

CL3

S:—’YSX(Heﬁ‘—|—HO)—gSXS— —(j

S 2eS
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spin-transfer torque

field-like torque

Exchange interaction between localized (3d) and itinerant spins H,, = —Js_d/d%s (cTee)
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Domain wall motion

Field- vs. current-induced motion

S= 78 x (He+Hg) — =S x§— a—g(' v)S —a35[3x(° v)S]
= =7 eff 0 g 265 Js 2652 Js y
spin—tran;;er torque ﬁeld—lilze: torque

Current Current

Domain wall \»x\\\\\‘ l J///A/A/K

ol Y Y <KX X | |\ 1+ . spin-transfer torque

the angular moment lost by the electrons is transferred to the domain wall



Domain wall motion

Field- vs. current-induced motion

= 0 Sx (Ha+Hy) - 28x8— (w8 - 20 154, v)s]
= = eff 0 g 268 Js 2652 Js ’
spin—tran;?er torque ﬁeld—lﬂ:er torque

racetrack-memory concept

Write pulse Reading
pulse Writing



Domain wall motion

Walker's solution

0 = 2 arctan {exp (i LX@))] X() can be understood as the position of the wall
Wi

¢o = constant What is the conjugate momentum?

Landau-Lifshitz-Gilbert equation <= Euler-Lagrange equations

d OL oL oL ow.
4V -2 =2 = (0,0)
dt 0q oVyq dq aq
. . hS
Spin Lagrangian Ls=Lg— Hg (M = —*y—n)
d3
Lp = / —hS(b(cose —1) L is a spin Berry phase

2
Hg = 52 / . CJ(Vn)? — Kn? + K, nZ + 2n - Hj %
a
Dissipation function '
ahS [ &z ahS

_ . 2
Wge = 5 /a3n— 5 /a (02 + ¢%sin b))




Domain wall motion

Walker's solution

0 = 2 arctan {exp (i LX@))] X() can be understood as the position of the wall
Wi

¢o = constant What is the conjugate momentum?

Spin Lagrangian & dissipation function

_hNS

LS = w (¢0X -+ Kégw Sil’l2 ¢0 — ’}/XH)
AN S aw, X\2 .
W = (o) + ]
Wy 2 Wy

X and ¢, are conjugate variables

non-linear relation due to internal ¢, degree of freedom (even if the wall is rigid)




Domain wall motion

Spin Lagrangian & dissipation function

_hNS

Lg = (oX + EL5%sin? ¢ — v X H)

*

s = NS (X7

Equations of motion for the rigid wall

U}*X—Ckéo = /€J_Sin2¢o
Go+ =X =H

Transient behavior

Po

2

D tanh(t/T) )

bo(f) = arctan (7—1 + C'tanh(t/7)

T = e VIaK 1S/ (20)]2 — (vH)?
vH _ aK,5/(2h)
14+ a2’ 1 +4a?

L= H N o
sin (Hc)

-~ t/T



Domain wall motion

Pinning
d3 3
Vpinning - _/ a; AK (S;) (S(I') sin2 0
AKS? 1 M
Vinnin - — —Q2 X2 — w? © — | X
p g 2 COSh2 (X/w) 2 ( w ) (’U} | |)

Equations of motion for the rigid wall 1

local change of the
easy-axis anisotropy

Vpinning

X/w

<X>/'UJ_ 0.6
0.4
u}* X — agﬁo = K sin 2¢q 02
. L X
Go+ 22X =7 H — vy =@ (w — |X])

*
A\ J/
~~

Fpinning




Domain wall motion

Equations of motion

1 X—a(ﬁo = K sin 2¢q

. . X
¢o + - X =vH — Vpinw—@(w — | X))

A 7
-~

Fpinning

Linear regime
X + ZOUiLX + 2Upink 1 X = 2vk w H

domain wall motion — motion of an effective point particle




