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Magnetic bilayer — Domain wall motion

NM/FM = Pt/Co, Pt/CoFeB, Ta/CoFeB, W/CoFeB, ...
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Miron et al., Nature Materials 10, 419 (2011)
rPOSTEPLCH



Magnetic bilayer — Domain wall motion

NM/FM = Pt/Co, Pt/CoFeB, Ta/CoFeB, W/CoFeB, ...
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Magnetic bilayer — Magnetization switching

Miron et al., Nature 476, 189 (2011) Liu et al., Science 336, 555 (2012)
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Interface spin-orbit coupling? Bulk spin Hall effect?
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Magnetic bilayer — Domain wall motion

e Chirality ?
Emori et al., Nature Materials 12, 611 (2013) Ryu et al., Nature Nanotechnology 8, 527 (2013)
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 Dzyaloshinskii-Moriya interaction

_ _ Dzyaloshinskii, Sov. Phys. JETP 5, 1259 (1957)
om =2 D; (S' xS ) Moriya, Phys. Rev. 120, 91 (1960)

HY =jdx[D§/-(rﬁxaxrﬁ)], HZ =jdxdy[D§/-(rﬁxaxrﬁ)—Df(-(rﬁxa m)]
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Magnetic bilayers
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Spin Hall Effect

Spin Hall Effect

Liu et al., PRL 106, 036601 (2011);
Science 336, 555 (2012);
PRL 109, 096602 (2012)

Haazen et al., Nature Mater. (2013)

Interfacial spin-orbit couplin
Miro v es=9; 10)
Nature Materials 10, 419 (2011)

Nature 476, 189 (2011)

Dzyaloshinskii-Moriya

Interaction
Thiaville y , 57002 (2012)
Emori et al., Nature Mater. 12, 611 (2013)
Ryu et al., Nature Nanotech. 8, 527 (2013)
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CHIRALITY
IN EQUILIBRIUM
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Naive analysis
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Naive analysis

* Interfacial SOC & no exchange coupling
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Hy = o 7(px2)}
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« =>» Conduction electron energy lowered for chiral m
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Effecitive Hamiltonian for interface

FM

e 2D Hamiltonian
H = I_Ikin T Hexc T HR

2
= 2pm +Jc-rﬁ+%co(px2)

e
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Unitary transformation

 Unitary transformation

: AN § A 20, M
U =exp| —ikeo-(rx2)/2]|, kg = 0;;2 :
— Spin rotation by angle kxr around rxz direction
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Unitary transformation

 Unitary transformation 5y m
U =exp[ -ikgo-(rx2)/2], k; = 0;_:*2 e

— Spin rotation by angle kxr around rxz direction

e Transformed Hamiltonian UtHU
2

UTHU =P +Jo - '+ (higher order terms)

2m R
e"’ R—l" \JG'm

Jo-m’
— 3x3 Rotation matrix R(r) before after

e Same rotation as U when acting on classical vector m
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Equilibrium energy

 Ground state energy of filled Fermi sea vs. m

— kg=0
e Energy density & = A(axrﬁ .0, M +8yrﬁ -8yrﬁ)

— kg0
« Unitary transformation  H (kg {M})= H (k;

H (ke =0,
e Energy density & = A(5 m’- axm'+aym’-ayrﬁ’)

0, =0, (R™M)=R™(0,M+kyxm)=

X

R
o,M =8, (R™*M)=R*(a,M-k,Xxrm)=R"5,m
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Equilibrium energy

 Ground state energy of filled Fermi sea vs. m
— ks=0 X X X
l * Energydensity & = A(@ 8Xm + 8ym ' ym)

o))

— kg0
» Unitary transformation H (. {M'})
e Energydensity & = A(@ rﬁ o.m+0.m-o rﬁ)

0, =0, (R™M)=R™(0,M+kyxm)=

X

R
o,M =8, (R™*M)=R*(a,M-k,Xxrm)=R"5,m
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Equilibrium energy

 Ground state energy of filled Fermi sea vs. m
— kg0
 Energy density

g:A(a M-0,M+0,M-o m)
+D|§-(Mxa,M)-%X-(Mxo,m)|

Dzyaloshinskii-Moriya interaction

D:ZkRA:ZZO;: © A

(*) Imamura, Bruno, and Utsumi, PRB 69, 121303 (2004)
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More realistic case ?

» Nonquadratic dispersion ?
. Tight-binding version of H

Hkin — Z { ‘I+1.n, UCE n,o + Cg' n+1. UCE..’H._G’ T hﬂ} ;

??n a?

Hs:-xr: = J E [ Encr e::r-:r CETLLT:| lili._ﬂ-,

Inoco’

aR .
HR = Qa |:EC.I_'" n+1. g(gi)ﬂﬂfcfeﬂyﬂ o ch!ﬂ_l?nﬂ (Jy)cfﬂ"cf,nﬂ + h-"-:'--}

Inoo’

— Nonquadratic dispersion

D=2kRA=220;§ c A

rPOSTEPLCH



CHIRALITY
IN NONEQUILIBRIUM
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Effecitive Hamiltonian for interface

FM

e 2D Hamiltonian
H = Hkin T Hexc T HR T Himp

p’ . ag .
+Jo-m+—0o-(pxz)+H
2m h (p )

e

imp
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Unitary transformation

 Unitary transformation 5y m
U =exp[ -ikgo-(rx2)/2], k; = 0;_:*2 e

— Spin rotation by angle kxr around rxz direction

e Transformed Hamiltonian UtHU
2

U'HU = 2p +Jo-m’+H/  +(higher order terms)
m

€

I\’ _1/\

m =R m

— 3x3 Rotation matrix R(r)

e Same rotation as U when acting on classical vector m
rPOSTEPLCH



Spin torque
axm o O — Tadia — Tnon — O

Adiabatic torque Pig i Nonadiabatic torque
Tadia - Vsﬁxm S 2eM, Tnon - _IBVsm X axm

o.M =8.M=0M+k Jxm

X X X
om=0=>T, +T.=T +T,=0

Tadia — Vsaxm = Tadia T Tf Tnon — —,Bvsm X 8xm = Tnon + Td

T. =kyv.yxm T, = —pBkgv,Mx(yxm)

Field-like torque Damping-like torque (Slonczewski-like)l
Manchon & Zhang, Obata & Tatara, Wang & Manchon
Matos-Abiague & Rodriguez-Suarez, Kim, Seo, Ryu, Lee, HWL
Hals, Brataas &Tserkovnyak Pesin & MacDonald

POSTERPCH van der Vijl & Duine



Chirality in spin torque

o,m=0m+Kk.yxm

= precession rate of conduction electrons
due to interfacial SOC

=> No current-induced torque if magnetization precesses at the
same rate as the conduction electrons would due to RSOC
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Theory vs. Experiment

Theory
DM interaction
D[?-(rﬁx@xrﬁ)—f(-(m xﬁyrﬁ)}

D =2k, A
— = kg=2.5x108m-!
 Field-like torque v
T. =—kRVSrﬁ><§/=—7/rﬁ><( RS 9)
v = PJg 1 !
S 2eM,

e 1.3mT @ j=10" A/m?
e Damping-like torque
T, :—,BkRvsrﬁx(yxrﬁ):_ymx(ﬂkyv oxih j
— D> =4

Experiment (Emori, Pt/CoFe(0.6nm)/MgO)

 Chirality in domain wall
Wﬁ“f”
N f‘““’w _

e

i

F4
r}q,/v
jiE
Up—down DW

— = DM interaction
e D~0.5mJm?, A~10-1J/m
 Field-like torque
— Effective field along y direction
e 2mT @ j=10 A/m?
e Damping-like torque
— Effective field along yxm direction
e 5mT @ j=10 A/m?
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Equilibrium vs. Nonequilibrium

Equilibrium (no current) Nonequilibrium (finite current)
e Exchangeenergy Jo-m= A(o,m-8,m¢ Correction to equilibriumtorques

— Reactive torque SER — Correction to reactive torque
m A : : — >
off = I\j 5r[ﬁ ] = —yMxH « => Adiabatic torque Tedia = Vs0,M
_ Dissipative torque (Landau-Lifshitz) — Correction to dissipative torque
—om x (m x yH . )  =>» Nonadiabatic torque

- Tnon - _IBVsm X axm

» DM interaction D|§-(fhxd,m)] « Correction to equilibriumtorques

— Reactive torqgg . — Correction to reactive torque
m ~ . . > >
He' =— I\j 5rh[ I Ho « = Field-like torque T; = —Kgv;mxy
S — Correction to dissipative torque
— Dissipative torque « =>» Damping-like torque
—arﬁx(rﬁxyHEfy) T, =—pkv,Mx(y xm)

Xiao, Zangwill, Stiles POYS TR Gaate, Gimore, Stiles, MacDonald



Spin-dependent electric field

Adiabatic electric field Nonadiabatic electric field
h A A A
Eo.=t— > & (omxm-om) E. =+8— Z (0mxo,m)
2e £ X,y 2e i X,y
Volovik, JPC 1987 Tserkovnyak & Mecklenburg, PRB 2008
Barnes & Maekawa, PRL 2007
IRSOC
adla—_—lley (ﬁrﬁ m m) non _—IB 29 I;y (am m)
= E;dla + EF — Enon + E_
“Field-like™ electric field “Damping -like™ electric field
i h 2000M, o 4 4 h 2oxm
Ef—:ize ;2 Zx0,m +,B hRZ Zx(mxém)
Kim, Moon, Lee & HWL, PRL 2012 Tatara, Nakabayashi & Lee, PRB 2013
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Spin-dependent magnetic field
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Chiral magnet & skyrmion

Single atomic layer of Mn on W

nature Vol 447/10 May 2007| doi<10.1038/nature05802

LETTERS :

Chiral magnetic order at surfaces driven by inversion
asymmetry

M. Bode'}, M. Heide?, K. von Bergmann', P. Ferriani', S. Heinze!, G. Bihlmayer?, A. Kubetzka', O. Pietzsch!, S. Bliigel*
& R. Wiesendanger'

Carrugation {pm)
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Single atomic layer of Fe on Ir

nature
physics ARTICLES

PUBLISHED ONLINE: 31 JULY 2011 | DOI: 10.1038/NPHY52045
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Chiral magnet & skyrmion

Carrugation {pm)
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Summary

e Interfacial spin-orbit coupling
— =» Chirality in equilibrium energy
— =» Chirality in nonequilibrium properties (spin torque, spin-
dependent electromagnetic fields)

— =» Chiral dervative

— =» Chiral corrections can be important
 Spin-orbittorque
 Spin-dependentmagnetic field in chiral magnet & skyrmion
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THE END
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