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SHORT REVIEW OF 
RECENT EXPERIMENTS 



Magnetic bilayer – Domain wall motion 

NM/FM = Pt/Co, Pt/CoFeB, Ta/CoFeB, W/CoFeB, … 

Miron et al., Nature Materials 10, 419 (2011) 
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Magnetic bilayer – Domain wall motion 

NM/FM = Pt/Co, Pt/CoFeB, Ta/CoFeB, W/CoFeB, … 

Miron et al., Nature Materials 10, 419 (2011) 
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Interface spin-orbit coupling? 



Magnetic bilayer – Magnetization switching 

Miron et al., Nature 476, 189 (2011) Liu et al., Science 336, 555 (2012) 

Interface spin-orbit coupling? 
I 

Bulk spin Hall effect? 



Magnetic bilayer – Domain wall motion 

• Chirality ? 
 
 
 
 
 

• Dzyaloshinskii-Moriya interaction 

Emori et al., Nature Materials 12, 611 (2013) Ryu et al., Nature Nanotechnology 8, 527 (2013) 

( )DM ij i j
ij

H = ⋅ ×∑D S S Dzyaloshinskii, Sov. Phys. JETP 5, 1259 (1957) 
Moriya, Phys. Rev. 120, 91 (1960) 

( ) ( ) ( )1D 2D
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Magnetic bilayers 
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 coupling 
Miron et al., Nature Materials 9, 230 (2010) 
                   Nature Materials 10, 419 (2011) 
                   Nature 476, 189 (2011) 

Dzyaloshinskii-Moriya 
interaction 
Thiaville et al., EPL 100, 57002 (2012) 
Emori et al., Nature Mater. 12, 611 (2013) 
Ryu et al., Nature Nanotech. 8, 527 (2013) 

Spin Hall Effect 



CHIRALITY  
IN EQUILIBRIUM 



Naïve analysis 
 
 
 

• Interfacial spin-orbit coupling & no exchange coupling 

( )R
R ˆH α × 
= ⋅


zσ p



k > 0  Beff 

k < 0  Beff 

Initial Final 

Initial Final 



Naïve analysis 
• Interfacial SOC & no exchange coupling 

 
 
 

 
 

• Let’s turn on exchange coupling 
– Case I 

 
– Case II 

•  Conduction electron energy lowered for chiral m 

( )R
R ˆH α × 
= ⋅


zσ p



k > 0  Beff 

k < 0  Beff 

Initial Final 

Initial Final 

excH J= ⋅σ m



Effecitive Hamiltonian for interface  

 
 
 
 

• 2D Hamiltonian 

( )

kin exc R
2

Rˆ ˆ
2 e

H H H H

J
m

α

= + +

= + ⋅ + ⋅ ×
p σ m σ p z





Unitary transformation 

• Unitary transformation 
 
– Spin rotation by angle kRr around r×z direction 

 

( ) R
R R 2

2ˆexp / 2 , emU ik k α
= − ⋅ × =  σ r z





Unitary transformation 

• Unitary transformation 
 
– Spin rotation by angle kRr around r×z direction 

 
• Transformed Hamiltonian U+HU 

 
 
 
– 3×3 Rotation matrix R(r) 

• Same rotation as U when acting on classical vector m 

( ) R
R R 2

2ˆexp / 2 , emU ik k α
= − ⋅ × =  σ r z



( )
2

† higher order termˆ s
2 e

U HU J
m

= + ⋅ +′
p mσ

1ˆ ˆR−=′m m
before after 

ˆJ ⋅σ m ˆJ ⋅ ′σ m



Equilibrium energy 
• Ground state energy of filled Fermi sea vs. m 

– kR=0 
• Energy density  

 
– kR≠0 

• Unitary transformation  
• Energy density 

 
 
 

( )ˆ ˆ ˆ ˆx x y yAε = ∂ ⋅∂ + ∂ ⋅∂m m m m

( )ˆ ˆ ˆ ˆx x y yAε ′ ′ ′ ′= ∂ ⋅∂ + ∂ ⋅∂m m m m
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{ }( ) { }( )R Rˆ ˆ, 0,H k H k ′⇒ =m m



Equilibrium energy 
• Ground state energy of filled Fermi sea vs. m 

– kR=0 
• Energy density  

 
– kR≠0 

• Unitary transformation  
• Energy density 

 
 
 

( )ˆ ˆ ˆ ˆx x y yAε = ∂ ⋅∂ + ∂ ⋅∂m m m m

( )ˆ ˆˆ ˆy yx xAε ∂ ∂⋅ + ⋅∂ ∂= m m m m  
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Equilibrium energy 
•  Ground state energy of filled Fermi sea vs. m 

–  kR≠0 
• Energy density 

 ( )
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D
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Dzyaloshinskii-Moriya interaction  

(*) Imamura, Bruno, and Utsumi, PRB 69, 121303 (2004)  



More realistic case ? 
• Nonquadratic dispersion ? 
• Tight-binding version of H 

 
 

 
 
 

– Nonquadratic dispersion 
 
 

R
R 2

22 2 emD k A Aα
= =





CHIRALITY 
IN NONEQUILIBRIUM 



Effecitive Hamiltonian for interface  

 
 
 
 

• 2D Hamiltonian 

( )

imp

i
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m

2
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Unitary transformation 

• Unitary transformation 
 
– Spin rotation by angle kRr around r×z direction 

 
• Transformed Hamiltonian U+HU 

 
 
 
– 3×3 Rotation matrix R(r) 

• Same rotation as U when acting on classical vector m 

( ) R
R R 2

2ˆexp / 2 , emU ik k α
= − ⋅ × =  σ r z



( )imp

2
† ˆ higher order terms
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1ˆ ˆR−′ =m m



Spin torque 

Field-like torque 

adia s adi fa

f R s

ˆ
ˆˆ

xv
k v
⇒ ∂ +

= ×
≡T

T
T T

y m
m
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non s non d
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Damping-like torque (Slonczewski-like) 

kR=0 
Adiabatic torque 

adia s ˆxv= ∂T m
Nonadiabatic torque 

non s ˆ ˆxvβ= − ×∂T m m

kR≠0 

Manchon & Zhang, Obata & Tatara,  
Matos-Abiague & Rodriguez-Suarez,  
Hals, Brataas &Tserkovnyak 

Wang & Manchon 
Kim, Seo, Ryu, Lee, HWL 

Pesin & MacDonald 
van der Vijl & Duine 

adia nonˆ 0 0x∂ = ⇒ = =m T T

adia f non dˆ 0 0x∂ = ⇒ + = + =m T T T T

B
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Chirality in spin torque 

Rˆ ˆ ˆˆx x k∂ = ∂ + ×m m y m

ˆ 0x∂ =m
x 

z 

y θ 

R
d k
dx
θ
= = 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 



Theory vs. Experiment 

Theory 
• DM interaction 

 
 
 

–  kR=2.5×108 m-1 

• Field-like torque 
 
 

 
• 1.3 mT @ j=1011 A/m2 

• Damping-like torque 
 
–  β=4 

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

• Chirality in domain wall 
 
 
 
 

–  DM interaction 
• D~0.5 mJ/m2,   A~10-11 J/m 

• Field-like torque 
– Effective field along y direction 

• 2 mT @ j=1011 A/m2 

• Damping-like torque 
– Effective field along y×m direction 

• 5 mT @ j=1011 A/m2 
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Equilibrium vs. Nonequilibrium 

Equilibrium (no current) 
• Exchange energy 

– Reactive torque 
 

– Dissipative torque (Landau-Lifshitz) 
 

 
• DM interaction 

– Reactive torque 
 
 

– Dissipative torque 
 

Nonequilibrium (finite current) 
• Correction to equilibrium torques 

– Correction to reactive torque 
•  Adiabatic torque 

– Correction to dissipative torque 
•  Nonadiabatic torque 

 
 

• Correction to equilibrium torques 
– Correction to reactive torque 

•  Field-like torque 
– Correction to dissipative torque 

•  Damping-like torque 

kR=0 
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Xiao, Zangwill, Stiles Garate, Gilmore, Stiles, MacDonald 



Spin-dependent electric field 

( )adia
,

ˆ ˆ ˆ ˆ
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Adiabatic electric field Nonadiabatic electric field 
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Berger, PRB 1986 
Volovik, JPC 1987 
Barnes & Maekawa, PRL 2007 

Duine, PRB 2008, 2009 
Tserkovnyak & Mecklenburg, PRB 2008 
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RSOC 

Kim, Moon, Lee & HWL, PRL 2012 Tatara, Nakabayashi & Lee, PRB 2013 

“Field-like” electric field “Damping-like” electric field 



Spin-dependent magnetic field 

( )ˆ ˆ ˆˆ
2 x ye± = ∂ ×∂ ⋅B z m m m



Volovik, JPC 1987 
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Single atomic layer of Mn on W 

Single atomic layer of Fe on Ir 

Chiral magnet & skyrmion 



Single atomic layer of Mn on W 

Single atomic layer of Fe on Ir 

Chiral magnet & skyrmion 

( ) ( )Rˆ ˆ ˆ
2
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0 140 T 
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Summary 
• Interfacial spin-orbit coupling 

– Chirality in equilibrium energy 
– Chirality in nonequilibrium properties (spin torque, spin-

dependent electromagnetic fields) 
 

– Chiral derivative 
 

– Chiral corrections can be important 
• Spin-orbit torque 
• Spin-dependent magnetic field in chiral magnet & skyrmion 



THE END 
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