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Magnetization dynamics and Spin Transfer Torque
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+

~PJ

2e
(M̂ ⇥ M̂0)⇥ M̂
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sd exchange interaction between itinerant and local electrons

4



Torques due to non equilibrium spin accumulation
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Anatomy of spin-transfer torque: general case

6

M. D. Stiles and J. Miltat,  
Topics in App. Phys. 101,  
225 (2006). 

Courtesy of P. Gambardella
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Courtesy of P. Gambardella

Anatomy of spin-transfer torque: circuit theory



Anatomy of spin-transfer torque: 1D toy model
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Courtesy of P. Gambardella



MCT w/ SOC
j

Spin transport with interfacial spin-orbit 
coupling 
• Interfacial spin-orbit scattering creates a non-

equilibrium spin polarization and spin 
currents! 

• Interfacial spin current sources also 
determine ratio of damping-like and field-like 
torques 

• Magneto-electric circuit theory (Arne Brataas, 
et al. PRL 84, 11, 2000) must be generalized! 

Amin, et al. PRB 94, 104419 (2016) 
Amin, et al. PRB 94, 104420 (2016)

“Anatomy” of Spin-Orbit Torque in Bilayers

Interfacial spin-orbit scattering

HM FM

µs

js

z = 0- z = 0+

Rashba SOC at interface

Vivek Amin

Anatomy of SOT in Bilayers: revisiting G↑↓

js



Spin-Transfer-Torque MRAM
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Spin-Transfer-Torque MRAM


MTJ

STT mechanism:


~ 30 μA

•  excellent scaling

•  lower power

•  no crosstalk problem

•  simpler fabrication


3"



in-plane-current switching MRAM
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MTJ

In-plane-current-switching MRAM


If switching can be done by an 
in-plane current then a key 

issue in STT-MRAM is resolved


4"
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Spin Hall effect

1313

Extrinsic 
`Skew Scattering’, Occupation # Response 
[Dyakonov 1971, Hirsch, S.F. Zhang 2000]

Intrinsic 
`Berry Phase’, interband coherence 
[Murakami et al, Sinova et al 2003] 

Transverse spin-current generation in paramagnets

Kato,et al Science Nov 04Wunderlich, PRL 05

Sinova et al RMP 87, 1213 (2015)
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Intrinsic spin-Hall effect: the Rashba SOC example
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Inverse Spin Galvanic Effect or Edelstein Effect

15

kx

ky

δS=0δSy≠0 J || x

Another way to create current induced polarization

Wunderlich et at. arXiv ‘04, PRL ‘05

   (Reverse process of circular photo-galvanic effect,   Ganichev et al., 2001)

Effective fields  1-10 T 
Spin polarizations  1-10%

Spin Hall Effect in p-GaAs
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First works: current-induced SO effective fields

GaMnAs: bulk broken symmetry, Chernyshov, Rokhinson, et al, Nature Phys., 5, 656 (2009)

✓ Hysteresis observed in the planar Hall effect

Effective spin-orbit (SO) field by dc current

AlOx/Co/Pt: interface broken symmetry, Miron, Nature Mater. 9, 230 (2010)

✓ DW nucleation difference in the perpendicularly magnetised system 
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Experiments of in-plane current switching in bilayers

Miron et al., Nature ‘11

Liu,et al., Science ‘12 
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spin-orbit torque at PM/FM interface

intrinsic SHE + STT

Intrinsic SHE in paramagnet 
acts as the external polarizer

SHE as spin-current generator + STT

 
d ~M

dt

!

SHE�STT

= PM̂ ⇥ (n̂⇥ M̂)

kx

ky

δS=0δSy≠0 J || x

 
d ~M

dt

!

SOT

=
Jex
~

~M ⇥ �~s

hSOT || z × J
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Spin Hall Rashba

Courtesy of P. Gambardella

Spin-orbit induced spin accumulation in bilayer systems
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Spin Hall Rashba

Courtesy of P. Gambardella

Spin-orbit Torques in Bilayer Systems



“You like potato and I like potato …
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Courtesy of P. Gambardella



Boltzmann theory: non-equilibrium distribution function  and equilibrium  states 

Linear response I. (condensed matter class)
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Field-like SOT

δSy≠0 J || x

 
d ~M

dt

!

SOT

=
Jex
~

~M ⇥ �~s

�~s =
1

V

X

~k

~s(~k)g~k

Extrinsic (skew-scattering) SHE

Dyakonov and Perel 1971

 jc

)( ,0,, knknkn Effg !!! −=

Hirsch PRL‘99
Kato et al., Science ’04
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Perturbation theory: equilibrium distribution function and non-equilibrium states 

Linear response II. (condensed matter class)
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Wunderlich et al. Phys. Rev. Lett. ’05
Werake et al., PRL‘11Murakami,et al, Science’03

Sinova, et al. PRL’04

Scattering-independent anti-damping SOT from linear response II. 

Intrinsic SHE from linear response II 
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Intrinsic (Berry phase) spin-orbit torque from Bloch eq. 

MB −~eq
eff

24

�sz ẑ maximum              for EM
!!

||
dM̂

dt
⇠ M̂ ⇥ �sz ẑ

Large exchange limit and Rashba SOC
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~E



M MB −~eq
eff
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Δp ∼ eEt
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Intrinsic (Berry phase) spin-orbit torque from Bloch eq. 
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Large exchange limit and Rashba SOC

 zero              for EM
!!

⊥
dM̂

dt
⇠ M̂ ⇥ �sz ẑ �sz ẑ

anti-damping 
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Dresselhaus

GaMnAs
GaAs

GaMnAs

Intrinsic (Berry phase) spin-orbit torque in GaMnAs
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Rashba

 
dM̂

dt

!

SOT

= M̂ ⇥ �sz(✓M�E)ẑ

��current direction

angle between M and 
current direction



Landau-Lifshitz-Gilbert equation

hx

hy
hz

Because 
the V amplitudes contain spin-orbit fields information. 

hso=-Jpd Δs

27

V d
c (
μV

)
μ0H0(T)

Measuring spin-orbit fields: electrical induced/detected FMR

	



Torque types and line-shapes

Sample: 
18 or 25 nm-thick GaMnAs 4 mm-wide

28

Kurebayashi, Sinova et al., Nature Nanotech. (2014)  
Fang et al., Nature Nanotech. (2011)

Τout-of-plane (hx & hy) 
Vasy = C2× sin(2θM-E)× (-hx(θM-E)sin(θM-E) 
          +hy(θM-E)cos(θM-E))

+

Field-like/Rashba torque

Τin-plane (or hz)
Vsym = C1× hz(θM-E) sin (2θM-E)

Anti-damping torque

Vsym

Vasy
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NiMnSb

15

Other Materials: Half Heuslers

Tc = 730 K in bulk
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Room-temperature SOT in NiMnSb
Ciccarelli, et al., Nature Physics (2016)
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The driving field is linear in current:  
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Liu et al., PRL 2011 
Fang et al., Nat. Nanotech. 2011 
Kurebayashi et al. Nat. Nanot. 2014

Spin-torque FMR: 
(Resonant AC current excitation  
AMR readout)

Magnetization switching: Miron et al., 
Nat. Mater. 2010; Nature 2011

Domain wall motion

AC Hall voltage and AMR  
modulation

Pi et al., APL 2010; 
Garello et al., Nat. Nanotech. 2013;  
Kim et al., Nat. Mater. 2013 
…

MOKE
Emori et al., Nat. Mater. 2013  
Ryu et al., Nat. Nanotech. 2013  
Haazen et al., Nat. Mater. 2013

Fan et al., Nat. Comm. 2014.

Courtesy of P. Gambardella

Measurement Techniques 
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Writing by spin-orbit torque in a single-layer ferromagnet
Magnet reversing itself : SOT  

STT

SOT

Antiferromagnetic Spin-orbitronics

AFM
Néel SOT

J. Zelezny, et al, PRL (2014) 

What type of current-induced polarisation can we generate?
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Antiferromagnet with broken sublattice space-inversion symmetry:  (Mn2Au)

Néel spin-orbit torque in a single-layer antiferromagnet

Zelezny, Gao, Jungwirth, PRL (2014) 

kx

ky

kx

ky

S=0

S=0

Sy≠0

Sy≠0

J || x

HSOT || z × J

HSOT || -z × J
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Antiferromagnet with broken sublattice space-inversion symmetry:  (Mn2Au)

Néel spin-orbit torque in a single-layer antiferromagnet
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How it works - kind of
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Frank Freimuth 
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Classification of torques



How to use the Neel SOTs?
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Gomonay, Jungwirth, JS arXiv:1602.06766 (2016)

𝜴

M1

M2

x

𝜽

Speeds of ~ 50 km/sec!!
NEXT TALK
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Antiferromagnet with broken global space-inversion symmetry:  2D-AFM+Rashba

Writing by Néel spin-orbit torque in a single-layer antiferromagnet

2D Antiferromagnet with Rashba SOC

extrinsic/Rashba Néel SOT=0
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Antiferromagnet with broken global space-inversion symmetry:  2D-AFM+Rashba

Writing by Néel spin-orbit torque in a single-layer antiferromagnet

DOS(states eV-1nm-2)
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Experimental discovery of Néel SOT in CuMnAs
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From prediction, to observation, to device in 1 one year!!

44

Works like this but
not done like this

Electrical read/write antiferromagnetic memory
Wadley, TJ et al. Science ’16, TJ, Marti, Wadley, Wunderlich, Nature Nanotech. ’16



Wadley et al. Science ‘16, Schuler et al arXiv ‘16 Tested up to 12 T and down to 250 ps

No net moment, no dipolar fields
Insensitive, invisible to magnetic fields,

no magnetic cross-talk

Spin; not charge based
Radiation-hard

Ordered spins
Non-volatile

THz dynamics
Ultra-fast switching

Antiferromagnetic recording & spin-orbit torque
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2003

2016

SHE

QSHE
2D TI

graphene

SOT

3D TI

Dirac/Weyl 
semimetals

Néel SOT



Antiferromagnetic spintronics and Dirac metals

47

CuMnAs

J

Inverse spin galvanic (Edelstein) torque
Local inversion asymmetry & antiferromagnet 

Dirac fermions in graphene → topological 
insulators, semimetals, superconductors … 

Serendipitous overlap of symmetry conditions: 

- Two sites in unit cell 

- PT symmetry 

Electric control of Dirac semimetal/semiconductor via AF

Novoselov, Geim et al. 2004

Šmejkal et al. DPG Regensburg ‘16

Máca et al. JMMM ‘12 
Šmejkal et al. DPG Regensburg ‘16 
Tang et al. Nature Phys. ‘16
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Electrial control of Dirac fermions

Nonsymmorphic  symmetry: 
Screw axis+Glide plane 

Demonstration of inplane Field like torque manipulation

Demonstration of (001) ! inplane Field like torque
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Electrical control of phases

Dirac semimetal
SOC (001)

SOC (101)
Semiconductor



M MB −~eq
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�Beff ⇠ �pŷ
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     Néel SOT in a single-
layer antiferromagnet

SUMMARY

     SOTs in ferromagnet: 
field and damping like

Kurebayashi, et al.,  
Nature Nanotech (2014)

Sinova,Valenzuela, Wunderlich, Back, 
Jungwirth RMP (2015)

     SHE and ISGE

Wadley, Jungwirth et al Science (2016) 

Neel SOT physics (ii)Topological Dirac 
Semi Metal+ AFM (i)

     Electrical control of Dirac 
fermions and topological phases

Libor Smejkal, et al (2016)

J. Zelezny, et al, PRL (2014) 
J. Zelezny, et al, PRB (2016)

Miron, et al, Nat. Mat. (2011) 
Liu,et al., Science (2012) 

	


