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Spin-orbitronics (spin-orbit torques)

|. Spin-Transfer Torque
*Phenomenology
*Anatomy of STT (no spin-orbit)
eComplex anatomy of STT with spin-orbit coupling

II.SHE and Inverse spin galvanic effect
*SHE and Inverse spin galvanic effect phenomenology

l11.Spin-Orbit Torques in Ferromagnets:
*Spin-Orbit Torques:
*Bilayer geometry: SOT vs SHE+STTT
*|ntrinsic and Field like SOTs in ferromagnets

IV. Antiferromagnetic Spin-orbitronics: Neel SOTs
*Active manipulation of Néel order by currents: Néel spin-orbit torque
V. Topological Dirac Fermion + Antiferromagnets + Neel SOTs
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Sd exchange interaction between itinerant and local electrons




Torgues due to non egullibrium spin accumulation
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Anatomy of spm transfer torque genera] Case

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

Courtesy of P Gambardella




Anatomy of spm transfer torque cwcurt ﬂweory

Courtesy of P Gambardella
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Anatomy of spin-ranster torgue: 1D 1oy mode

Courtesy of P. Gambardella
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Anatomy of SOT in Bilayers: revisiting Gt
“Anatomy” of Spin-Orbit Torque in Bilayers

Spin transport with interfacial spin-orbit Rashba SOC at interface
coupling

« Interfacial spin-orbit scattering creates a non- HM \ FM
equilibrium spin polarization and spin
currents! \
Hs

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

torques >

*  Magneto-electric circuit theory (Arne Brataas, /\K} j.
js

et al. PRL 84, 11, 2000) must be generalized!

Amin, et al. PRB 94, 104419 (2016) )
Amin, et al. PRB 94, 104420 (2016) z=0z=0"
Interfacial spin-orbit scattering MCT w/ SOC
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Vivek Amin



¢ cxcellent scaling

* lower power ~ 30 pA
® NO crosstalk problem

e simpler fabrication

voltage voltage breakdown
-|—|- H . needed needed voltage of
S meChanlsm ) for read for write MTJ

probability
distributions




in-plane-ourrent witching MRAM
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voltage breakdown
. . needed Ita f
If switching can lbe done by an for read v

in-plane current then a key probability
. . . distributions
issue in STT-MRAM is resolved




Spin-orbitronics (spin-orbit torques)

II.SHE and Inverse spin galvanic effect
*SHE and Inverse spin galvanic effect phenomenology

[11.Spin-Orbit Torques in Ferromagnets:
*Spin-Orbit Torques:
*Bilayer geometry: SOT vs SHE+STTT
e|ntrinsic and Field like SOTs in ferromagnets

[V. Antiferromagnetic Spin-orbitronics: Neel SOTs
*Active manipulation of Néel order by currents: Néel spin-orbit torque
V.Topological Dirac Fermion + Antiferromagnets + Neel SOTs
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Transverse spin-current generation in paramagnets

Sinova et al RMP 87, 1213 (2015)

Intrinsic Extrinsic
‘Berry Phase’, interband coherence "Skew Scattering’, Occupation # Response
[Murakami et al, Sinova et al 2003] [Dyakonov 1971, Hirsch, S.F. Zhang 2000]

Wunderlich, PRL 05 Kato,et al Science Nov 04




Intrinsic spin-Hall effect: the Rashiba SOC example
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Another way to create current induced polarization
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Inverse Spin Galvanic Effect or Edelstein Effect
(Reverse process of circular photo-galvanic effect, Ganichev et al., 2001)
A Ky

Kx
>

J || X
5S 4D I

Spin Hall Effect in p-GaAs

Effective fields ~ 1-10 T
Spin polarizations ~ 1-10% Wunderlich et at. arXiv ‘04, PRL ‘05




Spin-orbitronics (spin-orbit torques)
in ferromagnets and antiferromagnets
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| SHE-and-verse-spir-gatvaniccffect

SHE an ] i anic ofect ol |
[11.Spin-Orbit Torques in Ferromagnets:

*Spin-Orbit Torques:

*Bilayer geometry: SOT vs SHE+STTT
e|ntrinsic and Field like SOTs in ferromagnets

[V. Antiferromagnetic Spin-orbitronics: Neel SOTs
*Active manipulation of Néel order by currents: Néel spin-orbit torque
V.Topological Dirac Fermion + Antiferromagnets + Neel SOTs
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First vvorks current mduoed SO effective fields

EﬁeCtlveSp'n fleld by rrent

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

v Hysteresis observed in the planar Hall effect
AlOx/Co/Pt: interface broken symmetry, Miron, Nature Mater. 9, 230 (2010)

v DW nucleation dn‘ference in the perpendlcularly magnetlsed system
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Experiments of in-plane current switching in bilayers

Miron et al., Nature ‘11

Liu,et al., Science ‘12

spin-orbit torque at PM/FM interface
A Ky

SHE as spin-current generator + STT

intrinsic SHE + STT

dM . )
> (dt> = PM x (A x M
\ SHE-—-STT

\

\_ Intrinsic SHE in paramagnet
acts as the external polarizer




Spin-orbit induced spin accumulation in bilayer systems

Spin Halll Rashiba

Courtesy of P. Gambardella
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8|o|n orbit Torques N B|Iayer Systems

Spin Hall Rashba

Courtesy of P Gambardella
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“Youlke potato and | ke potato . .

e = = ™ e e —— e

Courtesy of P. Gambardella
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Linear response |. (condensed matter class)
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Boltzmann theory: non-equilibrium distribution function and equilibrium states

Extrinsic (skew-scattering) SHE Field-like SOT
1l
05 = — Z 5(k)g;;
2 1 - > V 4~
5]3 — VZ]S(k)gE k
k
T
jC 68y¢0 J " X.

Dyakonov and Perel 1971
Hirsch PRL99

Kato et al., Science 04




Lmear respOnse || (condensed matter class)

Perturbation theory equmbnum distribution function and non- equmbrlum states

Intrinsic SHE from linear response |l
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Murakami,et al, Science’03

Sinova, et al. PRL’04

Wunderlich et al. Phys. Rev. Lett. 05
Werake et al., PRL‘11

Scattering-independent anti-damping SOT from linear response |I.

0 0
E,n’ - fE,n)

Im[(k,n|s,|(k,n)(k,n'|7- E

(E/;,n’




Intrmem (Berry phaee) epm orle|t torque from Bleeh €0,

Large exchange limit and Rashba SOC

. [001] Ap ~ eEt
M
[100]
E
/ ABeff ~ Ap:g
eq
Beff ~-M
dM n

— M x §s,%2 |maximum 0S.Z forpf ||E
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Intrmemz (Berry phaee) epm orb|t torque frem Bleeh eq

Large exchange limit and Rashba SOC

[001]
Ap ~ eEt
[001
[100] [100
b
)
<\ B ~-M
\ ABeff ~ Apfg
dM . A .
M Bl ~-M — ~ M x 6s,3 |zero 08,2 foM L E

anti-damping

588 .

[d—M ~ M x 85,3 } 08,%Z ~ (E X Z) X M ~ cos(Om-E)

dt
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Intrinsic (Berry phase) spin-orbit torque in GaMnASs

—> < ‘GaMnAs ‘
- GaMnAs <

100
Rashba

Dresselhaus

dM . )
(dt) = M X (SSZ(QM_E)Z
SOT '\ angle between M and

current direction

current direction | Rashba:ds, pp ~ | Dresselhaus:ds, pp ~
E || [100] cos OM_E sin vi—g
E || [010] cos OM—E —sinfm-g
E | [110 cos g cos M-k

E | [1— 10] cos Oni—E —cosv—E




Measuring spin-orbit fields: electrical induced/detected FMR

oM o) oM
7Y — M x Hy, M x ) — 4M x
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Because hso:—de As HoHo(T)

the V amplitudes contain spin-orbit fields information.

p— —— e e
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Torgue types and line-shapes
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Veym I ,
Vasy
Anti-damping torque Field-like/Rashba torque
Tin—plane (Oi’ hz) Tout—of—plane (hx & hy)

_I_ Vasy: CQX Siﬂ(ZGM_E)X (—hX(E)M_E)Sin(BM_E)

Veym = C1x N,(Bm-g) Sin (26m-g) +h, (6m-£)COS(OMm-E))

Kurebayashi, Sinova et al., Nature Nanotech. (2014) Sample:
Fang et al., Nature Nanotech. (2011) 18 or 25 nm-thick GaMnAs 4 mm-wide
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Gmp|son of Epenmen Theory

7 Solld Ilnalculatlonswrth Hy, (captures h|gher harmomcs)
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T, =730 K in bulk
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Reem temperature SOT N I\Irl\/lrtSb

Ciccarellr, et al., Nature Physrcs (2016)

J,|[[110]

J,I[1-10]
V(,E;lo] (0) + By sin 26 cos 6

V. (uV)

0 9I0 150 2%0 360 - . . .
o (deg) 0 %0 . 2 goe i} 270 360
The dr|V|ng fleld is Ilnear in current: BSO~ ]




I\/Ieasurement Techmques

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

ACHall voltage and AMR Piet al., APL2010;
modulation Garello et al., Nat. Nanotech.2013;

Kim et al., Nat. Mater.2013

Spin-torque FMR:

oL Liu et al., PR.2011
m;onarém?curfent excitation — Fanget al., Nat. Nanotech.2011
readout) B Kurebayashi et al. Nat. Nanot. 2014

MOKE Fanet al., Nat. Comm.2014. Emori et al., Nat. Mater. 2013

Domain wall motion
Ryuet al., Nat. Nanotech.2013
Haazen et al., Nat. Mater.2013

Courtesy of P Gambardella
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Spin-orbitronics (spin-orbit torques)
in ferromagnets and antiferromagnets
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IV. Antiferromagnetic Spin-orbitronics: Neel SOTs

*Active manipulation of Néel order by currents: Néel spin-orbit torque
V.Topological Dirac Fermion + Antiferromagnets + Neel SOTs

e
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Antiferromagnetic Spin-orbitronics
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Writing by spin-orbit torque in a single-layer ferromagnet
Magnet reversing itself : SOT

STT f — ' 4
SOT Néel SOT ’)

J. Zelezny, et al, PRL (20174)
What type of current-induced polarisation can we generate?
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Zelezny, Gao, Jungwirth, PRL (2014)
Antiferromagnet with broken sublattice space-inversion symmetry: (Mn,Au)
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Néel spin-orpit torgue in a single-layer antiferromagnet
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Antiferromagnet with broken sublattice space-inversion symmetry: (Mn,Au)
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How It works - kind of

Frank Freimuth

37



©
o
S
(O]
(@)
O
©
et
7))
c
@)
p

Staggered

P1=pP2

Classification of torgues

Field-like,Mxp
Han Hex
Heff
Han
Heff

Antidamping-like, MxpxM
oG Han Hex

aGHGX



How 1o use the Neel SOTs?

T

Gomonay, Jungwirth, JS arXiv:1602.06766 (2016)

M

Speeds of ~ 50 km/sec!!
NEXT TALK
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P1=pP2

Classification of torgues

Field-like,Mxp
Han Hex
Heff
Han
Heff

Antidamping-like, MxpxM

aG HanHex
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\/\/rmng by Neel Spm orb|t torque N a Smgle Iayer antﬁerromagnet

2D Antlferromagnet with Rashba SOC
intrinsic Néel SOT can be much larger than FM SOTs!!

extrinsic/Rashba Néel SOT=0
BUT intrinsic Neel SOT=0

w —L. UJ
0.2 3 | =" “~ao ~10.2 3
- -
E 3
0 o o
z z
0.2 3 3

|
45 90 135 180 45 0
® (Degrees) 0 (Degrees)

Antlferromagnet with broken gIobaI space inversion symmetry 2D-AFM+Rashba




\/\/rmng by Néel spm orbﬂ torque N a Smgle Iayer antﬁerromagnet

oD Antlferromagnet Wlth Rashba SOC
intrinsic Néel SOT can be much larger than FM SOTs!!
15 I I
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\/\/adley et al, Science 2016
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From prediction, to observation, to device in 1 one year!!

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




Radiation-hard

Non-volatile

Insensitive, invisible to magnetic fields,
no magnetic cross-talk

Ultra-fast switching



Dirac/Weyl\

semimetals

3D TI

2D TI

graphene

2016

SOT

QSHE




Dirac fermions in graphene — topological

insulators, semimetals, superconductors ... _ . .
Inverse spin galvanic (Edelstein) torque

Local inversion asymmetry & antiferromagnet

, CuMnAs
Maca et al. IMMM 12
Smejkal et al. DPG Regensburg ‘16
Tang et al. Nature Phys. ‘16
~
T,~M, %0,
Novoselov, Geim et al. 2004
Serendipitous overlap of symmetry conditions: T~

- Two sites in unit cell /
- OT symmetry J
Electric control of Dirac semimetal/semiconductor via AF

Smejkal et al. DPG Regensburg ‘16




Electrlal Control of D|rac fermlons

Demonstration of inplane Field like torque manipulation

Nonsymmorphic symmetry:
_Screw axis+Glide plane

Demonstratlon of (00 1 ) - /nplane Fleld Ilke torque



Dirac semimetal
SOC (001)

Semiconductor
SOC (101)
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