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Outline

Spin-orbit in a 2DEG

@ What for?
@ Spin-Hall effect(s)
@ Role of disorder

G. Vignale, J. Supercond. Nov. Magn. (2010)
T. Jungwirth, J. Wunderlich and K. Olejnik, Nat. Mat. (2012)

Charge vs. spin

@ Spin currents
@ Onsager relations

L. Y. Wang, A. G. Mal'shukov, C. S. Chu, PRB (2012)
C. Gorini, R. Raimondi, P. Schwab, arXiv (2012)
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Spin-orbit in a 2DEG

Electronics (charge) — Spintronics (charge&spin)
Why the spin?

@ Long lifetime, low power consumption

@ Multi-functional (semiconductor) devices

@ Quantum computing
Nat. Mat. Insight (2012)

The main question&some possible answers

How to manipulate spins in solid state systems?
@ Magnetic fields/materials
@ Optical methods
@ Spin-orbit coupling
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Spin-orbit in a 2DEG

Electronics (charge) — Spintronics (charge&spin)
Why the spin?

@ Long lifetime, low power consumption

@ Multi-functional (semiconductor) devices

@ Quantum computing
Nat. Mat. Insight (2012)

The main question&some possible answers

@ Electrical handle on spin
©@ Spin not conserved

Spin-orbit coupling =
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Spin-orbit in a 2DEG

The spin-Hall effect

An electric field E generates a transverse (pure) spin current
M. I. Dyakonov and V. |. Perel, Phys. Lett. A (1971)
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Spin-orbit in a 2DEG

The spin-Hall effect
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J. Wunderlich et al., PRL (2005)

S. O. Valenzuela and M. Tinkham, Nature (2006)
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T. Seki et al., Nat. Mat. (2008)
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Spin-orbit in a 2DEG

The spin-Hall effect

An electric field E generates a transverse (pure) spin current
M. I. Dyakonov and V. |. Perel, Phys. Lett. A (1971)

Intrinsic Spin Hall effect in the Rashba model

J;z = osH Ex

Sinova et al., PRL (2004)

@ No disorder = ogy = & “universal” result (interesting)
@ Anydisorder=- o5y = 0 “universal” result (boring)

Disruptive role of impurities
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Spin-orbit in a 2DEG

@ Crystal structure (broken bulk inversion symmetry)
@ Device structure (broken structure inversion symmetry)

@ Mott skew-scattering
@ Side-jump

Constructive role of impurities )

Adapted from Engel et al., PRL (2005)

Nontrivial dependence on physical parameters
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Spin-orbit in a 2DEG

@ a spin-up current generates a

current in the transverse AHE
direction .HTT_,:\_ »
I —
Ofyt = 271fxt
@ a spin-down current generates WSHE 11
a current in the transverse T
opposite direction -
Oyt = 27k ISHE
T
11N 55 .
v+, v, > Intrinsic and/or extrinsic ) sy T
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Spin-orbit in a 2DEG

The main points

@ Spin non-conservation
@ Fundamental role of disorder
@ Nontrivial interplay intrinsic-extrinsic

Two (related) questions

@ Definition of the spin current?
@ Reciprocity spin-Hall <+ inverse spin-Hall?
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Charge vs. spin

2D effective Hamiltonian

H= p2/2m + Hinie + Vimp + Hexir

band/device structure impurities

Hiee = _b(p) 0, Hyw = _272 [p X vVimp(r)] o

ex(p) = £ = [b(p)|

lb| ~ meV ~ 10~ e

(A\/Ac)? ~ 108
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Charge vs. spin

2D effective Hamiltonian

H= ,02/2m + Hinie + Vimp + Hexir

band/device structure impurities

Hiee = _b(p) 0, Hyw = _2*;2; [P X vVimp(r)] o

1
Jf’zé{sa,v;} = s+ V-J=T"
Vi = Vp,H, a(spin),i(space) = x,y,Zz

Spin non-conservation = “spin-torque” T2
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Charge vs. spin
Spin-orbit +» non-Abelian gauge fields

a_a /)2
= % + a(pyo* — pxo¥) = w + const.

nAy = —nAy =2ma, else A2=0

Advantages

@ Unambiguous definition of Js:“colour” current

@ Spatially/time-modulated spin-orbit or Zeeman fields

@ Interplay intrinsic-extrinsic

Limited to linear-in-momentum spin-orbit (?)

N. J. Fréhlich and U. M. Studer, Rev. Mod. Phys. (1993), I. V. Tokatly, PRL (2008)
C. Gorini et al., PRB (2010)
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Charge vs. spin

®,A=EB,J; V. A= €&, B,Js

51“-’5 + @ : JS = 07 JS = JS,intr + Js,extr

O =d—inV,...] V=V+ig[A,...]
N—_——— ——

Zeeman spin—orbit

@ J.=-%J.xB Hall
0 Js=—72dcx B Spin-Hall
@ Jo=-TJsx B Inverse spin-Hall

Gorini et al., PRB (2010), Raimondi et al., Ann. Phys. (Berlin) (2012)
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Charge vs. spin

Onsager relations

@ Original formulation: fluxes and forces
L. Onsager, Phys. Rev. (1931)

@ Microscopic approach: Kubo formula
N. Nagaosa et al., Rev. Mod. Phys. (2010)

5H:J5-A5 = 5Ja:<JaJ5 >A5
—_———

Kop
Time-reversal: J, — €qda, €4 = =1

Kag = EaE,BKﬁa

«,  =charge, spin, heat...
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Charge vs. spin

a = §(spin), S = ¢ (charge)
Time-reversal: Js — Js, Jo = —d¢ = Ksc = —Ks

Spin-Hall response

5Js =< Jch >A, 5JC =< J(;Js >A
\—}\(/—/ \7—/

“Spin gauge” dependent reciprocal relations
@ Charge conservation: J; - A = —ed,
@ Spin non-conservation: Js - A # —nV = osya # OsH.0

“Spin-gauge” +» experimental setup

C. Gorini, R. Raimondi and P. Schwab, arXiv (2012)
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Charge vs. spin

2
H= gim + Hintr + Vimp + Hextr

Optical injection (homogeneous)

SHy =) [Ji €A + J7 n A7
i

Scalar potentials (inhomogeneous)

(5H2 =—ed — 77\|J

Jy = —GsynEE & Ji = Gy €Ey

JZ =standard (non-conserved), JZ =conserved
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The End

@ Spin-orbit = electrical handle on spin
@ Fundamental role of impurities (intrinsic vs. extrinsic)
@ Spin-charge Onsager: dependence on experimental setup

Something for the future
@ Extension of non-Abelian formalism

@ Spin-thermoelectric effects

G. Vignale, J. Supercond. Nov. Magn. (2010)
T. Jungwirth, J. Wunderlich and K. Olejnik, Nat. Mat. (2012)
C. Gorini, R. Raimondi and P. Schwab, arXiv (2012)
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This&That 1

O - _D(Vn+2eNoE) - Da([%]a* nTM)ga) *
Ty aB-Tyanpa
m m
Ja — _Da(Vn—|— 2eN0E) — D([@S]a + 177%53) +

_CTga B g0 p B
m 4m

/
D = charge diffusion constant, D? = %Sa
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This&That 2

Rashba+disorder

osH(w) = _% [_iw J_ri:u/ipl/jr: /Ts]
) = g | e | e

e —iw+2/TDp —iw+1/TDP—|—1/TS
Y = Vi + Yexts  1/70p = (2Ma)?D,  1/7s = 1/7 (A\pg/4)*

1 _
zZ _ 2| zZ _ _ [&Z
JX =S </h [X7H]>7 JX ik [S XaH]

C. Gorini Benasque, 27/08/2012



