Kinetic theory with spin—orbit coupling In magnetic fields
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‘ Phenomenological considerations I

charge current density j% = —unkE — DVn

spin polarization current density S?j = —ubis; — %

with mobility 1, diffusion D and spin polarization density s, = (ny —ny)/2
z,B 4

d(ny —n_)

o A= Iy =mln - 0Bt oD

Sys = Jy — 2y =yulny +n_)E, +vD

> Vit

X

j/e = pnE+ DVn+yuE x s + 7DV x s, Si; = —pEis; — D32 + ¢ ;1 (yunEy + yDVin)

anomalous Hall effect (Karplus, Luttinger 1954)

inverse spin-Hall, inhomog. spin density (Averkiev, Dyakonov, Bakun 1983)
Spin-Hall effect charge current induce spin current

Spin-Hall effect

pred.: Dyakonov, Perel 1971, exp:
Kato et al., Science 306 (04) 1910
Sih et. al, Nature Physics 1 (05) 31

anomalous Hall effect
Valenzuela, Tinkham, Nature 442 (06) 176
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|Particle currents and anomalous Hall effectl
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static result agrees with Kubo formula 0.5 = —€3,€* > f.(9, X a,,),
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e with Berry-phase connection a,, = ii(n|d,)|n) = (n|x|n) for two spin
bands ¥, — i¥, = e ' one has a.. = ih(£|d,|E) = h2220,¢

T = 0 linear Rashba, E in x-direction, _MF + upB = X,e,
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Cooperpairs A 0
Byia extrinsic
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General form
H* = Ak)o, — Bk)o,+C(k)o.,=b -0

| Interactions and meanfields |

1. Spin-orbit coupling o - b(p)
magn. impurities, intrinsic+ extrinsic

A Vo(p' = p)

Vo = o o- V(' —p)
Ga-(pxp)V(p —p)

2. Leads to impurity meanfields ©)"™® = nVy +s-V; X =5V +nV

Extrinsic spin-orbit coupling meanfield more involved
gt =95V [m(S; x q); — s+ (p x q)], B =iV [m(j x q) — n(p x q)
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3. Effective (meanfield) Hamiltonian

H = % + Yok, q,t) +eP(q,t) + 0 - X(k,q,t)
with & = 2,p(k, q, t) + b(k, ¢) + uB

e Search kinetic theory (non-Abelian) [ g—‘;G< = f(k,q,t) +o0-gk,q,t)

|Kinetic equation with spin-orbit coupling and electric and magnetic fieldsl

(O +FOp+vo)f+A-g=0
(0 +FO0p +VvOr)g + A f=2(2 xg)

coupling of spinor terms A; = 0,20, — 0r220p + (0p2; X €B)0p
with velocity v = %mkzo and eff. Lorentz force F = (eE—0,%y+ev xB)

Stationary solution: p(é) = Z_L: P f = %f_ +o0-e % =f+o0-g

with effective splitting fr = fo(er £ |3))
and selfconsistent meanfield €, (r) = % + Xo(k, 1)

and selfconsistent precession e(k,r) = 3 /|X|

Summary on spin transportl

e Coupled quantum kinetic equation for spin - 1/2 - particles including:

— mean field (scalar+vector) for magnetized impurities, spin-flip, ...
— arbitrary magnetic and electric fields

— spin-orbit interaction (nonlinear)
e Anomalous Hall effect, quantum Hall effect, spin-Hall effect and inverse
e Response and collective spin and density modes (staircase)
e Out-of plane polarization follows Landau levels (THz)

e Applications: graphene (pseudospin), optical Hall effects, ...
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e contribution in direction of electric field caused by collisional correlations
e note X, — 0 before expanding: factor 1/2 (symmetry breaking)
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e spin Hall and inverse spin Hall effect sign change, spin current parallel

and antiparallel to electric field direction possible

‘Linear response I

(1= oV — I1- V)on =I,®™" + () V + IIV;) - 6s

[1— Vo — TV + (V) + VoIl x6s =TI, + (VI + IV + V x I, + 1T - V)on

Dipole spin and density waves: neutral impurities
e dipole modes characterized by first-order moments
e density and spin excitation
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e analyt. solution: 3 modes with BS => %g and magnetization m = s,
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‘Dipole spin and density waves: charged impuritiesl

e Coulomb potential V[ = % long-wavelength expansion o(q), density
eigenmodes: damped plasma oscillation and only transverse spin modes
e dielectric function €(w,q) = (1+V,x) ' =1— L

1 q

2
I—€e(w,0) peff (w)
by long-wavelength ¢(w, 0) and dynamical screening length «“(w)

1 W’
€(w,0) = e, + p* (1—— £

2
“p

Drude ¢, =1 — —,
w(w+;)

eff. pol. p=2=

sl(w)M

bolo) _ weep B
) — 2 ’ BC o nth% _ 6OnDeh n

A

PN crossover from oscillatory to exponen-
[Ilﬁ? N tially damped behavior

. ‘ llﬂlk )\|||’|;;b e “\ ; . 12f +=5/a,
L N

spin dephasing time for s;
E in z-direction, 77! = 0.1lw,, B.=1

‘Linear response special cases: magnetic field, no spinI

Magnetic field-dependent response on = P

corresponding to GW (RPA, rainbow, ...), n = 7 x 101%cm™2

k(qw) = 1_‘/?&()%2%@, o= —iwege, €= 1— VIl
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real (solid red) and imaginary part (dashed red) of response function
(above) together with zero magnetic field ones (black lines), excitation
(middle) and dynamical conductivity (below) for different magnetic fields

(flux &g = h/2e)

Collective density excitation
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‘Linear response special cases: no magn. impuritiesl

no spin-flip mechanism V = 0, spin excitation influences density response

only for asymmetric momentum distributions 2D with s = (3233270),
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and vector polarization for Dresselhaus (Rashba) linear spin-orbit coupling
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out of plane polarization induced by spin precession
for Dresselhaus (Rashba) linear spin-orbit coupling
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