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» Spin currents are fundamental for spintronics
» Most calculations use low-energy effective Hamiltonians: remote bands “integrated out”
» Question: how should observables be transformed when remote bands are eliminated?
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Conventional definition of spin current
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use in what follows the standard and physically appealing
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Here i,j=x,y, with i indicating the spin component and j the
transport direction. For 7=0, the integration should be per-
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Conventional definition of spin current

Noncentrosymmetric crystal —  essential physics described by H.it(k) = (k)60 + (k) - &

Spin current operator:

vV oRa | 1
Jl»h’ - 2h{ ak/ 7JH} - 2 {\/’(k)vaﬂ}

Example: Rashba model in majority band: vy (ox)

v

0
Heir = e(K)+agr(kybx—keby) in minority band: vy (ox) <0

IA

No inversion — equilibrium spin current:  (jxy) = —{(jy.x) = Js

Js(T =0) x o} & concentration independent!

How to observe: mechanical torque near edges, bulk electric polarization
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Microscopic formalism

Microscopic Hamiltonian — EOM for spin density — averaging over fast variations

Ih% (TZJT) = I:Imicm (wT> — a& = _Vij,u,i + Ty

Py (N ot
CExaet” oy ’ 1 JoH ¢ .
Exact” spin-current operator:  J,, i(k) = 27\ 9k Su expressed in terms of
i k - p Hamiltonian with SOC

« " e . 3 _ iy e
Exact” spin-torque operator: T,(k) = 5 [H, Sﬂ} B s

6 ,\0 v F/(k) — | hoy ho
“Exact’ spin operator: &, = [ 0 G o : :

2N x 2N matrices (# of orbitals N — oo) are impractical for calculations
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Effective Hamiltonian formalism

microscopic effective band

description description description
Herr (k) Hiana(k)
(G| S® 8, (k)
Jpui(k) Ju,i(K)

——T—
Microscopic Hamiltonian —  Effective Hamiltonian —  Effective observables

“Downfolding” into the essential band subspace (Schrieffer—Wolff transformation):

hy  hgz - Herr 1 0

Fiky=|[rer P | & Auk)y=0"HU=| 0 Here

Treat inter-orbital couplings I:Iimer as a perturbation — find U(k) to any desired order in ,‘:Iimer
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Main result

Observables must be transformed consistently:  Oui(k) = U~ (k)O(k)U(k)

Spin-current operator in the essential band subspace:
~ 1 [0Hg , §
Il = ﬁ{a—k,-’”“}“” J

» first term: conventional contribution

> 63%,-: generated by eliminating remote bands

» cannot be reconstructed from H.g alone
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Example: Cq4, crystal

Quasi-2D noncentrosymmetric tetragonal crystal: rotation Cs, + reflection oy, k = (K, ky)

Include two orbitals: 1D orbital + 2D orbital (oxide interfaces, 2D chalcogenides, ...)

> lower Iy orbital (p;, s) or '4 orbital (dxy)
> upper I's orbital (px,, or dxz,yz)
» inter-orbital hybridization + SOC

(a) E (b) E
N\ W N /’7 z
I8
no SOC with SOC

K. Samokhin Spin currents



Emergent Rashba SOC

Microscopic k - p Hamiltonian:

R e1(K)oo  —idkebo — by —idkyGo + ibox
H(k) = | iakebo + ibsy e2(k)60 —ibé,
iaky 6o — b6 ibé e2(k)éo

Schrieffer—Wolff transformation — effective Rashba SOC in the lower band subspace:

H.e = 6(k)5’0 —+ ’y(k) e
_ 23b
 Egap

Y(k) = ar(ky, —kx, 0), ag

Rashba SOC emerges from inter-orbital hybridization, at 2nd order in Hiyer
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Effective spin current operator

Spin-current operator in the essential band subspace:

Jui(k) = F2 (k) + 6J,.i(k)

» Conventional contribution recovered:
hk;

A aH
For = Mg, 1 YR 0
! m* nY

> Additional terms appear at the same perturbative order as the effective SOC:

2F% hki.  2b# . 2bag hkik,
— by (5;Xky — 6iykx)0'y + Eg(:: oy

_ _ === 60
2 2
Egp m hESap

6d,i =

» These terms are essential for consistency
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Equilibrium spin current

Average spin current in uniform equilibrium:  (jx,,) = —{jy.x) = Js
Er \* mb . . ,
AAT=0: Js= —— ag — scales linearly with ag, depends on concentration
Egap 7Th3

jours

: . E
Non-conventional terms produce dominant effect: Jjonv x = > 1
Js Esoc

Next steps: modified spin-current operator f/u,,- = f/;‘f‘}v + 63/“,,- — correlators (spin Hall effect, etc)

boundary effects, spin current conversion/injection
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Conventional This work
Spin-current operator {vi,ou}/2 {vi,ou}/24 0Ji,u
ESC scaling with SOC o an
ESC depends on electron concentration no yes
Interband effects not included included

Spin transport is intrinsically multiband
Virtual transitions survive in effective observables

>
>
» The conventional definition of the spin-current operator is generally incomplete
» Effective Hamiltonians alone are insufficient

>

Interband corrections dominate the equilibrium spin current
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