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Spin-orbit interactions in two-dimensional electron liquids are responsible for many interesting transport
phenomena in which particle currents are converted to spin polarizations and spin currents and vice versa. Prime
examples are the spin Hall effect, the Edelstein effect, and their inverses. By similar mechanisms, it is also
possible to partially convert an optically induced electron-hole density wave to a spin density wave and vice
versa. In this paper, we present a unified theoretical treatment of these effects based on quantum kinetic equations
that include not only the intrinsic spin-orbit coupling from the band structure of the host material, but also the
spin-orbit coupling due to an external electric field and a random impurity potential. The drift-diffusion equations
we derive in the diffusive regime are applicable to a broad variety of experimental situations, both homogeneous
and nonhomogeneous, and include on equal footing “skew scattering” and “side jump” from electron-impurity
collisions. As a demonstration of the strength and usefulness of the theory we apply it to the study of several
effects of current experimental interest: the inverse Edelstein effect, the spin-current swapping effect, and the
partial conversion of an electron-hole density wave to a spin density wave in a two-dimensional electron gas with

Rashba and Dresselhaus spin-orbit couplings, subject to an electric field.
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I. INTRODUCTION

During the past decade, spin-orbit interactions in electron
liquids have emerged as one of the most exciting topics in
spintronics [1-4]. While classic spintronic devices (e.g., GMR
read heads) rely on strong exchange interactions between spin-
polarized conduction electrons and the local magnetization of a
ferromagnetic host, spin-orbit interactions offer the possibility
to couple spin and charge degrees of freedom directly in a
nonmagnetic material. Outstanding examples of spin-orbital
effects are the conversion of a regular electronic current into
a spin current (spin Hall effect) [5-9] and the generation of
a nonequilibrium spin polarization by an electronic current
(Edelstein effect) [10-17]. The reciprocal effects, i.e., spin
current to current [18,19] and spin polarization to current
conversions [20,21], have also been observed—the latter
being also known as spin galvanic effect [21-23]. These are
potentially useful effects, which have already been success-
fully employed to generate spin currents [24], excite and
detect spin waves [25,26], and apply spin-transfer torques
that can reverse the orientation of the spin polarization in
memory devices [27,28]. More subtle effects, such as the direct
coupling of spin currents leading to “spin-current swapping”
(see Sec. VC) have also been predicted [29,30] and await
experimental verification. In addition, recent developments
in transient spin grating spectroscopy [31-33] have opened
the way to detailed studies of the coupled dynamics of
spin and charge in inhomogeneous electronic structures. For
example, the diffusion of a spin density wave [32] and its
drift under the action of an electric field have been studied
in detail [33], revealing interesting many-body effects; the
existence of long-lived spin-helical states in GaAs quantum
wells has been confirmed [32,34]. In a recent paper, building
on a previous suggestion by Anderson et al. [35], we have
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proposed that an electron-hole density wave in a GaAs
quantum well can be partially converted into a spin density
wave by the application of a strong electric field parallel to
the wave fronts [36]. This and similar effects are by no means
confined to conventional electron layers in GaAs: intermetallic
interfaces, layered oxides, monolayer materials like MoS,, and
“functionalized graphene” [37,38] are all promising platforms
for the observation of spin-charge conversion due to strong
spin-orbit interaction. It is therefore important to develop a
broadly applicable, easy-to-use formalism for describing the
coupled evolutions of spin and charge densities and their
associated currents in the presence of an external electric
field. As distinct phenomena have been discussed separately by
different approaches in the literature, the theoretical challenge
is to provide a unified treatment of the various effects,
including spin precession due to intrinsic spin-orbit coupling
from the band structure of the host material, spin relaxation,
spin-orbit interaction with impurities (leading to effects such as
skew scattering and side jump), and spin-orbit interaction with
the external electric field. Achieving such a unification will be
helpful in revealing internal connections between apparently
different effects and is therefore one of the main goals of our
present work.

An elegant and intuitively appealing set of spin-charge
coupled drift-diffusion equations, involving charge density
N, the spin density S, the charge current J, and the spin
current J¢, was derived in Refs. [39-42] from a SU(Q2)
gauge-field theoretical description of the spin-orbit coupling.
In this paper, we rederive and extend those equations from a
microscopic calculation, which allows us to capture all the
relevant phenomena on spin-spin and spin-charge coupled
dynamics in homogeneous and in (spin) density-modulated
systems, as well as the spin current swapping effect. The
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developed equations are summarized in the form

ON = —d;J;, M
0,8 = —[ViJi]* — 88 /tEy, @)
Ji = —(vi + DN — 2 J¢, 3)

J¢ = —v;8 — DIV — y3J; + (I — 8ai J}).

“4)
where
[ViV]" = 9,V — 2e P Abye )

is the SU(2)-covariant derivative of a generic vector field V¢
and S =S — S is the deviation of the spin density from
its equilibrium value, S.q (thus the theory is applicable to
ferromagnetic states). The upper index a labels components
in spin space, while the lower index i labels components in
coordinate space. The SU(2)-vector potential Af? describes the
coupling between the bth component of the spin and the ith
component of the orbital motion. In the above equations, D
is the diffusion constant (D = v%r /d, where v is the Fermi
velocity and t the current relaxation time in d dimensions),
v; is the ith component of the macroscopic drift velocity
caused by an electric field E (v; = et E;/m), and tgy is the
Elliott-Yafet (EY) spin-relaxation time [43,44]. Vf]l‘ stands for
the spin Hall tensor, which connects the J; component of the
spin current to the J; component of the charge current. Its
explicit form is y§ = Osue’i® (Ref. [41]) where sy known as
the “spin Hall angle”: this is a direct manifestation of the SU(2)
magnetic field, i.e., the covariant curl of the SU(2) vector
potential. x is the spin-current swapping constant, derived
in Appendix D. Lastly, €%¢ is the Levi-Civita antisymmetric
tensor, and a sum over repeated indices is implied throughout.

Equations (1)—(4) have a transparent physical meaning. For
example, the second equation is the generalized continuity
equation for the spin density. The relaxation term —8S“/tgy
takes into account the EY spin-relaxation process resulting
from the spin-orbit interaction with impurities. At the same
time, the spin precession that occurs between electron-
impurity collisions and is responsible for the D’yakonov-Perel’
(DP) spin-relaxation mechanism [45] is taken into account by
the vector potential term in the SU(2)-covariant derivative.
The last two equations have a similarly transparent meaning:
they express the current (spin current) as a sum of drift,
diffusion, and inverse (direct) spin Hall currents. In particular,
as we will show below, it is the diffusion part of the spin
current that yields the DP spin relaxation once is inserted back
into the continuity equation for the spin density. Additional
source terms, such as spin injection and spin electric fields can
be added to the right-hand sides of these equations [40,46].
For example, a Zeeman field H coupling to the spin density
enters the spin continuity equation through an additional
precessional term oc(H x S)* on the right-hand side of Eq. (2),
and an additional spin current driving term o,(V; H)* on the
right-hand side of Eq. (4), where o, is the homogeneous
spin-current conductivity. At the same time, the equilibrium
spin density S¢q must be reinterpreted as the quasiequilibrium
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spin density in the presence of the instantaneous (frozen) field
H().

The application of Egs. (1)—(4) to homogeneous spin-orbit
coupled systems has demonstrable advantages over more
microscopic approaches, such as nonequilibrium Green’s
function theory and quantum kinetic equations. The quantities
considered here—densities and their associated currents—are
all obtained as integrals of the nonequilibrium Green’s function
over frequency and momenta. While the integrated quantities
contain less information than the underlying Green’s function,
they are more directly connected to the experimental descrip-
tion of the phenomena. Furthermore, there are certain features
of the exact kinetics that are “hard-wired” in the macroscopic
drift-diffusion equations, whereas in the microscopic theory,
they only emerge from a careful enumeration of diagrams
and delicate cancellations of seemingly different terms. For
example, the infamous “nonanalyticity puzzle,” whereby the
spin Hall conductivity of the Rashba model appears to drop
suddenly from a finite value to zero as soon as the Rashba
spin-orbit coupling is turned on, is completely demystified: the
EY relaxation time—a quantity of second order in the strength
of the extrinsic spin-orbit coupling—provides the energy scale
against which the Rashba spin-orbit coupling must be assessed
as large or small [42]. In a more recent application, the
simple addition of a spin injection term to the right-hand
side of Eq. (2) has enabled us to successfully analyze the
inverse Edelstein effect (also known as spin-galvanic effect),
i.e., the generation of charge current from a nonequilibrium
spin accumulation [20-23]. The SU(2) theory is also easily
applicable to spin-charge conversion phenomena that occur in
inhomogeneous systems. We have in mind, in particular, the
electron-hole density waves and the spin density waves that
can be generated by letting two noncollinear laser beams with
different polarization interfere with each other on the surface
of a semiconductor quantum well [31,32]. Recent experiments
have demonstrated that it is possible to probe in real time
(on a picosecond time scale) not only the diffusive dynamics
of these inhomogeneous structures, but also their drift under
the action of an externally imposed electric field [33,47]. The
(spin) Hall transport dynamics is also in principle accessible to
these experimental techniques. Experience with homogeneous
transport phenomena suggests that an extended SU(2) formu-
lation would be a very useful theoretical tool for the description
of inhomogeneous systems. This paper presents such a
formulation.

In comparison with previous derivations of spin-charge cou-
pled drift-diffusion equations for two-dimensional electronic
systems [35,48-52], the present formulation is characterized
by a careful inclusion of the spin-orbit interaction between the
electrons and the impurities, as well as the external electric
field. To this end, we have carefully re-derived the kinetic
equation in inhomogeneous systems, taking into account the
spin-orbit coupling with the impurities and the electric field
to the leading order that allows us to capture effects such as
“side jump and “spin-current swapping,” which were not in-
cluded in our previous studies of inhomogeneous density/spin
dynamics [36].

At last, all the relevant terms are included in the form
of a generalized drift-diffusion equation. It is found that the
couplings between the spin and charge components are simply
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characterized by a single parameter (spin Hall angle) and,
quite satisfactorily, skew scattering, side jump, and intrinsic
contributions enter the spin Hall angle on equal terms, i.e.,
additively. On the other hand, the full spin Hall conductivity
cannot be simply expressed as the sum of intrinsic and extrinsic
contributions for reasons that have already been discussed in
the literature [42,53] and will be further explained below.
Moreover, we predict that only the diffusion-induced spin
current can produce a swapping effect. The resulting equations
for spin and charge densities and their currents provide a
unified theoretical framework within which one can easily
treat both homogeneous and nonhomogeneous spin-charge
conversion phenomena, such as the spin Hall effect, the
Edelstein effect, the spin-current swapping effect, and the
partial conversion of an electron-hole density wave into a spin
density wave under the application of an electric field parallel
to the wave fronts. Throughout the paper we will emphasize
the main concepts and present the final results of complex
calculations. The interested reader will find the details of the
derivations in the appendices. We point out that Egs. (1)—(4)
are valid for a broad class of intrinsic spin-orbit couplings
that are linear in momentum. Different forms of the spin-orbit
coupling may require modifications, which, however, can still
be derived from the kinetic equation approach described in this

paper.

II. MODEL HAMILTONIAN

The theory we are going to present applies to two-
dimensional model Hamiltonians of the form

H = H(p) + He(r) + Hy(r), (6)
where
p* 1 i
He(Pp) = — + — p;Ai o’ 7
etr(P) 2m+m§iip ;o @)

is an effective mass Hamiltonian for electrons with momentum
operator p = —iV,, o/ are Pauli matrices for the spin and
A/ are the components of a uniform spin-dependent [SU(2)]
vector potential, which describes both the effective spin-orbit
interaction with the crystal lattice and the spin-orbit interaction
with an in-plane field E. In addition, we have two terms that
break the conservation of crystal momentum:

Hg(r)=¢E - r, (8)

is the regular interaction with an in-plane uniform electric field
E, and

Hy(r) = V() —d'o x V;V()-p, €))

is the complete electron-impurity potential, of which V (r) is
the spin-independent part and «’c x V. V(r) - p the spin-orbit
coupling part (only nonmagnetic impurities are considered).
Here, o’ =12/4 is the square of the effective Compton
wavelength for the material under study (o’ ~ 5 A2 in GaAs).
The presence of the spin-orbit term in Eq. (9) is essential for
the extrinsic spin Hall effect.
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As a concrete example, consider the case of a (001) quantum
well in a semiconductor of the zinc-blende structure (e.g.,
GaAs) with Rashba and Dresselhaus interactions and an in-
plane electric field E. Then the nonvanishing components of
the SU(2) vector potential are

A; =mk1, A)f =mk2,

A =ma'eE,, Aj = —ma'eE, , (10)
where Ay = o + 8 and A, = 8 — « with o and 8 being the
Rashba [54] and Dresselhaus [55] SOC coefficients separately.
Following common usage, the x and y axes are defined in the
[110] and [110] directions, respectively. The two terms on the
last line describe the spin-orbit interaction with the in-plane
electric field.

For future use, we also define, in momentum space,
the crystal and electric-field-induced spin-orbit coupling en-
ergy, H;°°, for the electron state with momentum k, as
follows:

o 1 %
HY = — > kiAlol, (11)
i

such that the total energy from H.g reads
Hy = & + H™, (12)

where ¢, = e

III. KINETIC EQUATION

Our starting point is the well-known [4,56] kinetic equation
for the quasiclassical (Wigner) distribution function pk(r,?):

3ok + i[Hyg. px] + 2{ViHx, Vepk} — €E - Vipx = Ix. (13)

All the quantities in this equation, including the collision
integral I, are functions of a position r and a time ¢, which
are not explicitly written down. Here, the symbols [ , ] and { ,}
stand for commutator and anticommutator, respectively and
all quantities are matrices in spin space. The collision integral
Ix arises from the interaction with impurities, Eq. (9), and is
expressed in terms of the contour-ordered Green’s function
G(r,t,t’) and the self-energy X (r,7,t’) as

I(t) = — ( f dt'[Zk(t,t)Gk(t' 1) — Gk(t,t’)Ek(tﬁz)]) ,
(14)

where the superscript < denotes the lesser component of the
contour integral. Details of the derivation can be found in
Refs. [57] and [58].

The self-energy due to the impurity potential consists
of four terms, which are graphically represented in Fig. 1.
For a short-range &-correlated disorder potential V(r) =
> vod(r — R;), where R; are the random position of impuri-
ties with average density n;, these diagrams have the following
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FIG. 1. Diagrams for the impurity-averaged self-energy ¥, ¥,
¥,, and Xgy. The dashed line denotes the impurity averge and the
vertices with open circles represent the impurity-induced spin-orbit
coupling.

analytic expressions (see Refs. [39] and [42]):

Sok =nv5 Y G, (15)
k/

(i.e., the usual Born approximation)

T =nivge! y (—i[a -k x K,Gy]
-

—%{6 x (k— k/),Ver/}) . (16)

and

Lok = —injvia’ § (k x k' - 0 Gy Gy
g

+ Gk x k" 0Gp + GGk’ x k-a). (17)

The gradient term in Xk comes from the derivative operator
in Eq. (9) acting on the spatial argument of the Green function.
A similar gradient term in ¥y is neglected on account of its
smallness in a system with smooth inhomogeneity. The last
diagram, denoted by Xgy is given by [39]

Sevk = n05(@) Y 0°Gro(k x K)? (18)

K

and is responsible for Elliott-Yafet spin relaxation.

To write out the collision integral in terms of the density
matrix pgx, we employ the standard rules of analytic contin-
uation [57] combined with the generalized Kadanoff-Baym
ansatz [57,59], which expresses the lesser or greater compo-
nents of the Green’s function (and hence the self-energy) in
terms of equal-time Green’s functions and retarded/advanced
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propagators: !

GEr.t.n) = Fil6(t — n)e  HWpZ (1)
+6(t — Dpg (e A (19)

Here, p = px and p; = 1 — pg. Notice that the Hamiltonian
H contains not only Hy, but also the electric potential Hp,
i.e., H(r k) = Hy + Hg(r). According to Refs. [60] and [61],
the inclusion of Hp is essential to capture the full side-jump
effect.

Treating the SOCs and electric potential as small perturba-
tions,” we expand the propagator in Eq. (19) as [60,61]

e T~ e (1 — iTHY® — iTHp), (20)

where 7 =1 —1t;. To construct the collision integral, we
separately consider the contributions arising from the first,
the second, and the third term in the brackets in Eq. (20).

A. Collision integral from unperturbed propagator

The first term in the brackets in Eq. (20), when substituted
in Eq. (19) and subsequently in the expression (14) for the
collision integral leads to

]lio) = nivg Z 2m(er — 8k’)|:(,0k’ - PK)
Y

1
—id'[o -k x K, pe] — 5{0/0 x (k — k/)varpk’}:|
(2D

(from X, and X;). Here the first term, proportional to (o —
px), arises from Xk and describes ordinary electron-impurity
scattering processes. The remaining two terms arise from
the two parts of Xk in Eq. (16) and are less familiar. The
second term describes the spin precession that occurs during
a single electron-impurity collision, with the precession angle
depending on the relative angle between the momenta before
and after collision. This spin precession, as we will show later,
can manifest itself through the “spin-current swapping” [29].
The third term with the gradient of the density matrix gives
rise to a spin density coupling proportional to the change in

"We have substituted the relation between equal-time Green func-
tion and nonequilibrium distribution function G (¢,t) = ipx(t) and
Gy (t,t) = —i[1 — pk(?)] and the free retarded and advanced Greens
function, ie., Gi(t,t;) = —if(t — )e "B= and G(t,1) =
i0(t; — t)e” M=) into the well-known expression of the gen-
eralized Kadanoff-Baym ansatz Gf(t,tl) = i[G{((t,tl)Gf(tl,tl) —
Gf(t,t)Gﬁ(t,tl)]. Note that we neglect the correction due to the

impurity potential in Gk% (t,t;) by taking into account the fact that
the leading term in the collision integral (linear order in impurity
concentration) is sufficient to describe the present weak-disordered
case.

2We assume that the electric field lies in the linear response regime
and the SOC is weak, so that the spin precession angle between two
collision events is much smaller than 1.
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momentum. By introducing the standard relaxation time, i.e.,
1
nivg »_ 2w — ex) = mimvg = -, (22)
K T
(h = 1), we obtain

—_ 1 [ dby
[0 = PP / Xia'lo -k x K, pe]
T T 27
1 /
+ E{a/a x (k = K),0rpr }, 23)

where p; corresponds to the angular average of px over wave
vectors of fixed magnitude |k| = k. Similarly, the self-energy
Y, generates the skew-scattering contribution /° to the
collision integral [42,62]

2,3
mv, dOy
[SS:_Z'/ 0 —1k k/' sMPK S 24
= oma ™ [ Hikxk o). @b
and the self-energy Xpy generates the EY spin-relaxation
contribution to the collision integral:

1, [doe 7
1P = @) [ k<Ko - apea). 29
T 2

B. Collision integral from first-order SOC
correction to the propagator

The second term in the brackets in Eq. (20), when
substituted in Eq. (19) and subsequently in the expression
(14) for the collision integral generates two terms related to
Yok and Xk, which we denote by Ili”) and I]Eb), respectively.
Their analytic expressions are

LY =nvg Y w{H — Hy®.pw — o} 06, 8(ex — &x0)
"

(26)
(from %) and
LY =g > w({H . [(—ie/G -k x k), pi]}
™
+ ok [(—ie'G - k x K), Hi] )
+ [id'G -k x K {pw, H}]) 95, 8(ex — €x)
@7

(from X;). We notice that Ili‘” simply describes the SOC-
induced shift in the single particle energies that enter the
6 function of conservation of energy. In the relaxation time
approximation, this term can be readily evaluated as [36]

K = %{H,@OC,aek or)- (28)
In contrast to this, a similar relaxation time approximation
form cannot be derived for Ilib) in a simple way, because of
the complicated dependence on both k and k’. Fortunately, this
partis already of the order that is required for the description of
the side-jump effect, namely first order in band SOC together
with first order in «’, which allows us to extract its contribution
to the drift-diffusion equation, as detailed in Appendix B. One
may notice that the second and third terms in Ilih) describe
the “anomalous spin precession” introduced in Ref. [61], here
generalized to spin-polarized distributions.
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C. Collision integral from electric field
correction to the propagator

Finally, the electric potential correction to the propagator,
i.e., the third term in the brackets of Eq. (20), when combined
with the self-energy X, leads to a contribution to the collision
integral of the form

1 =nivg Y wlaleE o x (k= K)o = pi
o
X [BSkS(sk - ek/)] . (29)
By comparison with Eq. (26) one can see that this term equals
the contribution due to electric-field-induced SOC in Il((a),
reflecting the famous factor of “2” in the side jump effect

[60,63,64]. In the relaxation time approximation it takes the
form

. 1
L = ;{o/eE <0 X K, 0, 01} - (30)

The remaining parts of the self-energy, ¥, and the gradient
term in X, combined with the second and third terms in the
brackets in Eq. (20), give higher-order contributions, which
are therefore neglected.

D. Full collision integral

Our complete expression for the collision integral is
therefore

h=1"+ 10+ 17+ 1O+ I+ LY. 3D

Compared to our previous calculation in Ref. [36], where the
collision term was given by

Pk — Pk

e
Iy = + Z{Hﬁ"“,ﬁgkpk} + 1, (32)

our careful treatment with impurity-induced SOC has pro-

duced several additional contributions, such as Ilgb), IIEC) ,

and IFY, as well as the second and the third terms in I ".
Such terms describe interesting physical effects, e.g., the spin
precession within a single collision due to SOC induced by
impurity potential and/or band SOC. Even though some of
these terms had been obtained and discussed separately for
specific systems in literature [29,42,61], our derivation pulls
all the pieces together while supplying a more general and
complete kinetic theory for spatially inhomogeneous system.

IV. DRIFT-DIFFUSION EQUATIONS

The density matrix provides a microscopic description
of transport—one in which we keep track of the detailed
distribution of electrons in momentum space. Such a detailed
description is often unnecessary. For example, when studying
spintronic devices we are usually interested in equations that
connect the spin and charge currents to the corresponding
densities in space: information about the momentum distribu-
tion of the particles is discarded. We are thus facing the task of
reducing the kinetic equations to more manageable equations
for the charge and spin densities and current densities. Such
equations are referred to as “drift-diffusion equations,” and
this section presents the main steps in their derivation. More
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precisely, in Sec. IV A, we derive the equations that govern
the evolution of the densities, without explicit reference to
the currents. Explicit formulas for the currents are derived in
Sec. IVB.

A. Equations for the densities

We begin by expanding the density matrix as px = gio'
and p; = gjo’. Here, in addition to the familiar Pauli
matrices o' =o0,, 0> =0y, and o’ =o0,, we have also
included, for convenience, the 2 x 2 identity matrix oY =
1. Thus gﬂ represents the charge distribution regardless of
spin orientation. Similarly, we expand the collision integral
as Iy = Ijo'.

After the Fourier transformation with respect to ¢ and r, with
conjugate variables w and q, respectively, the kinetic equation
is rewritten as

A6y
(T + Kge = (T + Toge + / T M + 717, (33)

where g is a column vector with components (g%, g', g%,g%) and
ILis also a column vector with components 1°,1',1%,1%). Here,
7 is the 4 x 4 identity matrix and K, defined in Appendix A,
generates what is essentially the scattering-free dynamics of
the density matrix. The right-hand side of Eq. (33) includes
all the relevant collision terms derived in the previous section,
with the matrices 7 and M i defined in Appendix A. Notice
that, due to the spatial Fourier transformation, the matrices
Kk, Tx and My ', which were previously functions of r, have
now become functions of the conjugate wave vector q (see
Appendix A).

In the limit in which the extrinsic SOC constant ¢’ vanishes,
the kinetic equation can be solved (by exploiting its relaxation
time approximation form) yielding

g =0)=[T+K) ' T+ Tz =& (34

Notice that the full angle dependence (direction of k) of gx
is entirely determined by the k dependence of the matrices
Kx and 7. Hence, in this limit of vanishing extrinsic SOC,
by taking the angle average over k in Eq. (34) one can obtain
a closed equation for the angle averaged density matrix
vector g;. In the diffusive regime, the relaxation time is very
short compared to the time scale over which the distribution
function varies significantly. Therefore the effect of o’ is a
small correction to the collision integral. Substituting gx ~ gx
into the scattering terms on the right-hand side of Eq. (33)

J

ANy Dg* —iq-v —i0suDqyq:

3, S; _ —Osu(vy +iDg)q1  Dg* —iq-v+ %
S —0su(vx +iDqy)qn _ik(v x q,

S5 —i0su(v X q), —(i2Dgx + v)q1

3We retain the leading term in each matrix element here, as well as
the current matrices below.
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yields

N _ dby . L
g~ 8+ (7 + K™ [/ T;Mk.k/gkf + TI]ib)(gkagk’)iI .
(35)

Now all terms on the right-hand side of the above equation are
linear functions of the angle averaged density matrix vector
g, the coefficient depending on k after integration over K'.
From this, we derive closed equations of motion for the charge
(N=>) g,?) and spin (' = )", gl withi = 1,2, 3) densities
by doing the appropriate sums over k. In the diffusive regime,
ot K 1, we do a linear expansion with respect to @ and
transform back from w to ¢, to get the diffusion equation

AN, AN,
Sx S.\’

9 " 1=-p o 36

; s () s (36)
Sq Sq

where ANy and Sfl are, respectively, the components of the
density and the spin density deviations from the (uniform)
equilibrium state with wave vector q. The 4 x 4 diffusion
matrix D(q) is defined by

§ij 1 _ _
Dyj = - = —(IZT+T+K)™ Miead@ + K™ T + Twhyy

1 .
_ §<[(z + KO @ g (37)

q w=0

where (.) represents the average over the carrier distribution in
momentum space and includes integration over both k and K'.
In the last term, § ;i denotes the contribution to the quasiequi-
librium distribution arising, in accordance with Eq. (34), from
the jth component of the equilibrium density matrix g, i.e.,
g]lk =[(Z + K)"(Z + Tx)]” g{. Thus the diffusion matrix is
independent of k and K’, but it does depend, via the matrices
Kk, 7x and My (see Appendix A) on the wave vector q,
conjugate to r. In order to simplify the expression, we have
introduced S = AN, in Eq. (37) for j = 0.

In the following, we assume kpq/m,|A;lkp < Ep and do
a perturbation expansion with respect to 7y and k. We retain
the zeroth- and first-order contributions in the extrinsic SOC
parameter «’. Terms of second order in o’ are retained only
insofar as they are responsible for the EY spin-relaxation
process. The details of the calculation are given in the
Appendix B. The final equation of motion is®

—i0suDq.q> —ibsu(v X q); AN,
ik(V X q); (i2Dgx + vx)q1 Sy
Dg? —iq-v+ % —(i2Dqy + vy)q2 Sa |’ (38)
(i2Dgqy + vy)qo Dq* —iq-v+ Ti Sq

(

with ¢ = 2mX;, g» = 2ml,, and kp the Fermi wave vec-
tor. The dimensionless parameter « =a’k% describes the
efficiency of spin current swapping, which will be dis-
cussed later. v = teE/m and D = 7 (k*/(2m?)) represent the
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drift velocity and the two-dimensional diffusion constant,
respectively.

We notice that the coupling between charge and spin de-
grees of freedom is controlled by a cuamulative spin Hall angle,
Osu = 6§} + 9§JH + 0;‘}_}, which sums up the contributions due
to skew scattering, side-jump and intrinsic mechanisms:

o a'n; (mv0)3 mD (39)
SH™ o7 U p2 h’
. 20'm
9§JH = —?, (40)
. 2AAymt
pint — + (41)

(we have reinstated £ to highlight the dimensionless character
of the spin Hall angle). However, this charge-spin coupling is
asymmetric, due to the presence of the electric field, which
manifests itself in the drift velocities v, and v, in the first
column of the matrix. (To avoid misunderstanding, we point
out that the spin Hall angle controls only part of the total
spin Hall current: the complete spin Hall current also contains
a diffusion term—see next section—which is responsible for
the well-known vanishing of the spin Hall conductivity in the
absence of spin-orbit coupling from impurities.) The spin-
relaxation times arise from the combination of the DP and EY
mechanisms:

1t =1/t +1/¢5Y ) (i =x,y.2), (42)

where, for the special case of a (001) quantum well of a zinc-
blende semiconductor,

l/rgp = Dqlz,

/1 = Dq;

1/72" = D(qf + 43). (43)
and

EY EY 22
1/t =1/t = (o'kz) /T (44)
The vanishing of 1/7[Y is a somewhat artificial feature of our
model, in which we have assumed the impurity potential to be
strictly two-dimensional and thus conserving the z component
of the spin. A more realistic model, in which the impurity

J

T(q) —(iDgy + v,) 0

Ji (@) 0 —(iDg, + v,)

R~ 0 ~ik Dg,

Ji(q) Osu(i Dgy + vy) —Dqy
J;)(Q) —(iDgy + vy) —0suDq
Ji(q) 0 —(iDgy + vy)
Bol|~ 0 i Dg,
Ji(q) —0su(i Dg. + v.) 0
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potential depends also on z, would yield finite EY relaxation
time in the z direction [65,66].

When sy = Gérl‘; and E = 0, the above Eq. (38) reduce to those
of Ref. [67]. We have thus generalized those equations to take
into account not only the extrinsic mechanisms of spin Hall
effect, but also the effect of the electric field.

B. Equations for the currents

The diffusion equations derived in the previous subsection
correspond to a “reduction” of the full set of Eqgs. (1)-(4),
amounting to an elimination of the currents in favor of the
densities. To complete the formalism, we must now derive
the expressions for the charge and spin current densities.
The “obvious” expression J = > /2)Trlpi{o’, Vi Hy}] is
incomplete, because it fails to include the anomalous velocity
arising from the spin-orbit coupling with impurities. The
complete and correct expression for the matrix element of
the velocity between states k and kK’ is

ik = (VicHi)dkw — i[Hy ,rliae
= (Vka)Skk/ —id'o x (k — k/)Uo . (45)

The current due to the last term on the right-hand side can
be calculated from the “off-diagonal” density matrix pxk =~
imvod(ex — €x)(px — pk), which is zeroth order in spin-orbit
coupling and first order in the impurity potential. After some
simplification, the corresponding contribution is cast in the
relaxation time approximation form:

Ji = “? Xk:(]/z)Tr[pk{a",k x o}l (46)

and the complete current is

J=J+1 =) (/2)Trlpf{o" )] (47)

k

with a modified velocity operator Vx = Vi Hg + (¢'/T)k X 0.
We notice that this result is consistent with the calculation of
the velocity from the time derivative of the “physical” position
operator, discussed, for example, in Refs. [60,61,68,69].
Finally, by substituting in Eq. (47), the solution for the density
matrix px, we obtain the currents in terms of the densities:

—6suDq» Osu(iDgqy + vy)\ [ANg
ikD D Sx
. qy q1 (‘1, ’ (48)
—(iDg, + vy) 0 Sq
0 _(qux + Ux) Sé
0 _QSH(Z.DQX + Ux) A1\7!1
—ik Dgy 0 Sx
e | (49)
—(iDgy + vy) —Dq» Sq
Dq» —(iDgy + vy) A
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The details of the derivation can be found in Appendix C.
Again, the coupling between charge current and spin
polarization, as well as that between spin current and charge
density, is found to be proportional to the total spin Hall
angle QSH-

We can now verify by direct inspection that the expressions
for the charge and spin currents read from Eqgs. (48) and
(49) agree with the phenomenological equations (3) and
(4). The presence of the spin current swapping term in
Eq. (4) is essential to obtain this perfect agreement, as
will become evident in the discussion of Sec. VC. This
gives us confidence that the spin-current swapping effect
has been included properly at the phenomenological level.
Moreover, by substituting Eqs. (48) and (49) into the con-
tinuity equations, i.e., Egs. (1) and (2), we can demonstrate
that the resulting drift-diffusion equations for the densities
coincide with Eq. (38), proving the consistency of our
theory.

V. DRIFT-DIFFUSION EQUATIONS AT WORK:
HOMOGENEOUS SITUATIONS

In this section, we consider a few basic applications of
the formalism to homogenous situations, for which the wave
vector q = 0. For definiteness, we consider a (001) quantum
well in a semiconductor of the zinc-blende structure (e.g.,
GaAs) with Rashba and Dresselhaus spin-orbit interactions.
The SU(2) vector potentials for this system are given in
Eq. (10). The effects we study are the Edelstein effect and
its inverse, the spin Hall effect and its inverse, and the spin-
current swapping effect. As shown below, we can recover the
well-known results on (inverse) spin Hall effect and (inverse)
Edelstein effect very easily from our drift-diffusion equations,
revealing the advantage of those equations. In addition, we
predict the vanishing of the spin current swapping effect due
to the compensation effect between external electric field and
impurity potential.

A. Edelstein effect and its inverse

As a first application, consider the generation of a spin
polarization from an electric field applied along the x direction.
From the third equation in (38), we find that the time evolution
of S, is determined by

Sy
BtS«" = 2m)\295HUxN -, (50)
Tyy
where the first term on the right-hand side is the spin-pumping
generated by the partial conversion of the charge current into
a transverse spin current, while the second term represents the
spin-relaxation process. In the steady state, setting the time
derivative of S” to zero, one obtains the spin density

§Y = —20sumantyy JO (51)

where we have used —v, N = J? to zeroth order in the SOC.
As expected, the spin polarization vanishes for A, — 0, which
corresponds to weak band SOC limit or balanced Dresselhaus
and Rashba SOCs.

For the inverse process, i.e., the charge current induced by a
nonequilibrium homogeneous spin-accumulation S”, the first

PHYSICAL REVIEW B 90, 245302 (2014)

equation in (48) gives
J) = —v.N = 20syDmA,S” . (52)

In the absence of an electric field (v, = 0), we recover the
known expression for the inverse Edelstein effect [46]:

J = =205y DmAs S, . (53)

We note that the role of “driving field” in the direct Edelstein
effect is played by the electric field E,, while in the inverse
Edelstein effect, it is played by the “spin-injection field” B~
(see Ref. [46]). Thus, to check Onsager’s reciprocity relations,
we must compare the ratio $¥/E, from Eq. (51) to the
ratio J?/B” from Eq. (53). Substituting J) = —eNE,t/m
in Eq. (51), and Sy = —gupNoB” 1,5, (Ref. [46]) in Eq. (53),
where Ny = N/EF is the two-dimensional density of states,
we can readily verify that S¥/E, = eJ?/(gup BY), showing
that Onsager’s reciprocity relation is fulfilled.

B. Spin Hall effect and its inverse

Next, we consider the homogeneous spin Hall effect
resulting from an electric field applied along the x direction.
According to the last equation in (49), the transverse spin
current is given by

Ji = —OsuveN 4 2mi, DS (54)

We can clearly see that, as anticipated in the previous section
after Eq. (43), the spin Hall angle 6sy controls only part of
the spin current—a part that we refer to as “drift current.”
The remaining part is a “diffusion current,” which arises in
the SU(2) theory even in the absence of a spatial gradient of
the spin density. Its physical origin is in the spin precession
caused by the Rashba and Dresselhaus fields. By substituting
the steady-state solution of spin polarization, i.e., Eq. (51), we
arrive at the complete expression for the spin Hall spin current:

J? = GSH 0

T e

(55)

(again, we have used —v,N = Jf to zeroth order in the
SOC), which correctly describes the crossover between the
finite impurity-driven spin Hall conductivity in the limit of
weak spin precession (z))" >> ;") and the vanishing spin Hall
conductivity in the strong precession (70" < 7};¥) [42].

To exhibit the inverse spin Hall effect, we consider the first
of Egs. (49), which yields, in the absence of an electric field
in the y direction,

J) = —20suDmi, S* — Ospv, 5. (56)

The first term on the right-hand side is the inverse Edelstein
effect current. The second term, in the leading order, can be
written as fsy JZ, where J7 is the spin current. We now observe,
according to the second of Egs. (38), at the steady state,

SX

— 4+ 2mAqv,S¢ =0. (57)
TSX

We can then write

S = 2mA; Ty J7 (58)
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and, by substituting in Eq. (56), get

J) = [1 = D@m* 1) 1o 10suJ}

TSX z
= (1= 55 ) fsn i

OsH 7z
(.,_-EY TDP) +1 X

sy sy

(59)

This equation is the mathematical formulation of the inverse
spin Hall effect, which converts a spin current into a perpen-
dicular charge current. Comparison with Eq. (55) shows that
the Onsager reciprocity relation is satisfied.

C. Spin-current swapping

As a final example in the homogeneous class, we discuss the
spin-current swapping (SCS) effect [29], whereby a primary
spin current, [J ]’:](0), induces a transverse spin current in which
the spin direction and the direction of flow are interchanged
according to the equation

[T = (17 = 85[417). (60)
To observe experimentally the spin swapping effect, one might
think to apply a uniform electric field E, to a homogeneous
electron liquid, with a uniform spin-polarization S* in the
x direction. This naturally creates a primary spin current
[JF]® = —v, $*, which should then induce the spin current

[T = =« [77]9 = kv, 57 61)
Unfortunately, our equations demonstrate that the swapped
spin current is undetectable in this homogeneous setup,
because it is exactly canceled by the SU(2) diffusion current
arising from the spin precession in the spin-orbit field
generated by the electric field E,. This cancellation is already
evident from the fact that the matrix elements containing «
in Egs. (48) and (49) vanish in a homogeneous situation,
because q = 0. However, our phenomenological Eq. (4) gives
more insight into the underlying physics. The SOC effective
magnetic field due to the in-plane external electric field is in the
same direction (z direction) as that from the impurity and both
contribute to the SCS. The SCS term on the right-hand side
of Eq. (4) takes into account only the effect of the impurity,
which, in this case, is given by Eq. (61). The additional effect
of the electric field, due to the vector potential A} in Eq. (10),
is taken into account by the covariant derivative in Eq. (4). The
two contributions cancel each other exactly for essentially the
same reasons that lead to the cancellation (on the average) of
the force exerted by the electric field against the force exerted
by the impurities on the electrons in a steady state situation.

In order to observe the spin-current swapping effect in
an experiment, one should avoid the influence from electric-
field-induced SOC. One way to achieve this is to inject the
spin current by optical means. Another possibility is to inject
a pure spin current via the spin Seebeck effect [70] or via
multiterminal electrical spin injection techniques [71]. We will
return to this point in Sec. VIE.
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VI. DRIFT-DIFFUSION EQUATIONS AT WORK:
INHOMOGENEOUS SITUATIONS

Let us now consider some applications of our theory to
inhomogeneous situations. We have in mind, specifically, the
electron-hole density waves and spin density waves, which
can be optically induced on the surface of a semiconductor
quantum well through the interference of laser beams coming
from different directions with different polarizations. These
structures are also referred to as “gratings,” because the
nonuniformity of the densities causes a modulation in the
refractive index of the electron gas. The spin density generated
in this manner is typically associated with the electrons
only (the holes losing their polarization during a very short
relaxation time) and is perpendicular to the plane of the
quantum well. Recently, developed pump-probe techniques
have allowed detailed studies of the spontaneous dynamical
evolution of these systems on a picosecond time scale: by
this we mean that it is possible to record the density, the
spin density and the overall velocity of propagation of the
grating on a picosecond scale. Through such experiments it
has been possible, for example, to establish the presence of
a long-lived “persistent spin helix” in nearly balanced (001)
quantum wells (i.e., quantum wells with o >~ +8), and to
demonstrate interesting effects related to Coulomb drag in
spin diffusion and electron-hole diffusion.

In this section, we focus on the partial conversion of
an electron-hole density grating into an electronic spin
density wave under the action of an electric field, which
we choose, for definiteness, to be parallel to the x axis:
E = EX. In addition to the experimentally observed Doppler
effect, we also predict several interesting phenomena, such
as periodic Edelstein effect and collective spin Hall effect.
The numerical calculations are carried out for a 10-nm
GaAs QW grown in (001) direction, in which the Dressel-
haus coefficient 8 = 10 meV A, unless otherwise specified.
The Rashba coefficient o is assumed to be tunable via
gate voltage. The Elliott-Yafet spin-relaxation process is
neglected.

In Fig. 2, we plot the magnitudes of the three components
of the homogeneous spin Hall drift velocity v** = 6g},v, v =

9‘;]1_11), and v = 9;‘}_}1) as functions of momentum relaxation
time. The latter is varied by changing the concentration of
impurities. Here, v is the standard drift velocity of the electrons
given by v = uE, where u >~ et/m is the mobility, whose
value is shown on the upper axis of Fig. 2. Qualitatively,
the side jump drift velocity is independent of momentum
relaxation time, whereas the intrinsic spin Hall drift velocity
and the skew scattering spin Hall drift velocity are proportional
to 72 (provided T < tpp) and T, respectively. It is seen that
the spin Hall drift velocities due to the side-jump effect and
the skew scattering are comparable when the mobility is below
0.1 m®>V~-'s~!, while the skew scattering is dominant in an
intermediate regime. In the high-mobility region, the relative
contribution of skew scattering and intrinsic mechanism can
be effectively controlled by changing the Rashba coefficient.
This can be easily understood from v'™ = 2rm(B? — a?)v,
which demonstrates the vanishing of the intrinsic mechanism
for « = £3. In the following, we consider a few situations of
experimental interest, in which an electric field is applied to a
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FIG. 2. (Color online) Magnitudes of spin Hall velocities due to
skew scattering (v**), side jump (v¥), and intrinsic mechanism (v'™)
as functions of momentum relaxation time (lower axis) and mobility
(upper axis) in 10-nm GaAs QW grown in (001) direction with
electron density 1, = 10'> cm™2. The electric field is taken to be
1 kV/cm. The results for the intrinsic mechanism are computed with
two different values of Rashba coefficient.

density or a spin density grating, parallel or perpendicular to
the direction of the wave vector.

A. Density grating with q||E: periodic Edelstein effect

Let us begin with the case in which the system is initially
prepared in a density wave state (no spin density), with the
wave vector of the electron-hole density wave parallel to
the direction x of the external electric field. From the drift-
diffusion equations (38), we see that only the y component of
the spin density is coupled to the particle density:

3 ANq = (iqv — Dug*)ANq + i0sy Dsqq2S2,  (62)

Sy = [iqv — Ds(q° + 43)]S) + Osu(i Dyq + v)q2 AN, .
(63)

The spin density coupling strength is proportional to 6sygs,
where g, = 2mi, = 2m(B — «), and therefore it vanishes in
the balanced case o = .

Notice that we have replaced the plain diffusion constant D
by the ambipolar diffusion constant D, for the electron-hole
density grating and by the spin diffusion D; for the spin
grating [36]. The first replacement takes into account the
almost perfect screening of the space charge that occurs when
electrons and holes diffuse together in an electron-hole density
wave [33,36,72]. The second takes the effect of spin Coulomb
drag, which reduces the spin diffusion constant relative to
standard D [32,73-76].

Neglecting the feedback from spin grating to density
grating, i.e., the second term on the right-hand side in
Eq. (62), which is of second order in spin-Hall angle, we
find that the density evolves according to the standard analytic
formula

ANy = Aoe(iqU*Daqz)tJriqx’ (64)
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where Ay is the amplitude of the initial electron-hole density
grating. Substituting this in the equation for the spin density,
we obtain an analytically solvable equation whose solution is

y _ AoBsn(i Dsq + v)qo explig(x + vt)]
Sq = 2. 2 2
D;(q* +q3) — Daq
X {exp(—Daqzt) — exp [—DS (qz + qzz)t]} (65)

In the absence of the electric field (v = 0), the density
grating simply decays at a rate D,q> determined by the
ambipolar diffusion constant. The spatially periodic diffusion
current generates a spin polarization in the y direction—an
effect that can be viewed as the analog of the uniform
Edelstein effect except that (i) it is spatially periodic and
(i) it is driven by a diffusion current. This polarization,
starting from zero at the initial time, reaches a maximum
at time ¢ = In[Dy(¢* + ¢3)/(Dug®]1/[Ds(q* + 3) — Dug?]
before eventually tending to zero at long times, when the
density grating disappears.

When the electric field is applied, the phase of the grating
acquires a linear variation in time, corresponding to a drift
with velocity v in the direction of the electric field. The y
component of the spin polarization also drifts with the same
velocity v. Thus the periodic Edelstein effect offers a way
to generate a drifting in plane-polarized spin grating: this
would be difficult, if not impossible, to produce by optical
means.

B. Spin grating with q||E: helical Doppler effect

To exhibit the dynamics of an optically created spin
grating polarized along z direction, we write the drift-
diffusion equations in terms of the two helical modes

+ _ + QZ

SE = (S5 +iSH/V2,

_5
Ts
(66)

where 1/t5 = (1/7,, & 1/1,;)/2 and g1 = 2mA,. For |A| >>

|X2|, we can neglect the coupling between the two modes
(ox1/7,”), which leads us to the analytic solution

. 1
Sy = [l(q +g1)v — Dy(q £ q1)’ + Dygi — F} Sq

s

Sa = (+iA./vV2)expligx +i(q  qi)vt — Dy(q £ q1)*1],
(67)

where the two spin helical modes show different phase
evolutions, with phases ¢+ = (¢ £ ¢;)vt. Here, A, is the
amplitude of the initial spin grating. We see that the “Doppler
shifts” are different for the two helical components. Recall
that the helical mode S~ describes the “persistent spin helix”
in the balanced case [34,77-82], when the wave vector g
of the grating matches the SOC wave vector ¢;. In recent
experiments by Yang et al. [33,47], the time evolution of the
spatial phase has been measured by Doppler velocimetry. It is
easy to see that, on a short time scale, when the exponential
in the above equation can be linearized, the superposition
of the two helical modes with comparable amplitudes leads
to a global phase velocity ¢ >~ (¢ + ¢_)/2 =~ qv, which is
the same as in Eq. (65). However, on a long-time scale,
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only the long-lived mode S~, which corresponds to the
persistent spin helix, is relevant (assuming, of course, that g is
close to g;) leading to ¢ =~ ¢_ ~ (¢ — g)v, which can have
positive or negative sign depending on the whether ¢ > ¢
or g < q; (Refs. [50,83,84]). The switching sign of the phase
velocity has been experimentally observed and provides strong
evidence for the existence of a long-lived spin helix in this
system [47].

Dq? —ifsuDqq,
. 2, 2
—ifsuDqq  D(q*+q})
—0OsHvq2 0
—ifsyvg —vq|

Let us first consider the case in which the band SOC is zero
(this is the case for a GaAs (110) quantum well, see Ref. [36]).
Then both S and S” are decoupled from the density grating,
and the solution for the S component is given by

i AoBsuv exp(iqy)
(Ds - Da)q

5= [exp(—Dag’t) — exp(—Dyq’t)],

(69)

with the spin Hall angle 655 being entirely due to electron-
impurity scattering, i.e., of entirely extrinsic origin. Here
we are neglecting, for simplicity, the small electron-hole
recombination rate I', which would modify the decay rate of
density grating from D.q?to D,q* + I (Ref. [36]). A nonzero
value of ' ~ 1 ns~! is, however, included in the calculations
plotted in Fig. 3. The spin density from Eq. (69) vanishes
both at short times (¢t — 0), when the electric field has not had
sufficient time to produce its effect, and for long times (1 — 00)

S7/A, (107)

0 0.5 1 1.5 2
t (ns)

FIG. 3. (Color online) Time evolution of the amplitude of the
spin grating S arising from an electron-hole grating of wave vector
q in the presence of an electric field perpendicular to the wave vector.
Here only the extrinsic spin Hall effect (skew scattering and side-jump
effect) is considered. The largest amplitude of the spin grating occurs
in the central region of the plot (in red), and is maximized about
q = 0.2 um~'. In this section, we take T = 1 ps, D, = 20 cm?/s,
and D; = 200 cm?/s unless otherwise specified. The electron-hole
recombination rate I' = 1 ns™! is used.
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C. q 1 E: collective spin Hall effect, extrinsic

When (q is perpendicular to the external electric field, an
electron-hole density grating becomes coupled, via the spin
Hall effect, to the z component of the spin density. This
coupling generates a spin density grating polarized in the z
direction, which can be observed in a Kerr/Faraday rotation
measurement. The diffusion matrix D in this configuration
turns to be

0 —iQSqu
0 Vg1 68)
D(q* + q3) —2iDqq>
2i Dqq D(¢* +qi +43)

(

when the original density grating has diffused away. Its
maximum amplitude occurs at ¢ = In(D,/D,)/[(Ds — Ds)g?]
and is given by

AriaX(q) B Osv <DS>D,V/(DaDs)

D,

70
AO Daq ( )

which is approximately the fraction of the grating wavelength
~1/q through which the electrons move, with drift velocity
Osyv, during the grating lifetime ~1/D,q>. In Fig. 3, we plot
the time evolution of the amplitude of the induced spin grating
as a function of wave vector. In this figure, the optimal value
of ¢, leading to the largest amplitude of the induced spin
grating, is about ¢°"* ~ 0.2 pm~", which is not too far from
experimentally realized values [32,33].

D. q L E: collective spin Hall effect, intrinsic

Let us now consider the interesting case in which the
collective spin Hall effect occurs in the presence of band
SOC and Rashba coupling. We will consider three cases: (i)
the SOC balanced case with « = —8 (¢; =0 and ¢» = qo
with gy = 4mpB/k?), (ii) the SOC balanced case with @ = g
(g1 = qo and ¢, = 0), and (iii) the generic o # %8 case.

(i) In the SOC balanced case witha = — 8, the x component
of the spin decouples from the rest, while the S¥ and S*
components remain coupled to the density and to each other.
Transforming to the helical basis, St =(5"+ iSZ)/ﬁ, we
obtain

, (S& =S

% ANg = —D.,q°(ANy) +95qu—ﬁ , (1)
0,5y = Bsu/v2)q-v(ANy) = Dyg2 Sy, (72)
3 Sy = (Osu/V2)q v(ANy) — Dsg? Sy, (73)

where g+ = go + g. From the last two equations, we see that
the electric field “pumps” the spin helical modes S™ and S~
at a rate proportional to g_ and g, respectively. At the same
time, the diffusion process causes these modes to decay at rates
Dyq? and Dyq7, respectively. As before, we discard the small
feedback of the spin on the evolution of the electron-hole
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density. Then taking the density from Eq. (64), but without
the drift term (because q L E), we easily obtain an analytic

solution for the helical modes:
ot _ Aobsuvg exp(iqy)
d «/E(DM% - Daqz)

[exp(—Dag’t) — exp(—Dsg1)].

(74)

Interestingly, at the special wave vectors ¢ = %¢q, for which
a persistent spin helix is expected to appear in the S*
channel (if ¢ = ¢qq), or in the S~ channel (if ¢ = —¢qg) the
present result shows that only the short-lived spin mode is
generated, i.e., only S~ if ¢ = gg, or only ST if ¢ = —qo.
The reason for this somewhat counterintuitive behavior is that
pumping the persistent helical mode is equivalent, modulo
an SU(2) rotation, to pumping a uniform spin polarization
in the z direction of the rotated frame. However, the SU(2)
rotation in question eliminates the band SOC, leaving only
an extrinsic SOC which cannot change the spin polarization
in the z direction and therefore cannot “pump” the long-lived
mode [36].

The time evolution of the S* grating amplitude is plotted in
Fig. 4(a) for different magnitudes of the wave vector. Observe
the change in the sign of the amplitude of the spin grating
around g = g in the long-time regime. This is because, when
the grating wave vector exactly equals go, only the short-lived
chiral mode, of which the amplitude is negligibly small after
100 ps, can be pumped by spin Hall effect [also see Fig. 4(c),
where we show the S° spin profile at different times]. For a
wave vector slightly above or below gy, the long-lived mode is
also pumped, and inevitably becomes dominant after a few tens
of picoseconds. According to Eq. (74), the amplitude of the
pumped long-lived-mode changes sign from g > goto g < qo
and vanishes at ¢ = go. In Figs. 4(b) and 4(d), we plot the spin
configurations for two typical wave vectors, ¢ = 1.05¢g¢ and
q = 0.95q¢. At short times, the short-lived component of the
response dominates, leading to similar behaviors in the two
cases. At long times, only the long-lived mode components
survive, leading to responses of opposite sign.

(i1) In the SOC balanced case with @ = B, it is the coupling
between S” and the other densities that vanishes. Then, the
equation of motions for helical modes Sfl'[ = (84 £ iSfl)/\/E
takes the form

Osu

Sy = i

(iDyqo F v)q(ANg—[Ds(q” + 43) F ivg0] Sy

(75)

Note that the pumping and decay rates are the same
for the amplitudes of the two modes, determined by
Osnq(AN)/v2 + (Dsqo)* and Dy(g* +q2), respectively,
whereas their phases are different. The time evolution of the
amplitude of the S* component is shown in Fig. 5(a). The spin
profiles with ¢ = g at different times are shown in Fig. 5(b).

(iii) For o # £p, all the spin components are coupled
together, which makes the analysis much more complicated.
Since the intrinsic mechanism is switched on, the collective
spin Hall effect can produce large-amplitude spin gratings in a
high mobility sample, see Fig. 6, where the Rashba coupling is
excluded. Again, spin relaxation restricts the opportunity for
observation to a relatively short time window immediately
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FIG. 4. (Color online) (a) Time evolution of the amplitude of the
spin grating S arising from an electron-hole grating of wave vector
g (normalized by go ~ 3.5 um™!) in the presence of an electric
field perpendicular to the wave vector with o« = —f. (b)—(d) The
corresponding spin profiles S¥-S° induced by collective spin Hall
effect with different grating wave vectors around ¢go. Four typical
times are chosen for each case. For g # ¢, the profile at short time is
a superposition of ST and S~ with weights ¢ — go (large) and ¢ + qo
(small). At long time, only the ST mode (xqg — go) survives. (c) For
q = qo, the long-lived mode disappears and the long-time spin profile
is qualitatively similar to the short-time state.

following the initial creation of the electron-hole density
grating.

E. Spin-current swapping again

We conclude this section by showing how the spin-current
swapping effect, which vanishes in the homogeneous situation
of Sec. VC, can be observed in an inhomogeneous situation,
such as the one proposed by Lifshitz and D’yakonov in
Ref. [29]. At variance with Sec. VC, we assume that a
spin current J; is injected into an unpolarized 2DEG in a
(001) quantum well, coming from a ferromagnetic electrode
polarized along the x axis. In the vicinity of the contact
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FIG. 5. (Color online) (a) Time evolution of the amplitude of the
spin grating S arising from an electron-hole grating of wave vector
q in the presence of an electric field perpendicular to the wave vector
with & = B. (b) The corresponding spin profiles S*-S* induced by
collective spin Hall effect at ¢ = go. We observe that the helical
modes St and S~ have the same lifetime and amplitude.

an inhomogeneous spin accumulation S* is induced, which
decays on the scale of the spin-diffusion length (we neglect
the ferromagnetic proximity effect). The inhomogeneous spin
accumulation drives an additional diffusion spin current, which
must be added to the drift spin-current considered in Sec.
V C. For simplicity, we ignore the intrinsic SOC, i.e., we set
A1 = Ay = 0. However, we retain the SOC with the electric
field E. [given by Aj in Eq. (10)] and, of course, the
spin-current swapping term due to extrinsic impurities. From
Eq. (4), after expanding the covariant derivative and setting
vy =0and §¥ = §° = 0, we obtain

J' = —(v, + D3,)S* — KJ},y

X

J) = —2Dmd'eE,S* —k J; . (76)

S7/A, (10%)

0 20 40 60 80 100
t (ps)

FIG. 6. (Color online) Time evolution of the amplitude of the
spin grating S¢ arising from an electron-hole grating of wave vector
q in the presence of an electric field perpendicular to the wave vector
without Rashba SOC.
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Noting that —2Dma’eE, = —kv,, we rewrite the second
equation as

Jyy = —K(vxSx + J;‘) . (77)

Solving the coupled equations for J* and J; yields

JP = -0, 8" — 0, 5%,
1 —«2
v kD . 4

Thus the J; component of the spin current remains, up to
first order in « equal to the primary current injected by the
ferromagnetic electrode. However, the spin-current swapping
effect manifests itself in the appearance of a J; component
of the spin current, which is proportional to the diffusion part
of the primary spin current: J; ~ x D, S*. This should be
observable.

VII. SUMMARY

We have derived the microscopic spin kinetic equation in
periodically modulated two dimensional electron liquids from
nonequilibrium Green’s function approach. We include the
spin-orbit couplings due not only to the band structure but also
to the external electric field and the (nonmagnetic) impurities.
Starting from the solution of the spin kinetic equation obtained
from a perturbation expansion in the relaxation time approx-
imation, we have derived a set of complete drift-diffusion
equations for the charge and spin densities, in the presence of
an external electric field and a grating wave vector in arbitrary
directions. We find that in the drift-diffusion equations the
three mechanisms of spin Hall effect, i.e., skew scattering, side
jump, and the intrinsic mechanism, can be combined together
into a single spin Hall angle. Moreover, we also derive explicit
expressions for the charge current and the spin current and, by
combining them with the drift-diffusion equations, we analyze
Edelstein effect, spin Hall effect and their inverses, as well as
the spin current swapping effect. We then apply our theory to
the study of spin and density gratings in GaAs quantum wells.
We recover the results of Doppler velocimetry experiments
when the grating wave vector is parallel to the external electric
field. For the grating wave vectors perpendicular to the electric
field, we predict the conversion from electron-hole density
grating to spin grating due to spin Hall effect. We show
that single-spin-helical-mode pumping can be realized via
spin Hall effect in (001) GaAs quantum well with identical
Rashba and Dresselhaus coefficients. We also show that
the spin-current-swapping effect vanishes in a homogeneous
situation, but can be detected in a spin injection experiment.

Missing from the analysis is the effect of electron-electron
scattering on the spin conductivity and the spin diffusion
constant (the so-called spin Coulomb drag [32,75,76]). This
can be included without difficulty: the connection between
spin currents and electric fields in a spin-polarized interacting
electron gas will be considered elsewhere. Finally, we note
that it will be interesting to apply the present formalism to the
theoretical analysis of surface acoustic wave experiments as
done recently in Ref. [85].
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APPENDIX A: MATRICES IN EQ. (33)

Including spin precession, diffusion and drift terms, Kk
reads

Kx
Q iMTqy,  iMTqge  ima'(q X V),
ilr1q, Q —2B;t 2Byt
| ineg 2Bt Q 2B |
ima'(q xv), —2Byt 2Bt Q

(AD)

where Q@ = —iwt +i,_k-q—etE- Vi with » and q being
the Fourier conjugate variables with respect to ¢ and r. Note
that the spin-spin coupling components actually show the
precession effect due to the effective SOC field, which has
components By = —kyAs, By = —k.Ai, B, = —ea/(k X E)..

The second matrix, 7k, which describes the energy correc-
tion due to SOC, shows the density-spin coupling from the
collision term I\ and 1) as

0 —B,d, —B,d, —2B.0,

x| Bt 0 0 0
—B,d, 0 0 0
—2B.0,, 0 0 0

(A2)

Note that one half of the coupling between the density and the
spin component along the z direction comes from I]E“) , while
the other half comes from Ilic) as mentioned in the main text.

The matrix My k', depending on the relative angle between
the incoming momentum and the outgoing momentum in an
electron-impurity scattering process, has three contributions.
The first piece comes from the second term in Ilio) [see
Eq. (23)], corresponding to the spin current swapping term,
which leads to

0 0 0 0
w o 0 —2(kk}, — kykl) 0
i(,k/ =« / ’
0 2(kcky — kyky) 0 0
0 0 0 0
(A3)
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The second piece, coming from the third term in Ilio), can be
expressed as

0 0 0 i[qxk—K):
inh ’ 0 O 0 0
My =« 0 0 0 0 ’
lqxk—K). 0 0 0

(A4)

where the superscript “inh” suggests that this term reflects
the effect of the spatial inhomogeneity during the scattering.
The last contribution corresponds to the skew scattering /;*
[Eqg. (24)] resulting in

0 0 0 —(kek) — kyk,
. 0 0 0 0
Micke = as 0 0 0 0 ’
(e, —kykl) 00 0
(A5)

with oy = Tn;of (mvo)3 (2zm)~". Thus the matrix My in
Eq. (33) is expressed by

‘ inh st
My = Ml + Ml + M.

Notice that My is proportional to «’. In our kinetic equation
(33), Ilib) is not written in the form of a matrix, because, as
explained in Sec. III, the relaxation time approximation is
inapplicable to it.

(A6)

APPENDIX B: DERIVATION OF THE DRIFT-DIFFUSION
EQUATIONS FOR THE DENSITIES

In this section, we present the details of the derivation of
the drift-diffusion equations for the densities. Intuitively, the
total diffusion matrix in Eq. (37) can be separated into two
parts, the intrinsic part and the extrinsic one, according to the
extrinsic SOC parameter «’. That is

D= Dint + DeXt, (Bl)

where the intrinsic contribution D™ corresponds to the zeroth-
order term in ', equal to D, —g. The extrinsic part D! in
principle contains all high-order contributions in o', however,
because of the small value of ¢/, it is sufficient to include only
the first-order term.

Specifically, the intrinsic diffusion matrix is given by

D™ = (1/0)[T — (Z + Ki)" T + T))lw=0.0/=0-

In the presence of an external electric field and a grating
modulation, there are three scale parameters with the units
of a wave vector, i.€., gy, y, Uy,y/D, and 2mA; 5. 1/q is the
grating wave length. [z = D/v is the length scale over which
the electric field changes the energy of an electron by a quantity
comparable to the Fermi energy; in the diffusive regime, we
require the mean free path to be much smaller than this length,
ie.,vpT K [g.lgo = 1/(m))is the length scale over which the
spin of an electron traveling at the Fermi velocity completes a
full round of precession in the spin-orbit field. In the diffusive
regime, the Dyakonov-Perel spin-relaxation time, which is the

(B2)
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time over which electrons diffuse on the length /5o, must be
much longer than the elastic scattering time. This requires
that the mean free path must be much smaller also of this
length vpt < Iso. This also means that the spin-orbit splitting
is small with respect to the disorder-induced broadening of
the electron states. In order to make our theory applicable for
general values of the ratios between these scale parameters,
we treat them on equal footing in the calculation and define
a characteristic inverse length scale /' = max(q, ./ '.ls0)
as the largest of the three wave vectors. Hence the diffusive
limit is defined by the condition vyt < [. Furthermore, the
assumption of a weakly disordered Fermi gas requires the

J

Dg? —iq-v

Dint — >
—0&(vy +iDgy)g> 0
il (v x q),

The notation is defined in main text.

—i0% Dgyq
~05i(vy +iDg)q1  Dg® —iq- v+ v

_(lZqu + Ux)ql

PHYSICAL REVIEW B 90, 245302 (2014)

condition Er7t > 1, which corresponds to a mean free path
much larger than the Fermi wave length. The above inequalities
are then used to carry out a perturbation expansion with
respect to 7y and K. We find that the leading order of
the density-density and spin-spin couplings is given by /=2,
while the first nonvanishing spin density couplings are of the
order of /*. Specifically, the spin-spin and density-density
couplings are given by (—K3) and the spin density couplings
are carried by (Kj + K 7x) (the lowest-order terms (Kx) and
(Kx7x) cancel against each other). Collecting all the relevant
contributions in the leading order, we obtain the diffusion
matrix due to the intrinsic mechanism:

—i68 Dq.q> —igH(v x Q)

0 (i2Dqx + vi)qi
—(i2Dqy + vy)q2
Dq* —iq-V+p

B3
Dg> —iq-v+ a5 B3

(i2Dgqy +vy)q>

The extrinsic part of the diffusion matrix originates from two SOC sources, i.e., the one due to the external electric field and
the other due to impurity potential. The contribution from the former one can be carried out from (1/7)[Z — (T + Kx) ™' (Z +

7)) w—o — D™, leading to

DHE = (1/D)[(K + KacTie = KR),, o — (Kic + KicTie = K)o ]
0 0 0 —i(63,/2)(v x q).
— _(QéjH/z)qul 0 iZK(V X q)z KUxq2 ’ (B4)
—(Osu/2veqr —i2(v X @) 0 —Kkvyq
—i(63,/2) (v x q). KVeq —KVyq) 0

where the spin-spin coupling is from (—ICﬁ). Similarly, we can calculate the contribution from the extrinsic SOC due to impurity

potential. By substituting the three M matrices into —% ((I + K) "My k(T + K) T + Tk)>w=0, we obtain
DHY ~ (1/ 1)K M Tk — Kie M Kid),
0 0 0 0
i03,Dq, 0 —iK(V X Q). ik Dgy
_ SH qvq1 (v xq); 4xq2 ’ B5)
105 Dqq ik(V x q) 0 —ikDgyq,
0 —kq(iDgx +2vy)  kqi(iDgy +2vy)  2kDqiq2
DY ~ (1/7)(Ke M, — MR T + MK,
0 —i(031/2)Dayqr —i(03:/2)Dacqr  —i(05/2)(v x @)
B —i(@;JH/Z) Dqyq: 0 0 0 (B6)
—i(68,/2) Dqxqn 0 0 0 ’
—i (63,/2)(v X Q). 0 0 0
DI~ —(1/7) (Ko My (K,
0 —ifDgyqr —if53Daqy —i65H(V X q);
—03y(vy +iDgy)q: 0 0 B7)
—Osu(vx +iDqx)q2 0 0
—if§5(v x q); 0 0
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To calculate the contribution from the spin-precession scattering term, i.e., the last term in Eq. (37), we substitute gj =~

(1+7teE-Vx —itq-k/m)g; g into I®. After some straightforward calculation, we obtain the current from ((Cx — Z)1 (b)) and
rewrite the result in the form of diffusion matrix as
0 ~i(654/2)Dgyqr  —i(0/2) Dgxq 0
Do) _ —(0g1/2)(3i Dgy + vy)q 0 0 0 (B8)
—(051/2)3i Dgy + vi)go 0 0 0
0 0 0 0
Finally, we obtain the total extrinsic contribution in the diffusion matrix
Dext — Dext,E 4 Dexl,sw 4 Dext,inh 4 Dexl,ss + rDext,(b)' (B9)

By collecting all the intrinsic and extrinsic pieces, we write out the final diffusion matrix shown in Eq. (38). Note that the extrinsic
contribution is discarded in Eq. (38) for the matrix element containing intrinsic contribution, by taking into account the fact the
extrinsic SOC is weaker than the intrinsic one.

APPENDIX C: DERIVATION OF THE DRIFT-DIFFUSION EQUATIONS FOR THE CURRENTS

The goal of this Appendix is to derive the transformation matrices J, and JA_\,, which connect the (spin) currents to the (spin)
densities, so that one can obtain the currents directly from the densities via the equation

J _ filgl
J@=J"s, 1)
The transformation matrices, according to Eqgs. (35) and (47), can be expressed as
= (TeklZ + (T + Ki) ' Miead@ + K" T + T)ij + (t/S) Tkl + K™ T B @),y (C2)

where the current matrices are given by

X(y)

jx(})k = (1/8Trlo" {07 Deiyu)]- (C3)
Specifically, we have
k,
ke/m 0 A a’(eEy + 7‘)
J 0 k/m 0 0 -
e A 0  ke/m 0
W (eEy+%) 0 0 ke /m
and
ky/m Ao 0 —oc/(eEx + kT*)
A2 ky/m 0 0
= , C5
I 0 0 ky/m 0 ©
—(x’(eEx + 1%) 0 0 ky/m

for the current flowing along the x and y directions, respectively. In the following, we take the current in the x direction as an
example to show the details of perturbation calculation.
By using the same technique introduced in Appendix B, we obtain the intrinsic contribution

TN =TT+ T+ K>+ K*T — K = KD)w=o.0'=0

0 —(iDg, + vy 0 D
= (Pdtv) . (C6)
0 0 _(l qu + vx) 0
031 Dy + v,) —Dg, 0 —(iDg, + vy)

With the same notation as used in the diffusion matrix, the relevant extrinsic terms are J JextE — = (Jek(T + Tx — Kx))ow=0 —
(T + T — Kidwo.w=0, S = (T MY (T — Ki) w0, SV = (e MR, and TS = —(Toae Mo kKid) oo,
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resulting in

PHYSICAL REVIEW B 90, 245302 (2014)

0 0 (93{/ 2) Uy
N 0 —K Uy 0
JUE — ’ : (C7)
0 KV, 0 0
(05/2)v, 0 0
0 0 0 0
N 0 0 k(iDgqy +vy) KkDgs
Jxexl,sw — . J Y s (C8)
OsyDqy  —k(iDgy + vy) 0 0
0 0 0 0
0 0 0 iDg,
o030 0 0 o0
J;xt,lnh — ﬁ , (C9)
2 0 0 0 0
iDg, 0 0 0
0 0 —-60§Dg» 63,(iDgy +vy)
Fertss _ 0 o 0 0 (C10)
* 0 0 0 0
Osu(iDgy +vy) 0 0 0

The (spin) current induced by the spin-precession scattering term, at the leading order, can be directly calculated from (J et ()] —
((ky/m)TI®7) by substituting g, > gi. The result in the form of matrix leads to

0

zext,(b) __ pSi
Jx - GSH

—Dgq;

0

Then the extrinsic mechanisms totally contribute to the transformation matrices

Text _ 7ext,E Text,sw Fext,inh Text,ss rext,(b)
JOU= JOwE  jextsw y jextinh | jextss y jext(h)

0 —DqZ 0
0 0 0 i
0 0 0
0 0 0
(C12)

Note that in the final result in Eqs. (48) and (49), only the leading term in each matrix element is retained.

APPENDIX D: DERIVATION OF SPIN-CURRENT
SWAPPING

As mentioned in the main text, the spin current swapping
in our theory is included as the second term in the collision
integral Ilgo), ie., —ia'Qur)™! fd@kr[a -k x K, px], and ap-
pears already in the first Born approximation. In the leading
order, the correction in the steady-state density matrix due to
spin current swapping term is given by

Sgls(wvj — (Za//NO) Z EZ]jEZmI‘Lkm [J,i](O),

Imn

D)

(

with the primary spin current [J/]® = Y, k! g} . One then
can calculate the swapped spin current from

[T = Y ta/mig™
k

— O(/k%- Z EZZjEZin[]ri](O)
In

~ai (1175 ). oo

l

whose symmetry is consistent with previous work [29]. Here,
the coefficient of spin-current swapping reads x = o’k
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