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Abstract. We consider Rashba spin—orbit effects on spin transport driven by
an electric field in semiconductor quantum wells. We derive spin diffusion
equations that are valid when the mean free path and the Rashba spin-orbit
interaction vary on length scales larger than the mean free path in the weak
spin—orbit coupling limit. From these general diffusion equations, we derive
boundary conditions between regions of different spin—orbit couplings. We
show that spin injection is feasible when the electric field is perpendicular to
the boundary between two regions. When the electric field is parallel to the
boundary, spin injection only occurs when the mean free path changes within
the boundary, in agreement with the recent work by Tserkoveyalk(Preprint
cond-mat/0610190).
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1. Introduction

Spintronics envisions electronic devices with spin injection, detection and manipulation. The
spin—orbit interaction (SOI) couples the electron spin to its orbital motion. It was early realized
that it can be utilized to manipulate the electron spin in e.g. the Datta—Das spin trarnHistor [
More recently, the possibility of spin injection via the SOI in non-magnetic systems was
suggestedd, 3]. The SOI gives rise to the spin Hall effect where a longitudinal electric
field induces a transverse spin current. In semiconductors, the spin Hall effect has generated
significant interest and is predicted to occur in a wide variety of electron and hole doped 2D and
3D systems4]. A resulting accumulation of a normal to 2DEG (two dimensional electron gas)
spin polarization near sample boundaries has recently been measusdg, injection of the

spin Hall polarization into a region of the 2DEG where the driving electric field is absent has
been observed irf].

The spin Hall effect is conventionally separated into an intrinsic and an extrinsic effect.
The intrinsic spin Hall effect is caused by the spin—orbit splitting of energy bands in zinc-blende
semiconductors. In contrast, the extrinsic spin Hall effect arises due to spin-dependent scattering
of impurities. This paper considers the intrinsic spin Hall effect in the diffusive transport regime
for electrons confined in a quantum well subject to the Rashba SOI. We will focus on spin
diffusion in systems where the Rashba coupling constaveries in space. In particular, we
address a problem of injection of the spin polarization from regions with a large spin—orbit
couplinga to regions where this constant is small or zero.

Recent research has established how spins diffuse, precess and couple to the charge
transport in electron doped IlI-V semiconductor quantum wells. The charge and spin flows are
described by spin—charge coupled diffusion equati@n8][ However, the diffusion equations,
valid in the bulk of the systems, must be supplemented by appropriate boundary conditions.
Calculations to this end were carried out @H[14] and have given rise to discussion in recent
literature. The derivation of these boundary conditions is more subtle than it might first seem
since the calculations must be carried out to the second-order in the SOI strength and include
the effects of the electric field.

The correct boundary condition when the electric field is parallel to the boundary and the
spin—orbit coupling varies in space was derivedlif]| An argument in terms of conventional
Hall physics that extends the results to systems where the mobility also varies was also given:
a spatially dependent spin—orbit coupling varying on length scales smaller than the spin-
precession length corresponds to an effective magnetic field of opposite magnitude for two spin
directions [L5, 16]. The effective magnetic field induces a spin dependent Hall voltage across
the boundary15]. This additional voltage, in its turn, gives rise to spin density variation in the
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transition layer, resulting in a finite spin-density jump, when the transition layer thickness is
reduced to zero.

This paper aims to address spin diffusion and the boundary conditions in more detail and
generality for the Rashba SOI model. Our aim is to clarify some conceptual issues and not to
fit experimental data because typical experimental systems are rather complex with competing
effects and material parameters that are not well known. The Rashba SOI in semiconductor
guantum wells depends on quantum well confinement, which can be manipulated by gates,
or doping profile L7], but usually only at rather long scales. The length scales for variations in
system properties such as the SOl and the mean free path are typically much larger than the mean
free path. Therefore, we will derive general diffusion equations that are valid when the system
parameters vary on length scales longer than the mean free path. These diffusion equations
can then be solved for smooth boundaries between regions of different spin—orbit coupling
strengths and mean free path. From these solutions, we will find boundary conditions that are
not limited to a specific relative direction between the electric field and the interface. When the
electric field is parallel to the interface our derived boundary conditions agree with the result
by Tserkovnyalet al [15] and the analog with conventional Hall physics is rigorously justified
beyond the simplest scenario considered microscopicalliSjp YWe also present results for the
boundary conditions when the electric field is perpendicular to the interface.

Our paper is organized in the following way. In the next section, we summarize our main
results for the resulting boundary conditions between regions with different spin—orbit couplings
and mean free path. We discuss the implications of these boundary conditions on spin injection
and show that for a parallel electric field spin injection is only possible when the mean free
path together withe vary within the boundary layer, while for the perpendicular field spin
injection takes place even when the mean free path is uniform in the system. Using the Keldysh
formalism, we derive the general diffusion equation in secBdmat we employ to compute the
boundary conditions presented in sect®bi®ur conclusions are in sectidn

2. Boundary conditions and spin injection

In the absence of disorder, the electrons in a homogeneous quantum well are described by the

Hamiltonian
2k2

H = +0’-hk, (l)

2m*
wherem* is the electron effective mask,= (k«, ky) is the wavevectorg is a vector of Pauli
matrices, andhy is the effective spin—orbit field. Let us assume that the major contribution to
the SOl is given by the Rashba interaction:

K=aky, hf=—ak, (2)

wherek; is the 2D electron wavevector. We also assume that the spin—orbit coupling constant
a(r) is spatially modulated. In this case, the spin—orbit term in equatiphgs to be modified
to preserve the Hermitian form of the Hamiltonian, namely, this term is rewritten as 1/2 of the
anticommutator of the momentum operator and the spatially depeadent

Since the spatial variations of are assumed to be provided by an appropriate quantum
well modulation or impurity doping profile, any consistent model must in general also take into
account spatial variations of the mean free scattering titng The electron gas is under the
action of the electric field(r) and our goal is to find the spin density induced in the 2DEG
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T=1 T(x) =T

x==d2 x=d2

Figure 1. A 2DEG with a spatial dependent Rashba interaction and scattering
time. The Rashba interactiar(x) and scattering time(x) vary in the transition
region between the left region where= o andr = r; and the right region where

o =qa,andr = 1,.

by E. The electric field may vary in regions where the mobility changes in order to maintain a
constant charge current density. We will derive the general diffusion equations corresponding to
the Hamiltonian 1) in the next section.

Let us first discuss some of our main findings of the general diffusion equations when
applied to the problem of spin injection from a region with a large spin—orbit coupling to a
region with a smaller spin—orbit coupling. As an example, we consider axeft-{d/2) and
right region & > d/2) with different spin—orbit couplings and mean free paths connected via a
smooth transition layer, as shown in figureWe assume that the transition layer thickndss
between the regions is larger than the mean free aiht smaller than the spin precession
length A = h?/m*a, wherem* is the electron effective masbs.« d <« A. This requires a
sufficiently weak SOI or a low mobility sample. We consider the general case where the electric
field is in the two dimensional plang,= E*x+ EYy.

The diffusion equations for the spin-compone8ts &, and S of the spin accumulation
in the bulk of each regiomx(< —d/2 orx > d/2) valid when ¥, hy. < Er are [7, 8, 10]

DV?S‘+4Dm*aVS =T (S - F)),
DVZSy - FH(Sy— Sgl), (3)
DV?S —4Dm*aVS =T, S,
where D = v27/2 is the diffusion constant in terms of the Fermi velocityand the elastic
scattering timer andI";, = 2I"; = 8D (m*)%«? are the D’yakonov—Perel spin relaxation rates.
It is well known that in systems with Rashba interaction, a uniform electric field induces a

nonequilibrium bulk spin polarization parallel to the 2DETGE]| denoted in equations) asS;
and /. Within the linear response theory, the spin polarization components are

S =—-aeBE'tNr, § =aeE‘TNg

where Ng = m*/(h?2r) is the density of states at the Fermi energy. The spin current is not a
conserved quantity in spin—orbit coupled systems, but, with the conventional definition within
the semiclassical theoryl), it reads in diffusive systems for spin flow, e.g. along the
direction [L0]:

*=D[WS+2maS], [j¥=DWY, j’=D[V%WS-2mua(S-S)].
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We generalize below the diffusion equatio$to systems with spatially varying parameters
andr.

By solving these generalized diffusion equations in the boundary transition lagé (<
X < d/2), that is thinner than the spin-precession lengtive find in sectior8 the boundary

conditions
d/2

X X X X 1d
(S _So)d/z_(s _So)—d/zz_ / dx%;é, (4)
—d/2
Sél/z - SXd/z =0, (5)
Si,—$42=0. (6)

The boundary condition for th&* spin density component can be understood in terms of a
conventional Hall effect for two spin directions in the transition layer, see the discussibsj.in [

The boundary condition for the spatial derivative of the spin density is particularly simple.
It can be written as continuity of spin current in its conventional definition:

(jS)d/Z_ (jS)_d/zzo' (7)

Naively, the continuity of the spin current across the boundary is not surprising because the
boundary conditions have been obtained assuming that the boundary layer is thinner than the
spin precession length. That means the effects violating spin current conservation only occur
on much larger length scales. Consequently, there is spin current conservation through the
boundary. However, the continuity of the spin current across the boundary cannot be rigorously
established without doing an actual calculation. In principle, corrections of the efdean
break spin current conservation across the boundary, but we find explicitly in the next section
that such corrections are also absent.

Let us now discuss the implications of the diffusion equatioB)jsand the boundary
conditions @)—(7) for spin injection from a region with e.g. a larger spin—orbit coupling constant
to a region with a smaller spin—orbit coupling constant. We consider two limits for the alignment
between the electric field and the boundary. (i) The electric field is parallel to the boundary,
E = EYy, EX =0 and (ii) the electric field is perpendicular to the bound&ry; E*x, EY = 0.
Since we consider the linear response regime, spin injection for general orientations between
the electric field and the boundary can be found as a linear combination of (i) and (ii).

The former case (i) of a parallel electric field= EYy corresponds to the case studied by
Tserkovnyaket al [15]. For this geometry, the bulk nonequilibrium spin accumulation along
the y-direction vanishes§’ = 0, and the boundary conditioB)(implies that

g =0,
throughout the system. The only nonvanishing bulk component of the spin distribution is
alongx. Deep inside the bulk of the left (I) and right (r) regions:

§ =—aeE'uNg, § =-—aeE'nN.

If the electron mobility is the same in each regian= 7, and constant throughout the
boundary, then the spin accumulati&h will change rapidly (i.e. on the scale of the spatial
variations ofa, d) from § = —aeE'gNg atx = -d/2t0 S} = —a,eE'r;Nr atx = d/2. For
the slowly varyingS® in bulk, this looks as a discontinuity in the spin accumulation at the
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boundary. When the mobility differs in the two regions, the magnitude of discontinuity in
the spin accumulation across the boundary is modified according to equ&tidrh{s result
differs from [9], where a continuous spin density across the boundary was assumed. Solving the
diffusion equationsg), the solution in the left region ix(< —d/2) [7]

S =8+ §,expan(x+d/2), F=) F,expgn(x+d/2),

n=12 n=1,2

and in the right regionq > d/2)

=8+ §,expn(-x+d/2), S'=) §, exptn(-x+d/2),

n=1,2 n=1,2

whereq, is the solution with positive real part of, = (1/1),/ 2(—1=+i+/7). Continuity of the
spin current, equatiory}, combined with the boundary conditions f8f and S, equations4)

and @), imply

Sa=GAS, =AY, Fa=xfAS, Fo=x AT

N r.N = 1,N = r,n =
where
d/2

1dr
AS=—[d -
/ XSf(X)T dx

—d/2

andx, xX, »* andx? are lengthy algebraic dimensionless coefficients that deperng.oq;

and the diffusion coefficient®, andD,. From these boundary conditions, it should be clear that
spin injection, which we define as a spin accumulation that differs from the bulk spin d&gsity
i.e. § #0, is only feasible when the mobility varies within the boundary layer, since otherwise
A S vanishes. If the mobility is constant throughout the system, there is no spin injection from
the left region to the right region or vice versa. In genefe* depends on the specifics of the
variation of the mobility and the spin—orbit coupling in the boundary layer.

Next, let us study the second scenario 2 where the electric field is perpendicular to the
boundaryE = E*x, EY = 0. In this case, we will find that spin injection is feasible even when
the mobility is uniform throughout the system. In the bulk of the left (right) region, we have
S = Szl =ueE'nNe (8 = aeE't;Ng), while the other spin components vanish. Since the
electric current is continous across the interface, the electric fields on both sides of the boundary
must differ in order to adjust to the different mobilities so tii&try = E}r,. The boundary
conditions &), (6) and (7) then imply that

=0 and & =0,

throughout the system. In contrast to the previous scenario 1, where the in-plane spin component
S¢ exhibits a discontinuity across the transition layer when the mobility is unif@&mis
continous here. Solving the diffusion equatioB} (ve find in the left regionX < —d/2)

S =8 +gexpr (x+d/2),
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and in the right regionx > d/2)
S =8 +9 exprt (—x+d/2).

Continuity of the spin current and the boundary condtionsSfomply

S=x[-(8-3)]. I=x[-(8-9)]
where

-1 -1

T DA+ DAt DA + DAL

In the limit of weak spin-flip relaxation in the left region, > A,D,/D,, we find x,y =-1,

x) =0 andx? = 0. In contrast to scenario 1, spin injection is feasible even when the mobility

is constant throughout the system. This means that spin injection is feasible independent on the
spatial variation of mobilities.

Let us now compare the spin-injection efficiency in scenario 1 (electric field parallel to
the interface) and 2 (electric field perpendicular to the interface). It is clear that geometry 2 is
more effective than geometry 1 when the mobility is constant throughout the system. For the
simplest case, where both the mean free path and the spin—orbit coupling linearly change within
the boundary layer:

(X)_ar+a|+x (x _Tr+TI+X
o = a(ar—oq), T(X) = > a(fr_fl)a
we find
+

AS = “fzo" NeeEY (7, — 1)

and
eEfr, +eEfy
(Y -9)=—(@—a) NF¥. (8)

For this simplest system of a linear variation of the spin—orbit coupling and mobility and
assuming that one uses the same electric fields in the two scenarios, then 2 is more effective
than 1 provided

o) — O T — T

b

Ol|+Oér 7:|+Tr

e.g. when the change in the spin—orbit coupling constant is larger than the change in mobility
between the regions. Here, we are crudely characterizing the spin-injection efficiency by the
jump in spin density with respect to the bulk levels.

3. Derivation of diffusion equation

In this section we will derive general diffusion equations that are valid when the mean free
path and spin—orbit coupling vary on length scales longer than the mean free path. It is well
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known that in a homogeneous system an electric field induces a spin polarization parallel to the
2DEG [18]. In an inhomogeneous system, an interplay of this effect and the spin Hall effect
can give rise to a more complicated spin distribution. A convenient tool to study such a system
is the spin diffusion equation. We start from the Keldysh formalism and obtain the Boltzmann
equation for the spin distribution function. In terms of the Boltzmann function, the spin density
is defined asS= )", g\, and the nonequilibrium charge density a3 2g¢". The linearized
equation for the nonequilibrium part of the Boltzmann function can be written in the form (see
e.g. 15, 19)
9 ch ) 9 i(0) 1 _ _
Lo e L), @
wherev =k/m*, i =X, Y,z S = 8(Ex — Er)S/Ng, g° = —h8(Ex — Eg) is the equilibrium
Boltzmann function for spin, and is the unit vector perpendicular to 2DEG. The first two
terms on the left-hand side of equati®) {lescribe variations of the Boltzmann function due to
particle motion with spin-dependent velocity, the third term is the spin precession in the Rashba
field, the fourth term is the spin-dependent acceleration in the spatially dependent Rashba field,
and fifth term is associated with the driving electric field. The right hand side of equ&ion (
represents collisions in the self-consistent Born approximation caused by weak and isotropic
scalar disorder.

In the leading approximation, the charge component of the Boltzmann function is
determined by the drift of electrons in the external field:

vV — (2 x V)ig"+ 2(gy x hy)i —

KE
o =er—5(Ex — Ep), (10)

which can be spatially dependent througke ¢ (r). Due to this dependence, the second term
on the left hand side of equatiofl)(becomes important in the following calculation of the spin
polarization. We note that this takes place only for the electric field parallel to the interface. For
a perpendicular field, as we have mentioned above, the combindibiis continuous across

the boundary.

The next step is to derive fron®) the diffusion equation for the spin polarization. There
are two ways to do this, depending on how fa@t) anda (r) vary in space. If the corresponding
length scale is shorter than the electron mean freelp#tie diffusion equation can be applied
only within regions where variations af(r) andu(r) are slow, while the regions of their fast
modulation have to be described by the original kinetic equat®nHor example, one can
consider a thin transition layer between two regions characterized by nonequal uniform values
of 7(r) and«(r). In this case, equatiorf) can be used to derive boundary conditions for
diffusion equations on both sides of the interface. If variations of the parameters take place
on length scales larger thanthe general diffusion equation valid in the entire 2D system can
be straightforwardly derived from equatid®) (We will follow the second procedure assuming
slow enough variations af(r) anda (r), throughout the system. We will see in the following that
the characteristic spatial scale of the spin density variations dictated by the diffusion equation
is the spin precession length= h?/m*«. Hence, this length must be much larger thamhich
means also thdty <« 1/t. Then, following [L9], the diffusion equation can be directly obtained
from equation 9). To this end, let us denote

S og;"

Q=" +a@x Vgt —

_ agi(O)
Vvhi —eE—X | 11
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The functiong, can now be found by applying the operator
At~ 7[1— (V)T +(WV)T(vV)1], (12)

which is the inverse t&. = vV + 7! expanded to the second order with respeett®, where
v is the particle velocity. In this way, we obtain

g = A7 [Q - 2n (g x )] | (13)
wheren, = hy/ hy, while to orderx? the vector product in1(3) can be expressed as
g X i = AHQ x ny) + 207 Q (14)

whereQ |, = Q — n(Nk@). In theh? terms, we disregarded gradient corrections. Furthermore,
the A1 operator in equationd.4) and (L3) can be expanded according to equatib?) (Below,

we will keep the terms up to ord&? anda? in expansions irV ande, as well as up te?V in

cross products. Substituting equatidd)and (1) into (13) and taking a sum ovex, we arrive

at a closed diffusion equation for the spin density. For simplicity, we consider the casexwhen
andt depend only on th&-coordinate, while the direction of the electric field is arbitrary. This

is sufficient to discuss, e.g. a boundary between two regions with different Rashba couplings.
Finally, the system of diffusion equations takes the form

VDV, (S — &) + VXDS(’]‘% +2DM*a V& + 2V, Dm*a S — I (S — §) =0, (15)

ViDV, S T\ (- §) =0, (16)

V,DV,S — 2DM'a S~ — 2Dm*aVy(S' — §) — 2V, Dm'a(S' — §) - . F =0,  (17)
T

wheret’ = dr/dx.

Let us consider the limiting case when the mobility through the scattering tinge
homogeneous;” = 0. It can then be seen that the solution of equatiddsdnd (L7) is S* =0,
andS* = §. SinceS§ depends o througha (x), this spin density component simply follows
the spatial dependence of the Rashba coupling constant, as it was discussed in the previous
section. The behavior o¥ is different. If, for exampleg varies from some finite value to
zero across the transition layer, equati@f)(shows that the electric field perpendicular to the
interface,Ey, drives injection ofS into a region of e.g. a vanishing Rashba SOI, corresponding
to scenario 2 analyzed in detail in secti&n

Let us consider a thin transition layer wheréx) andt(x) vary between their constant
values on the left and on the right from this layer. In this case, the spin polarization is expected
to change fast within the layer, while it varies much more slowly outside the layer, if its width
d is much less than the spin-precession lengtifthe magnitude of the spin density variation
across the layer can be found directly from the diffusion equati©Bs-(17). Indeed, in the
leading approximation with respectdga, whenx is within the layer, we retain in the diffusion
equations only the leading terms proportionaVfo After integration of the first of the equations
from a pointx, just to the left of the interface to some pointit becomes

Vi(S' - §)+ S - [wsx ~S)+ Sf;] . (18)

X=X1
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The expression in square brackets can be set to 0 be¥a®i_x, ~ (S) /A, VxS lx=x, =0,
andS 7'/t |x=x, = 0. Hence, integration of equatioh§) from x; to x, yields

2 ’
(S = )k — (S = ey = — /1 g (19)

Similarly, it is easy to show that thespin component slowly varies across the boundary, while
they spin component changes according to

Sylx:xz - Sy|x=x1 =0. (20)

Equation (9) coincides with the result obtained ith]]. It shows that wherr is x dependent,
S* does not follow exactly the spatial profile §f. Due to this mismatch, according to equation
(17), the S component of the spin density is not zero on both sides of the transition layer and
spin injection is feasible.
The rest of the boundary conditions can be obtained from equatibBs(17) by
integrating these equations across the layer and taking into accourf‘taad the sum of
the first two terms in18) vary slowly within the layer. Therefore, the term proportionalA&*
can be disregarded when integrating equatits) &nd also can be disregarded the sum of the
second and third terms of the last line. They give rise only to correctiartsl/A. Also, taking
into account that outside the laygr=«’ = 0, we obtain
[VxS +2m*a SZ]X2 =[S+ 2m*ozSZ]X1,
[VxS —2m*a (S - §)], = [VxS —2m (S - )], .
vxsy|xz = szylxl-

Hence, we arrive at the boundary conditions corresponding to spin current conservation across
the interface in its conventional definition (up to the or@#y; although in general such a current
IS not a conserved quantity.

(21)

4. Conclusions

We have derived general diffusion equations for spin transport driven by electric fields in a
quantum well subject to Rashba SOI. The diffusion equations are valid for spatially dependent
mean free paths and SOI couplings. From these general diffusion equations, we can determine
the boundary conditions for the spin-density and spin-current components in regions with
different mean free paths and spin—orbit couplings via boundaries that are thicker than the mean
free path, but thinner than the spin-precession length. We find that spin injection is possible
when the electric field is perpendicular to the interface, and also when the electric field is parallel
to the interface. In the latter case, spin injection is possible provided the boundary layer has a
spatially dependent mobility.
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