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Intrinsic spin current for an arbitrary Hamiltonian and scattering potential
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We have described electron spin dynamics in the presence of the spin-orbit interaction and disorder using the
spin-density matrix method. Exact solution is obtained for an arbitrary two-dimensional spin-orbit Hamiltonian
and arbitrary smoothness of the disorder potential. Spin current depends explicitly on the disorder properties,
namely the smoothness of the disorder potential, even in the ballistic limit when broadening by scattering is
much smaller than the spin-orbit-related splitting of the energy spectrum. In this sense, universal intrinsic spin

current does not exist.
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I. INTRODUCTION

Spin-orbit coupling brings about a number of interesting
effects, one of which is generation of a spin flux in the plane
perpendicular to the charge current direction. This phenom-
enon occurs in the paramagnetic system and has been very
well known for quite a long time, see Ref. 1. It results from
the fact that in the presense of spin-orbit coupling, the scat-
tering by impurities has an asymmetric character.? Extrinsic
contribution exists only beyond the Born approximation in
the scattering amplitude and leads to an accumulation of the
spin density near the sample surface.!

It has been recently claimed®* that an analogous phenom-
enon can exist even without scattering by impurities, i.e., in
the ballistic regime, the corresponding contribution being
called intrinsic. Later several papers appeared in which the
effect of scattering by impurities was taken into account for
the Rashba model,>'9 besides, the extrinsic contribution was
described!!!? to explain the recent experiment done by Aw-
schalom’s group,'? see also Ref. 14.

Here we study the dependence of the intrinsic contribu-
tion to the spin current on the form of the Hamiltonian and
properties of the disorder potential using the spin-density
matrix method.'> We have considered an arbitrary Hamil-
tonian, for example the generalized two-dimensional (2D)
Rashba Hamiltonian with an arbitrary momentum depen-
dence of the spin-orbit term or the 3D Luttinger Hamil-
tonian, and the arbitrary smoothness of the disorder poten-
tial. In the case of the generalized 2D Rashba model and the
arbitrary smoothness of the disorder potential, an exact solu-
tion for spin current in the ballistic limit A7>1 is obtained,
where A is the spin splitting of the electron spectrum and 7 is
the transport scattering time. Spin current depends explicitly
on the disorder properties, namely the smoothness of the
disorder potential, even in the ballistic limit. In this sense,
universal intrinsic spin current does not exist. The problem
of 2D holes with the p? spin-orbit term has been numerically
considered recently by several groups.'®!” Analytically it
was studied in Ref. 18 for the J-scattering case. The case of
the arbitrary smoothness of the disorder potential has been
analytically considered very recently in Refs. 19-21; some
results were also reported in Ref. 22. Below we will compare
the results obtained here with those from Ref. 20. I also refer
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the reader to the introductory part of that paper where a
complete list of references on spin current is presented.

II. SPIN CURRENT, KINETIC EQUATION
A. Hamiltonian

We consider the generalized 2D Rashba model, which can
be applied, for instance, for the case of 2D holes. The Hamil-
tonian of the problem is
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where « is the spin-orbit coupling constant, {),=cos(N¢),
Q,=sin(N¢), Q.=0, €y(p) are the eigenvalues, and
M==+1/2 are the helicity values. The eigenfunctions are
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where D%j)(ﬂ) is the rotation matrix,” ¢ is the angle of p, N
is the winding number, and u,, is the eigenfunction of the &,
operator.

B. Spin current

We will calculate the g,, component of the spin current.
This quantity is defined as

qy.= OE,
dz . 1 ~ A A
=Tr | 5567, + 0,8
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Here f(p) is the Wigner spin-density matrix, IA/y is the y com-
ponent of the velocity operator, and S‘Zz(ll 2)4, is the spin
operator. The last expression in Eq. (2) is given in the helic-
ity basis. The different components of the spin-density ma-
trix have the following relations to the average spin compo-
nents:
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where n is the unit vector normal to the 2D plane (z axis).

C. Kinetic equation

The general expression for the quantum kinetic equation
in the case of spin-orbit interaction, when the Hamiltonian
and the Wigner distribution function are matrices over the
spin indexes, was derived, for example, in Refs. 15 and 19.
In our case, this equation is simple and reads

I T L ji-siion. @

Here e is the charge of the carriers. The last term on the
left-hand side is the commutator and the expression for the
collision term is given below. Now we write Eq. (4) in the
helicity basis where the Hamiltonian is diagonal. When do-
ing that, we should take into account the fact that eigenfunc-
tions xy, depend on the direction of the momentum p, thus

the matrix elements of the derivative &f/ dp in this basis do
not coincide with the quantities df s,/ Ip,

J (9f ' 1 (9)( p
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We see that there appears the commutator of the vector ma-

trix & with /. Thus for Eq. (4) in the linear response regime
(Ellx), we obtain
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Here f<A2M(p) is the equilibrium Fermi function correspond-
ing to the helicity value M. The collision term in the helicity
basis has the form!%23
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where the kernel in the Born approximation in the scattering
amplitude is
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Here n; is the 2D impurity density and U(p—p;) is the Fou-
rier component of the impurity potential. The quantities
D(m) (wp PP, ) depend only on the scattering angle 6= ¢— ¢,

12 12
D(I/Z {/2 =D\ 1/2) 1p=cos(N/2),

D%z) 1= D<11//22) 1 =—1isin(N6/2). (8)

III. SOLUTION

In this paper, we consider only the case of small spin-orbit
splitting, A/Ep<1, A=ap?, and we will be keeping only the
terms linear in this small parameter. Note that expanding Eq.
(6) with respect to this parameter, for the collision term in
the spin basis we obtain the expression that is identical to
that given by Eq. (23) of Ref. 19. We will be solving the
problem in the helicity basis, which is much more conve-
nient and the solution can be obtained much easier. More-
over, we will consider only the ballistic case, A>#/7, when
one expects the intrinsic value for the spin current. In the
case when the impurity potential has azimuthal symmetry, it
is possible to obtain a solution for the scattering potential
with an arbitrary correlation length R. The most simple cases
correspond to the following situations: (i) ma/h<<1/R, (ii)
1/R<m@lh, a=ap)™"; h/ma is the spin-orbit length. We
will see that these two cases correspond to different answers
for the spin current. The first case means a relatively short-
ranged potential and was considered in Refs. 19 and 20. Note
that it includes the limit of small-angle scattering when
malh<<1/R<kg.

As we consider the ballistic case here, A>#/ 7, the prob-
lem can be greately simplified, namely, in the collision term,
Eq. (6), we can neglect all the nondiagonal components of
the spin-density matrix since only diagonal components can
be proportional to 7, which follows from Eq. (5). Moreover,
since on the left-hand side of Eq. (5) there are only the first
harmonics of the angle, the following solution obeys the sys-
tem of Egs. (5) and (6):

frs(P) = fri(p)cos ¢, f__(p) =f__(p)cos ¢, 9)
f+—(p) =f+_(p)sin ¢’ f—+(p) =f_+(p)sin ¢ (10)

It can be immediately seen from Eq. (6) with help from the
fact that the scattering kernel

W(6) = 6) = U(p;, - p|)

= UNp?+p? - 2pp cos 6) (11)

is the even function of the scattering angle 6. Indeed, from
Egs. (5) and (6) we obtain
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In writing these equations, we used Egs. (8). The coefficients
a; in the above equations are given by the expressions

deo
a :f ;TW(G)(COS 0—1)(1 +cosNb),

deo

azzf;TW(G)(l —cos Nb),

do
a3=f ;TW(Q)COS (1 —cos NO),

do . .

a,= | — W(6)sin §sin N6,
2

a5=J ;i—iW(G)(l —cos ). (15)

Note that here the scattering angle has an arbitrary value and
is not assumed to be small. f2(p),f°(p) are the equilibrium
Fermi functions, which correspond to the helicity =; V.(p)
=p/m=Na/2 are the velocity values for a given p for *
bands. The other quantities entering Eqs. (12)—(14) are de-
fined in the following way:

V—(p+) =

p+=pEma, £
m

w2,
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FIG. 1. Schematics of the * energy bands. Momenta p,p.,py
are shown; see the text.

Vip)=Z+Ev-2), a=ap), (16)
m 2

The quantities V_(p,), V.(p_) are the velocities in the bands
—, + for the momenta p,, p_; see Fig. 1. These values of the
momenta are connected in Egs. (12)—(14) because of the en-
ergy conservation under the elastic scattering. In writing Eqs.
(16), we took into account that ma<<py, where pj is the
Fermi momentum.

Equations (12)—(14) are written for a given value of p. We
see that the elastic scattering by impurities leads to admix-
ture of the spin-density matrix components, which corre-
spond to p,, p_ values of the momentum. Different combi-
nations of the ratio of the momentum and the velocity values
like p/ V. (p) or p./V_(p,) are just different density of state
values corresponding to different points in the momentum
space involved in the transitions; see Fig. 1. From the form
of the coefficients in Eq. (15), we see that different terms in
Egs. (12)—(14) have a simple physical meaning, namely, they
are just “transport” Kinetic coefficients multiplied (weighted)
by the corresponding overlap factors sin’(N6/2),
cos?(N6/2), or sin(NO/2)cos(N6/2) depending on the type
of transition, i.e., whether it is intraband or interband scatter-
ing; see Eq. (8) and Fig. 1. The very last term on the right-
hand side in each of the equations (12)—(14) has a somewhat
different origin. We can see that the scattering transitions
within the band (+ or —) and between the bands correspond
to different values of the p; momentum entering the kernel of
the collision term, see Eq. (11). In the case of the intraband
transitions p;=p, while for the interband transitions its value
is either p, or p_. Thus, in the linear order with respect to &
we obtain

d ma
Wip =)= Wig) = = © D7,
W(q)=W<2p singD. (17)

Note that the quantity W(q) is the value of the scattering
kernel for the case of intraband transition when the modulus
of the momentum is conserved, p;=p, and the modulus of
the transferred momentum is g=2p|sin 6/2|. Hence, we have
taken into account the correction to W(#6) in the correspond-
ing terms of Egs. (12)—(14), keeping only the correction of
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the first order in «, i.e., all the prefectors in the terms that
already contain the derivative dW(q)/dp are taken at a=0.
See, for example, the last term in Eq. (12), where we also
used the fact that at =0, f, (p)=/__(p), and is given by Eq.
(21); see below.

All the quantities entering Egs. (12)-(14) can be ex-
pressed through the corresponding values at p. Writing Egs.
(12) and (13) for the momenta values p., and using the re-
lations

afw)| A Vi) o)
ap p=p_ &P V_(P) ' (9[7 P=pr,
_ P V(p)
ap  Vip) '
we obtain
B maNC m&f++(]7)|a:0%
f——(p+) —f++(p)|:1 - Ap i| - 24 dp
RNV

2Ap

m&NC} 18 il day

f++(p—) =f——(17)|: 1+ Ap 24 dp

17
+E(N— 1), (18)

where E is given by Eq. (21) and A, C are expressed through
coefficients «@; by the formulas A=(a;—a,—a3)/2,
Cz(ll +a5,

deo
A=f —W(6)(cos Ocos NO—1),
2

C:f?W(ﬁ)(cos 60— 1)cos N6. (19)

While deriving Egs. (18), we used the expansions

Wip- —p.) = W(g) - ma L
P
d
Wip, — p.)=W(g) + ma L (20)

where the right-hand side of these equations is written for the
momentum value p. Note the difference in the coefficients in
Eqgs. (20) compared to Eq. (17). Using the equation

o) +f (P ]lao =~ ——., E=eEZ2, (1)
mas op

which can be easily found from Egs. (12) and (13), with
fo being the equilibrium Fermi function at a=0, we find
the final expression for the quantity in question,
[fi—(p)+f_.(p)], in the case ma/h <1/R,
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where q; are defined by Eq. (15).

A. Some limiting cases

Let us check some limiting cases from Eq. (22).

(i) We start with the simplest case of the S-correlated
potential, when scattering is isotropic, i.e., W(6) is a con-
stant. Then at N # 1, the coefficient a,=0, and from Eq. (22)
we immediately obtain a simple result,

NeE
p

(€+

f-1- %“EaN,l == %Dl_(p) +f.(p)].

(23)

With the help of Egs. (2) and (10) for the spin conductivity at
N#1, we obtain

eN (24)
Oy=-
Note that this result also follows trivially from the diagram-
matic calculations since the vertex correction is identically
zero. It happens because of a very simple reason, namely, the
vector vertex contains the first harmonics but the Green’s
functions contain only the third one (at N=3), and their over-
lap is zero, as it happens here with the coefficient ay.

(i) N=1. We know> !0 that in this case for an arbitrary
scattering (not necessarily small angle or isotropic), we
should obtain a zero value for Qyz- Indeed, in this case we
have a,=-A, a;=-a4, a,=as, and from Eq. (22) we easily
obtain

§(f?- _f(—)) - @EE% == @D:—(P) +f—+(P)]-
p 4 ap h

(25)

Expanding the first function on the left-hand side of this
equation with respect to @, we obtain a zero value for the
spin current.

(iii) Now consider the small-angle scattering case, 6<<1.
Then from Eq. (22) it follows that

NeE maE 2N(N> =N + 1)
p (=12 p (N*+1)
(V-1 <5 das
(N2+1)ma as dp
-y e 26)

Finally, we need to calculate the quantity (1/as)(das/dp) in
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the limit of small-angle scattering. For this quantity, we ob-
tain

rﬂﬂw(q) 5

qq
1das 1Jo 27 dq 3
wdrop Fde (27)
asdp p q p
f—W(q)q2
0 2m

where g=p|6|. With the help of Eq. (27), we finally obtain
for the spin conductivity

_eN {1 (= 5+2N—2N3 +3N?)
ROy (N2+1)

_eN (N°-1)(N-2)

4wk (N*+1) (28)

The first term (unity) inside the square brackets originated
from the first term on the left-hand side of Eq. (26). The
result we obtain, i.e., Eq. (28), coincides exactly with the
corresponding result of Ref. 20.

(iv) Finally, we consider the case of a very smooth scat-
tering potential when the impurity radius obeys the inequal-
ity 1/R<ma/h <kz2* Physically, it means that elastic tran-
sitions between different bands (with opposite helicity) are
forbidden since the quantity W(6), see Eq. (11), is exponen-
tially small for these transitions. Then in Egs. (12)-(14) we
should drop all the terms containing p, quantities (and also
derivatives dW/dp), and with the use of the fact that in the
case considered #<€1, the final result reads

¢EN ot o )
dp  dp

ey +NeE<—

(.- €)

== )+ £ (29)
Integrating in Eq. (2) between the points pr=F ma/2+pyp,
see Fig. 1, we obtain for the spin conductivity
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eN
=———(N-1), 30
o= WN-1) (30)
which for N=3 is twice as large compared to the &-scattering
case.”?

IV. CONCLUSION

In conclusion, we have studied how intrinsic spin current
depends on the form of the Hamiltonian and the scattering
potential properties. As an example, we have investigated the
generalized 2D Rashba model when the spin-orbit term con-
tains an arbitrary dependence on the electron momentum. We
have found an exact analytic solution for the intrinsic spin
current in the ballistic limit, when spin-orbit splitting is
much larger than the disorder-induced broadening. In con-
trast to the case of a common, linear in momentum Hamil-
tonian, the intrinsic current does not necessarily vanish.
However, even in the ballistic limit indicated above, its value
depends explicitly on the disorder properties. More precisely,
the result, being independent of the spin-orbit coupling con-
stant, is different for a different correlation radius of the dis-
order potential. The situation is similar for the other Hamil-
tonians. For example, we have also studied this problem for
the Hamiltonian of 3D holes.”* In the diagrammatic lan-
guage, it means that even in the ballistic limit the vertex
correction is always as important as the contribution of the
empty loop and physically it is not correct to consider them
separately. In this sense, universal intrinsic spin current does
not exist.

ACKNOWLEDGMENTS

I am grateful to A.H. MacDonald and T. Jungwirth for
fruitful discussions. I am also grateful to A. Shytov, E. Mish-
chenko, B.I. Halperin, and H.A. Engel, discussions with
whom helped to correct errors in the previous versions of our
papers.!?2!

M. I. D’yakonov and V. L. Perel, Phys. Lett. 35A, 459 (1971).

2L. D. Landau and E. M. Lifshitz, Quantum Mechanics (Addison-
Wesley, Reading, MA, 1968).

3J. Sinova, D. Culcer, Q. Niu, N. A. Sinitsyn, T. Jungwirth, and A.
H. MacDonald, Phys. Rev. Lett. 92, 126603 (2004).

4S. Murakami, N. Nagaosa, and S.-C. Zhang, Science 301, 1348
(2003).

5]. I Inoue, G. E. W. Bauer, and L. W. Molenkamp, Phys. Rev. B
70, 041303(R) (2004).

SE. G. Mishchenko, A. V. Shytov, and B. 1. Halperin, Phys. Rev.
Lett. 93, 226602 (2004).

7A. Khaetskii, Phys. Rev. Lett. 96, 056602 (2006).

8R. Raimondi and P. Schwab, Phys. Rev. B 71, 033311 (2005).

0. V. Dimitrova, Phys. Rev. B 71, 245327 (2005).

190, Chalaev and D. Loss, Phys. Rev. B 71, 245318 (2005).

I'H, A. Engel, B. 1. Halperin, and E. I. Rashba, Phys. Rev. Lett. 95,
166605 (2005).

12y .-K. Tse and S. Das Sarma, Phys. Rev. Lett. 96, 056601 (2006).

13y, K. Kato, R. C. Myers, A. C. Gossard, and D. D. Awschalom,
Science 306, 1910 (2004).

147 Wunderlich, B. Kaestner, J. Sinova, and T. Jungwirth, Phys.
Rev. Lett. 94, 047204 (2005).

ISM. 1. D’yakonov and A. V. Khaetskii, Sov. Phys. JETP 59, 1072
(1984).

16K, Nomura, J. Sinova, N. A. Sinitsyn, and A. H. MacDonald,
Phys. Rev. B 72, 165316 (2005); K. Nomura, J. Wunderlich, J.
Sinova, B. Kaestner, A. H. MacDonald, and T. Jungwirth, ibid.
72, 245330 (2005).

7W. Q. Chen, Z. Y. Weng, and D. N. Sheng, Phys. Rev. B 72,
235315 (2005).

18], Schliemann and D. Loss, Phys. Rev. B 71, 085308 (2005). The
method used in this work is like the *“7m-approximation.” In par-
ticular, it does not take into account the vertex corrections.

115323-5



A. KHAETSKII PHYSICAL REVIEW B 73, 115323 (2006)

9A. V. Shytov, E. G. Mishchenko, and B. I. Halperin, cond-mat/ 2*We have done similar calculations for the holes described by the
0509702, v. 1. Luttinger Hamiltonian, A. Khaetskii (unpublished). The calcula-

*0A. V. Shytov, E. G. Mishchenko, H.-A. Engel, and B. 1. Halperin, tions are done within the Born approximation for the collision
cond-mat/0509702, v. 2.
21 ..
222' I;l}llaettsf.l., (.:ong—mat/(f 108 1; 7va214; ./ ional Con tions show that the conclusion of the paper by S. Murakami,
. Khaetskii, in Proceedings o nternational Conference,
Phys. Rev. B 69, 241202(R) (2004), about th lete ab
Orlando, 2005 (American Institute of Physics, New York, 2005). ys. Rev (R) (2004), about the complete absence

B A E. Koshelev. V. Ya. Kravehenko. and D. E. Khmel’ nitskii. Sov of the corrections to the intrinsic value of the spin current due to
l;h);s Solid St,atf; 36 246 (1988)’ o ’ ' scattering, is correct only for the d-correlated potential.

integral when the extrinsic spin current is zero.'> These calcula-

115323-6



