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Nonexistence of Intrinsic Spin Currents
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We describe the electron spin dynamics in the presence of Rashba spin-orbit interaction and disorder
using the spin-density matrix method. We show that in the Born approximation in the scattering amplitude
the spin current is zero for an arbitrary ratio of the spin-orbit splitting and the scattering rate. Various types
of the disorder potential are studied. We argue that the bulk spin current always depends explicitly on
scattering by impurities. In this sense universal intrinsic spin current does not exist.
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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
phenomenon occurs in the paramagnetic system and is very
well known for quite a long time, see Ref. [1], where the
Yafet-Elliott spin-orbit mechanism was considered. It is a
consequence of the fact that in the presence of spin-orbit
coupling the scattering by impurities has an asymmetric
character (the Mott effect) [2]. Spins with up orienta-
tion are scattered preferably to the right, and those with
down orientation to the left. This phenomenon exists only
beyond the Born approximation in the scattering ampli-
tude and leads to an accumulation of the spin density near
the sample surface [1]. Mutual transformation of the
current and spin fluxes leads also to the renormalization
of the electrical conductivity of the system, see Ref. [3],
where the case of 3D holes described by the Luttinger
Hamiltonian was considered.

It has been recently claimed [4,5] that an analogous
phenomenon can exist even without scattering by impuri-
ties, i.e., in the ballistic regime; the corresponding contri-
bution being called intrinsic. In particular, in the case of the
2D electron system described by the Rashba Hamiltonian,
the universal value e=8�@ for the spin current was derived
[4]. Later, several papers appeared where the effect of
scattering by impurities was taken into account [6–10]
with a range of totally different results. We solve this
problem [11] using the well-known method of a spin-
density matrix [3]. We show by exact calculations, keeping
all components of the spin-density matrix, that in the case
of the Rashba Hamiltonian the intrinsic spin current does
not exist. In the Born approximation (when the scattering
amplitude has additional symmetry properties, see below),
the spin current is found to be zero for an arbitrary value of
��, where � is the spin splitting of the electron spectrum
and � is the transport scattering time. It should be noted
that calculations for other Hamiltonians give a nonzero
result for the spin current already in the Born approxima-
tion [12]. However, even in the ballistic limit ��� 1, the
value of the spin current depends explicitly on the disorder
properties; the result, being independent on the spin-orbit
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coupling constant, is different for a different correlation
radius of the disorder potential. In this sense universal
intrinsic spin current does not exist.

Because of the recent observations of the spin accumu-
lation near the sample boundary caused by the current
through the sample [13,14], and the relation of this phe-
nomenon to the spin Hall effect, I would like to mention
also that the correct criterion for the identification of the
extrinsic spin current compared to the ‘‘intrinsic’’ one (see
above and [12]) is not only the value of the �� parameter,
as it is frequently used, but also the strength of the scatter-
ing (Born or beyond). Therefore, certain care should be
taken when trying to check by exact numerical diagonal-
ization the robustness of the intrinsic value with respect to
the disorder, since strong scattering inevitably generates an
extrinsic contribution to the spin current.

The Hamiltonian of the problem is

Ĥ �p� �
p2

2m
�
�
2
~� � ~��p�; �M�p� �

p2

2m
�M�p;

(1)

where ~��p� � �n � p	, n is the unit vector normal to the 2D
plane (z axis), �M�p� are the eigenvalues, and M � 
1=2
are the helicity values. The eigenfunctions are

�
1=2�p� �
1���
2
p �
e�i����=2�=2u1=2 � ei����=2�=2u�1=2	;

where � is the angle of p, and u� the eigenfunction of the
�̂z operator.

Spin current, kinetic equation.—We will calculate the
qyz component of the spin current. This quantity is zero in
the thermodynamic limit [15] and defined as

qyz � Tr
Z d2p
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Z d2p

�2��2
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m
�f���p� � f���p�	: (2)

Here f̂�p� is the spin-density matrix [16], V̂y the y compo-
nent of the velocity operator and Ŝz � �1=2��̂z the spin
operator. The last expression in Eq. (2) is given in the
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helicity basis. 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 in Ref. [3].
When there is a magnetic field or some inhomogeneity in
the problem, the field term and the gradient term must be
symmetrized since the velocity operator is also a matrix. In
our case, when we deal only with the electric field which is
constant in space, this equation is simple and reads

@f̂�p�
@t

� eE
@f̂�p�
@p

�
i
@
�Ĥ �p�; f̂	 � Stff̂�p�g: (3)

It differs from the usual classical kinetic equation by the
last term on the left-hand side which is the commutator of
the Hamiltonian with the spin-density matrix. This com-
mutator is due to the spin-orbit splitting of the electron
spectrum and leads to the precession of the spin around the
effective momentum-dependent magnetic field. The ex-
pression for the collision term is given below. Now we
write Eq. (3) in the helicity basis where the Hamiltonian is
diagonal. While doing that, we should take into account the
fact that eigenfunctions �Mp depend on the direction of the
momentum p, thus the matrix elements of the derivative
@f̂=@p in this basis do not coincide with the quantities
@fMM0=@p

�
@f̂
@p

�
MM0
�
@fMM0

@p
�
i
@
�â; f̂	MM0 ;

aMM0 � i@��Mp
@�M0p
@p

:

We see that there appears the commutator of the vector
matrix â with f̂. Thus for Eq. (3) in the linear response
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regime (E k x) we obtain

eE cos�
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Here f�0�MM�p� is the equilibrium Fermi function corre-
sponding to the helicity value M. The collision term was
derived in many papers, for the Refs. see [3,17], and in the
helicity basis has the form
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where the kernel in the Born approximation in the scatter-
ing amplitude is

KMM0
M1M01

�
�
@
jU�p� p1�j

2NdMM1
�
��dM0M01�
��

�: (6)

HereN is the 2D impurity density,U�p� p1� is the Fourier
component of the impurity potential. dMM1

�
� depends
only on the scattering angle 
 � ���1. Diagonal com-
ponents d1=2;1=2 � d�1=2;�1=2 � cos�
=2�, and d1=2;�1=2 �

d�1=2;1=2 � �i sin�
=2�. The Born scattering amplitude is
given by
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� �FM1p1

Mp �
�: (7)

The additional symmetry property (which exists in the
addition to the reciprocity theorem) indicated here exists
only in the Born approximation [2]. It means the equality
of the scattering amplitudes for the direct and reverse
processes, which are obtained by interchanging the initial
and final momenta without changing their signs.

Smooth scattering potential.—First, consider the mathe-
matically simple case of a smooth scattering potential
when the interband transitions are suppressed, which is
realized at m�R=@� 1, R being the radius of impurity.
Then, from Eqs. (4) and (5) we obtain
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where d � a; b � �c, c � �ia, a � � 1
2

R
d
=�2�� �

W�
�sin2
, and quantity �2ap=V� is equal to the inverse
transport scattering time �, W�
� � NjU�p� p1�j

2=2@3 �
f0
��p�, f

0
��p� are the equilibrium Fermi functions which

correspond to the helicity 
, V
�p��p=m
�=2 are the
velocity values for a given p for
 bands. The expressions
for the coefficients a; b; c; d are exact but should be used
here for 

 1 since we consider small-angle scattering. In
Eqs. (8)–(11) the quantities f���p�, f���p�, f���p�, and
f���p� depend only on the modulus of p. In deriving these
equations we used the following angular dependences of
the components of the matrix f̂�p�: f���p�, f���p� /
cos� and f���p�, f���p� / sin�. Besides, we used the
symmetry properties of the matrix K�
�:

K���� � K���� ; K���� � K����; K���� � �K
��
�� ;

(12)

which can be easily proved from Eqs. (6) and (7). The
quantities entering Eqs. (8)–(11) have the following rela-
tions to the average spin components:

hSzi / �f�� � f���; h ~S � ~pi / �f�� � f���;

h ~S � ~�i / �f�� � f���:
(13)

From the above equations for the quantity of interest we
find

eE
�
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�������

��f���f���: (14)

This equation is exact for an arbitrary value of ��, � �
��� � ��� � �p. Note that Eq. (14) has a clear physical
meaning. The second term on the left-hand side was taken
into account before [4] and describes the appearance in the
electric field of the z component of the spin due to the
angular dependence of the wave functions. Exactly this
term gives the contribution �e=8� after integration in
Eq. (2). However, the first term in Eq. (14) describes the
change in the distribution functions due to the acceleration
along the electric field and cancels exactly the contribution
of the second term after integration in Eq. (2) [18]. Hence,
qyz � 0, i.e., the spin current is zero. Note that the result of
Ref. [4] can be obtained if Eq. (11) is subtracted from
Eq. (10) and the right-hand side (collision term) is ne-
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glected altogether. This is exactly what was done by the
authors of Ref. [4] since they solved the equations of
motion for the spin totally ignoring the collision term.
The solution of collisionless equations gives an incorrect
result because the neglected terms give the contribution of
the same order (for an arbitrary large �) as the term which
was kept in Ref. [4].

Equation (14) can also be obtained from Eq. (3) if one
calculates in the stationary limit the mean value of h �Syi �R
d�Trf�̂yf̂�p�g. Then the contribution from the second

term of Eq. (3) gives the left-hand side of Eq. (14) and the
right hand side of Eq. (14) follows from the third term [18].
The contribution from the collision term is zero since in the
Born approximation (for an impurity of an arbitrary radius)
there is no spin relaxation due to rotation of the spin during
the collision event itself. It is shown explicitly in Ref. [17]
with the use of Eq. (5) for the collision integral.

It should be noted that the collision term, Eqs. (5) and
(6), is written in the Born approximation. Therefore,
Eqs. (8)–(11) are valid also only in this approximation.
Though the situation beyond the Born approximation re-
quires a special investigation [19], some remarks can be
made now. Beyond the Born approximation, the quantity
�K���� � K

��
��� is not zero. Exactly, this quantity is respon-

sible for the generation of the spin flux due to asymmetric
scattering when the particle flux flows in the sample [3].
When this quantity is not zero, in Eq. (14) there should
appear the term proportional to the first moment of
�K���� � K

��
���, which means the appearance of qyz. At

the moment it is not clear how all non-Born contributions
will be canceled when using the exact collision integral
[20].
	-scattering potential.—Here we consider the case of a

short range scattering potential when W�
� � W0 (con-
stant). Then, due to the elastic scattering, the transitions
between the subbands corresponding to the opposite hel-
icities are allowed. From Eqs. (4) and (5) we obtain a
system of coupled equations similar to Eqs. (8)–(11) where
now the components of spin-density matrix for the values
of p
 � p
m� appear (Fig. 1). These momentum values
are obtained from the conditions of the energy conserva-
tion, �
�p� � ���p
�. To simplify the presentation we
will consider only the limiting cases of large and small
��. When @=�
 � we find that �f�� � f���=�f�� �
f��� ’ �@=��=�
 1. Using this fact, for the z component
of the spin we obtain
eE
p
�f0
� � f

0
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�
E��p�

2p�m�
�

E��p�
2p�m�

�
� �

1

@
��� � ����f�� � f���; (15)
where we introduced the notations: E��p� � eE@f0
��p�=

@p, E��p� � eE@f0
��p�=@p. Here the ratio between m�

and p is arbitrary. Finally, integrating in Eq. (2) between

the two Fermi points (see Fig. 1) p
F � �m�=2��������������������������������
p2
F � �m��

2=4
q

, we again obtain qyz � 0. In the opposite
case � � 0 we immediately see from Eqs. (4) and (5) that
�f�� � f��� � 0 and the spin current is zero.

In conclusion, using the spin-density matrix method for
the case of the Rashba Hamiltonian we showed that within
the Born approximation in the scattering amplitude the
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intrinsic spin current is zero for an arbitrary ratio of spin
splitting and the impurity scattering rate. We argue that the
spin current appears only beyond the Born approximation,
depends explicitly on the scattering, and corresponds to the
well known extrinsic spin currents [1,3]. It is shown ex-
plicitly that absence of intrinsic spin current is the result of
the special symmetry properties of the Born scattering
amplitude.

I am grateful to M. I. D’yakonov, L. Glazman, and E. I.
Rashba for fruitful discussions.
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