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Based on Keldysh’s nonequilibrium Green function method, the spin-dependent transport properties in a
ferromagnet–quantum dot �QD�–ferromagnet coupled system are investigated. It is shown the spin current
shows quite different characteristics from its electrical counterpart, and by changing the relative orientation of
both magnetizations, it can change its magnitude and even sign. The current-induced spin transfer torque
�CISTT� is uncovered to be greatly enhanced when the bias voltage meets with the discrete levels of the QD
at resonant positions. The relationship between the CISTT, the electrical current, and the spin current, is also
addressed.
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I. INTRODUCTION

Investigations on the spin-dependent transport in a mag-
netic tunnel junction �MTJ� have attracted much interest in
the last decade, as the MTJs have essential applications in
spintronic devices.1–5 One of the phenomena in MTJs is the
so-called tunnel magnetoresistance �TMR� effect, which
states that the tunneling current through the junction depends
sensitively on the relative orientation of the magnetizations
of both ferromagnetic electrodes, that is caused by the spin-
dependent scattering of conduction electrons. The difference
between the currents through spin up and down channels in
MTJs is usually referred to as the spin current.4 On the other
hand, a reverse effect to TMR was predicted independently
by Slonczewski6 and Berger,7 i.e., the spin-polarized elec-
trons passing from the left ferromagnetic layer into the right
layer in which the magnetization deviates the left by an angle
may exert a torque to the right ferromagnet and can change
the orientation of its magnetization. This effect was coined as
the spin transfer effect �for review, see, e.g., Refs. 5 and 8�,
which can lead to the current-induced magnetization rever-
sal, and might offer a promise for the current-controlled spin-
tronic devices. It has recently attracted intensive investiga-
tions both experimentally9–14 and theoretically.15–22

Among other magnetic tunnel structures �e.g., Ref. 23�,
the ferromagnet–quantum dot–ferromagnet �FM–QD–FM�
coupled systems have also received much attention recently.
Previous theoretical works on spin-dependent transport
through QDs are mainly focused on the tunnel electrical cur-
rent and the TMR effect for collinear configuration24–30 and
noncollinear configuration.31–39 However, the investigations
on the spin current and the current-induced spin transfer
torque �CISTT� in such systems are sparsely reported. It is
the purpose of this paper to study the spin current and spin
transfer torque in FM–QD–FM coupled MTJs.

In terms of Keldysh’s nonequilibrium Green function
method, the tunnel electrical current, the spin current, and
the spin transfer torque in the FM–QD–FM coupled system
will be investigated. It is found the spin current exhibits dif-
ferent behaviors from its electrical counterpart. It is also
shown that the resonant positions for the tunneling electrical

current and spin current become far separated with the in-
crease of the Coulomb interaction U in the QD. The magni-
tudes of the CISTT at two resonant positions are found to be
greatly enhanced at resonant positions. At the bias larger than
��0+U� /e, the CISTT can reach a saturation plateau which is
independent of the Coulomb interaction. The CISTT shows a
kinklike behavior with the increase of the spin current. The
relationship between the CISTT, the electrical current, and
the spin current is also addressed.

The rest of this paper is outlined as follows. In Sec. II, the
model and formalism for the tunnel electrical current, the
spin current, and the current-induced spin transfer torque will
be established. In Sec. III, the corresponding numerical re-
sults will be given. Finally, a summary will be presented.

II. MODEL AND FORMALISM

Let us consider a single-level QD coupled to two ferro-
magnetic electrodes. The left �L� and right �R� electrodes are
connected with the bias voltage V /2 and −V /2, respectively,
as shown in Fig. 1. The magnetic moment ML of the left FM
is assumed to be parallel to the z axis, while the moment MR
of the right FM is aligned along the z� axis which deviates
the z axis by a relative angle �. The tunnel current flows
along the x axis and perpendicular to the junction plane. The
system consists of the left, right, QD, and coupling parts, and
can be described by the following Hamiltonian:

FIG. 1. �Color online� Schematic illustration of the system con-
sisting of two ferromagnets and a quantum dot separated by the
tunnel barriers, where Tk� ��=L ,R� stands for the coupling matrix
between the � electrode and the QD, and both magnetizations are
aligned by a relative angle �.
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H = HL + HR + Hd + HT, �1�

with

HL = �
k�

�kL�akL�
† akL�, �2�

HR = �
k�

��R�k� − �MR cos ��akR�
† akR� − MR sin �akR�

† akR�̄,

�3�

Hd = �
�

�0c�
†c� + Un↑n↓, �4�

HT = �
k��

Tk�ak��
† c� + H.c., � = L,R , �5�

where �k��=���k�−�M�−eV� is the single-electron energy
for the wave vector k and spin � in the � electrode, ak�� and
c� are annihilation operators of electrons with spin � in the �
electrode and the QD, respectively, n�=c�

†c� , U represents
the on-site Coulomb interaction between electrons in the QD,
and Tk� is the coupling matrix elements between the � elec-
trode and the QD.

A. Tunnel electrical current and spin current

The tunnel electrical current is composed of the sum of
the currents carried by spin up and down electrons:

I�V� = IL↑�V� + IL↓�V� , �6�

while the spin current is defined by the difference between
the electrical currents through the spin up and down
channels:4

Is�V� = IL↑�V� − IL↓�V� , �7�

where

IL↑�V� = −
2e

�
Re�

kL

TkLGkL
↑↑,��t,t� ,

IL↓�V� = −
2e

�
Re�

kL

TkLGkL
↓↓,��t,t� ,

with GkL
���,��t , t��= i�akL�

† �t��c���t�� the lesser Green function.
By applying the Langrenth theorem and Fourier trans-

form, we may obtain the following equation:

GkL
� ��� = TkL

* �Gr���gkL
� ��� + G����gkL

a ���� , �8�

where

Gk�
r,���� = �Gk�

↑↑r,���� Gk�
↑↓r,����

Gk�
↓↑r,���� Gk�

↓↓r,����
	 ,

Gr,���� = �G↑↑r,���� G↑↓r,����
G↓↑r,���� G↓↓r,����

	 ,

gk�
� ��� = �i2�f���k�↑�	�� − �k�↑�

i2�f���k�↓�	�� − �k�↓�
	,

gk�
r,a��� =


1

� − �k�↑ ± i


1

� − �k�↓ ± i

� ,

Gr��� and G���� are the retarded and lesser Green functions
of the QD, respectively, and f���� is the Fermi distribution
function in the � electrode. By defining M���
= �fL���(Gr���−Ga���)+G������L���, we can simplify I↑�↓�
��V� as

I↑�↓��V� = −
ie

�
� d�

2�
M↑↑�↓↓���� ,

where

M = �M↑↑ M↑↓

M↓↑ M↓↓
	

is a 2�2 matrix,

����� = ���↑���
��↓���

	
with ������=2��k�Tk�2	��−�k���.

The lesser Green function G� can be calculated by the
Keldysh equation G�=Gr�Ga. To get �, we invoke
Ng’s ansatz:40 �=0

�B, where 0
����= i�fL����L

+ fR���R�RR†� , B= �0
r −0

a�−1�r−a�, 0
r���−0

a���
=−i��L+R�RR†� , r���−a���=Ga−1−Gr−1, and

R =
cos
�

2
− sin

�

2

sin
�

2
cos

�

2
� .

Under these considerations, we finally get

I↑�↓��V� =
e

�
� d�

2�
�fR − fL�X↑↑�↓↓�, �9�

where

X = GrR�RR†BGa�L = �X↑↑ X↑↓

X↓↑ X↓↓
	

is also a 2�2 matrix.
Consequently, the tunnel current and spin current have the

forms of

I�V� =
e

�
� d�

2�
�fR − fL�Tr X , �10�

Is�V� =
e

�
� d�

2�
�fR − fL�Tr�X�̂3� , �11�

with
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�̂3 = �1 0

0 − 1
	

the Pauli matrix.

B. Current-induced spin transfer torque

The spin torque exerting on the right ferromagnet is de-
termined by the time evolution rate of the total spin in the
right ferromagnet,6,7 which is composed of two parts: one is
caused by the spin-dependent potential that is known as the
equilibrium torque, the other is the current-induced spin
transfer torque caused by the tunnel Hamiltonian HT. By
means of the nonequilibrium Green functions, the CISTT
exerting on the right ferromagnet can be obtained by17

�Rx� = − cos � Re�
kR
� d�

2�
Tr�GkR

� ����̂1TkR
* �

+ sin � Re�
kR
� d�

2�
Tr�GkR

� ����̂3TkR
* � , �12�

where

�̂1 = �0 1

1 0
	 .

By a treatment similar to Eq. �8�, we can obtain

GkR
� ��� = TkR�Gr���RgkR

� ���R† + G����RgkR
a ���R†� .

Therefore the CISTT can be rewritten as

�Rx� =
1

4�
� d��fR − fL�Tr�Gr����LBGa���

�R�RR†�− cos ��̂1 + sin ��̂3�� . �13�

The remaining task is to calculate the retarded Green func-
tion Gr.

By the equation of motion, we can derive

�� − �0�Gr��� = 1 + �
k�

Tk�
* Gk�

r ��� + UG�2�r��� , �14�

where 1 is a unit matrix,

G�2�r��� = �G↑↑�2�r��� G↑↓�2�r���
G↓↑�2�r��� G↓↓�2�r���

	 ,

Gk�
���,r�t− t��=−i��t− t����ak����t� ,c�

†�t���� , G���,�2�r�t− t��
=−i��t− t����c���t�n�̄��t� ,c�

†�t����, and

GkL
r = TkLgkL

r Gr��� ,

GkR
r = TkRRgkR

r R†Gr��� .

Substituting these equations into Eq. �14�, up to the third-
order of Green functions, we arrive at

�� − �0 − U�G�2�r���

= N + �
k�

�Tk�
* Gk�

1�2�r��� + Tk�Gk�
2�2�r���

− Tk�
* Gk�

3�2�r���� , �15�

where

N = � �n↓� − �c↓
†c↑�

− �c↑
†c↓� �n↑�

	,

Gk�
i�2�r = �Gk�

↑↑i�2�r Gk�
↑↓i�2�r

Gk�
↓↑i�2�r Gk�

↓↓i�2�r 	�i = 1,2,3� ,

Gk�
���,1�2�r�t − t�� = − i��t − t����ak����t�n�̄��t�,c�

†�t���� ,

Gk�
���,2�2�r�t − t�� = − i��t − t����ak��̄�

† �t�c���t�c�̄��t�,c�
†�t���� ,

Gk�
���,3�2�r�t − t�� = − i��t − t����ak��̄��t�c�̄�

† �t�c���t�,c�
†�t���� .

gkL
r−1GkL

1�2�r��� = TkLG�2�r���

+ �
k��

�− Tk��GkLk��
1�3�r ��� + Tk��

* GkLk��
1�3�r ���� ,

g̃kL
r−1GkL

2�2�r��� = TkL
* G�2�r��� + �

k��

Tk��
* �GkLk��

3�3�r ��� + GkLk��
4�3�r ���� ,

g
k̄L

r−1
GkL

3�2�r��� = TkL�Gr��� − G�2�r����

+ �
k��

�− Tk��GkLk��
5�3�r ��� + Tk��

* GkLk��
6�3�r ���� ,

with

g̃k�
r ��� = �g̃k�

↑r ���
g̃k�

↓r ���
	

=

1

� − 2�0 − U + �k�↓ + i


1

� − 2�0 − U + �k�↑ + i

�,

g
k̄�

r ��� = �gk�
↓r,a���

gk�
↑r,a���

	
=


1

� − �k�↓ + i


1

� − �k�↑ + i

� ,

and the third-order Green functions defined by

GkLk��
���,1�3�r�t − t�� = − i��t − t����akL���t�ak���̄�

† �t�c�̄��t�,c�
†�t���� ,

GkLk��
���,2�3�r�t − t�� = − i��t − t����akL���t�c�̄�

† �t�ak���̄��t�,c�
†�t���� ,

SPIN CURRENT AND CURRENT-INDUCED SPIN … PHYSICAL REVIEW B 73, 054414 �2006�

054414-3



GkLk��
���,3�3�r�t − t�� = − i��t − t����akL�̄�

† �t�ak�����t�c�̄��t�,c�
†�t���� ,

GkLk��
���,4�3�r�t − t�� = − i��t − t����akL�̄�

† �t�c���t�ak���̄��t�,c�
†�t���� ,

GkLk��
���,5�3�r�t − t�� = − i��t − t����akL�̄��t�ak���̄�

† �t�c���t�,c�
†�t���� ,

GkLk��
���,6�3�r�t − t�� = − i��t − t����akL�̄��t�c�̄�

† �t�ak�����t�,c�
†�t���� .

It is worth mentioning that one usually takes the Hatree-Fock
decoupling approximation up to the second-order for Green
functions in most systems. Such a decoupling scheme is not
adequate for the present single-level QD coupled system, as
it could smear some characteristic features that come from
electronic correlations. In order to extract more information
from the many-body interactions, we should consider the
equation of motion up to the third-order of Green func-
tions Gk�

i�2�r��� in Eq. �15�. In above derivations, we have
invoked the following decoupling approximations for

Green functions:41 G
kLk��

���,1�3�r���=G
kLk��

���,2�3�r���=G
kLk��

���,3�3�r���

=G
kLk��

���,6�3�r���=0, G
kLk��

���,4�3�r���=−	kL,k��fL��kL�̄��G
���,r���,

G
kLk��

���,5�3�r���=	kL,k���1− fL��kL�̄���G
���,r���. As we ignore the

spin-flip scatterings in the present system, the off-diagonal
elements associated with different spins of the third-order
Green function are sent to zero, namely, the higher-order spin
correlations in the ferromagnetic leads are neglected.

With these results, we may obtain

GkL
1�2�r��� = TkLgkLG�2�r��� ,

Gk,q
2�2�r��� = TkL

* g̃k�
r �G�2�r��� − F̄LGr���� ,

Gk,q
3�2�r��� = − TkLg

k̄�

r �G�2�r��� − F̄LGr���� ,

with

F� = � f���k�↑�
f���k�↓�

	and F̄� = � f���k�↓�
f���k�↑�

	 .

Similarly, a more straightforward but somewhat compli-
cated calculation gives rise to the following equations:

GkR
1�2�r��� =

1

2
TkR sin ��fR��kR↑�gkR

↑r ��� − fR��kR↓�gkR
↓r ����

��̂1Gr��� + TkR�cos2�

2
gkR

r ��� + sin2�

2
g

k̄R

r ����
�Gq,q

�2�r��� , �16�

GkR
2�2�r��� =

1

2
TkR sin ��g̃kR

↓,r���fR��kR↑� − g̃kR
↑,r���fR��kR↓��

��̂1Gr��� − TkR�cos2�

2
g̃kR

r ���F̄R

+ sin2�

2
g̃

k̄R

r ���FR�

�Gr��� +
1

2
TkR sin ��g̃kR

↑,r��� − g̃kR
↓,r�����̂1G�2�r���

+ TkR�cos2�

2
g̃kR

r ��� + sin2�

2
g̃

k̄R

r ����G�2�r��� , �17�

GkR
3�2�r��� = − TkR

* �sin2�

2
gkR

r ��� + cos2�

2
g

k̄R

r ����G�2�r���

+ TkR
* �sin2�

2
gkR

r ���FR + cos2�

2
g

k̄R

r ���F̄R�Gr��� ,

�18�

where

g̃
k̄�

r ��� = �g̃k�
↓r ���

g̃k�
↑r ���

	
=


1

� − 2�0 − U + �k�↑ + i


1

� − 2�0 − U + �k�↓ + i

� .

On the other hand, the second-order retarded Green’s
function can be expressed as of the following form:

W1G�2�r��� = N + W2Gr��� , �19�

where

W1 = �� − �0 − U� − �
kL

TkLTkL
* gkL

r ��� − �
kL

TkLTkL
* g̃kL

r ���

− �
kL

TkLTkL
* g

k̄L

r ���

− �
kR

TkRTkR
* �cos2�

2
gkR

r ��� + sin2�

2
g

k̄R

r ����
− �

kR

TkRTkR
* 1

2
sin ��g̃kR

↑,r��� − g̃kR
↓,r�����̂1

− �
kR

TkRTkR
* �cos2�

2
g̃kR

r ��� + sin2�

2
g̃

k̄R

r ����
− �

kR

TkRTkR
* �cos2�

2
g

k̄R

r ��� + sin2�

2
g

k̄R

r ���� ,

W2 = − �
kL

TkLTkL
* g̃kL

r ���F̄L − �
kL

TkLTkL
* g

k̄L

r ���F̄L

+ �
kR

TkRTkR
* 1

2
sin ��gkR

↑,r���fR��kR↑� − gkR
↓,r���fR��kR↓���̂1

+ �
kR

TkRTkR
* 1

2
sin ��g̃kR

↓,r���fR��kR↑� − g̃kR
↑,r���fR��kR↓���̂1

− �
kR

TkRTkR
* �cos2�

2
g̃kR

r ���F̄R + sin2�

2
g̃

k̄R

r ���FR�
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− �
kR

TkRTkR
* �cos2�

2
g

k̄R

r ���F̄R + sin2�

2
gkR

r ���FR� .

By combining Eq. �19� with Eq. �15�, we get

�� − �0 − �0

r
− UW1

−1W2�Gr = 1 + UW1
−1N . �20�

From this equation, the retarded Green function Gr can be
obtained. We would like to point out that the averaged values
involved in Eq. �15� should be obtained self-consistently by

�n�� = Im� d�

2�
G������ ,

�c�
†c�̄� = − i� d�

2�
G�̄����� .

These above-mentioned equations establish the fundamental
basis for numerically investigating the spin-dependent trans-
port properties of the FM–QD–FM coupled MTJs.

III. NUMERICAL RESULTS

Without losing the generality, in the following numerical
calculations we may further suppose that the two ferromag-
nets are made of the same materials, i.e., PL= PR= P, where
PL�R�= ��L�R�↑−�L�R�↓� / ��L�R�↑+�L�R�↓� is the polarization of
the left �right� ferromagnet. Then, we can introduce �L↑,↓
=�R↑,↓=�0�1± P�, where �0=�L�R�↑�P=0�=�L�R�↓�P=0� will
be taken as an energy scale. The tunnel matrix elements
TkL�R� is presumed to take values at the Fermi level. We will
take I0= e�0� � and G0= e2 � � as scales for the currents and
corresponding differential conductance, respectively.

A. Differential conductance

The bias dependences of the tunnel electrical current and
the differential conductance G= dI � dV in the FM–QD–FM
coupled system have been reexamined within the present
scheme. It is found that the tunnel electrical current exhibits
two-step features, which corresponds to the resonant tunnel-
ing of electrons through the QD at energy levels �0 and �0
+U. The corresponding differential conductance as a func-
tion of the bias thus exhibits resonant peaks, where the large
peak at a lower voltage corresponds to the discrete level �0,
and a small resonant peak corresponds to the level �0+U. It
is uncovered that with the increase of the interaction U, the
peaks of G�V� corresponding to the discrete level �0+U shift
towards the higher voltage side without changing the peak
amplitude for both parallel and antiparallel configurations.
This is because an increase of U makes two discrete levels �0
and �0+U become far apart, thereby leading to that the reso-
nant positions of main and charging peaks of G�V� are far
separated. These observations are quite consistent with the
previous studies �see, e.g., Ref. 35�.

The bias dependence of the differential conductance for
different polarizations in the parallel and antiparallel con-
figurations of magnetization is shown in Fig. 2. It can be
found that in the parallel configuration there is only slight

changes for different polarizations except for P=1, as dis-
played in Fig. 2�a�. We can understand this property from the
point of view of the resonant tunneling through two
barriers,31 namely, the two barriers are of the same height,
and the resonant probability is unity in this case, that is in-
dependent with P. The small changes with P observed in
Fig. 2�a� are caused by the interaction U. However, it is quite
different for the case with full polarization P=1, which
comes from the fact that the conductance for P=1 has only
one channel. It is interesting to note that with increasing P in
the case of parallel alignment, although the main peaks at the
bias corresponding to the energy level �0 are suppressed, the
charging peaks at the bias corresponding to the level �0+U
are enhanced. In this case, more electrons from the left enter
into the QD through the channel �0+U to tunnel into the
right lead. For the antiparallel configuration, it can be seen
that the main peaks of the conductance decrease as the po-
larization P increases, while the charging peaks remain al-
most intact, as shown in Fig. 2�b�, that is different from the
case of parallel configuration, and is due to the conventional
spin-valve effect in MTJs. For P=1, the conductance be-
comes zero, which is nothing but a perfect spin-valve effect.

B. Spin current and spin differential conductance

The bias dependence of the spin current Is and its corre-
sponding spin differential conductance defined by Gs

FIG. 2. �Color online� The bias dependence of the differential
conductance G for different polarization P in parallel �a� and anti-
parallel �b� configurations of magnetizations. The parameters are
taken as �0=10�0, U=40�0, and kBT=0.3�0.
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=dIs /dV for different angles is shown in Fig. 3. It can be
seen that, by changing the relative angle �, the spin current
can change its magnitude and even its sign. At V�0, when
��� /2, the spin current Is shows steplike behaviors, and
Is�0; while for ��� /2 , Is exhibits behaviors similar to a
basinlike shape, and Is�0 at the bottom of the “basin.” This
shows that the effect of the relative orientation of magneti-
zations on the spin current is more obvious. At two resonant
positions corresponding to levels �0 and �0+U , Is begins to
sharply change. It is clearly seen in Fig. 3�b� that at V�0,
the spin conductance shows sharp resonant peaks and dips at
the levels �0 and �0+U, although for �=0 and � /3 the reso-
nance corresponding to �0 shows a peak, while for �=� /2,
2� /3, and � the first resonance shows a sharp dip. The reso-
nances corresponding to the level �0+U exhibit peaks for all
�. At �=0, the two resonant peaks of Is have comparable
weights; at �=� /3, the first peak has a small weight, while
the second peak has a large weight; at �=� /2, the first dip of
Is has a small amplitude, while the other peak has a large
amplitude; at �=2� /3, the resonant dip and peak have al-
most the same amplitude; and at �=�, the first dip has a
larger amplitude than the peak. Evidently, the spin current
and spin conductance have no spin-valve effect, showing that
the spin current and spin conductance have quite different
characteristics from their electrical counterparts.

The steplike and basinlike behaviors of the bias depen-
dence of the spin current for different polarizations in paral-
lel and antiparallel configurations are presented in Figs. 4�a�
and 4�b�, respectively. For P=0, as there is no polarization in

electrodes, the contribution of electrons with spin up is the
same as that of spin down, leading to the spin current van-
ishes. In the case of parallel alignment ��=0�, with increas-
ing the polarization P, the contribution of spin up is in-
creased while that of spin down is decreased, thus resulting
in the magnitude of the spin current increased, as shown in
Fig. 4�a�. The steplike behavior of Is against V comes from
the resonant tunneling. The situation becomes a bit compli-
cated in the case of antiparallel alignment ��=��. When P
=0 and 1, the spin current is zero, because for the former
I↑= I↓ while for the latter I↑= I↓=0, as shown in Fig. 4�b�. For
P�0 and 1, with increasing the bias voltage the spin current
decreases steeply at the resonant position corresponding to
the QD energy level �0, and then keeps a constant until the
other resonant position corresponding to the level �0+U
where Is increases sharply, leading to the spin current show-
ing a basinlike behavior. The larger the polarization
P��0,1�, the deeper the bottom of the basin. These results
demonstrate that the spin current Is has quite different behav-
iors in parallel and antiparallel configurations.

Figure 5 shows the bias dependence of spin current in
collinear configurations for different Coulomb interaction U.
It can be found that the overall qualitative behavior of Is
against V looks similar to that shown in Fig. 4. With increas-
ing U, in the parallel alignment the second plateau of the
spin current Is becomes wider, as shown in Fig. 5�a�; while in
the antiparallel alignment apart from that the bottom of the
“basin” becomes deeper, the width of the “basin” also be-

FIG. 3. �Color online� The bias dependence of the spin current Is

�a� and spin differential conductance Gs �b� for different angle � at
P=0.4. The other parameters are taken the same as in Fig. 2.

FIG. 4. �Color online� The bias dependence of the spin current Is

for different polarization P in parallel �a� and antiparallel �b� con-
figurations of magnetizations. The other parameters are taken the
same as in Fig. 2.
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comes wider, as shown in Fig. 5�b�. This is again from the
fact that an increase of U makes the resonant positions cor-
responding QD discrete levels �0 and �0+U become far
separated.

C. Current-induced spin transfer torque

The angular dependence of the CISTT for different polar-
ization and Coulomb interaction is shown in Fig. 6. It is seen
that the CISTT versus the angle � shows a sinelike behavior,
consistent with the finding in Ref. 42. At �=0 and �, i.e., the
magnetizations of the two ferromagnetic electrodes are col-
linearly aligned, the CISTT vanishes, which is obvious as the
spin torque �SR� �SL�SR�, where SL and SR are the spin
moments of the left and right ferromagnets. With increasing
the polarization P, the magnitude of the CISTT is enhanced,
as displayed in Fig. 6�a�. This is in agreement with the state-
ment that the torque is proportional to the polarization of the
other ferromagnet.42 With the increase of Coulomb interac-
tion U, the magnitude of the CISTT is decreased, as seen in
Fig. 6�b�. This can be understood in such a way that the
contribution of the tunneling through the discrete level �0
+U is decreased with increasing the interaction U, thus lead-
ing to a decrease of the spin transfer torque.

The bias dependences of the CISTT for different polariza-
tions and Coulomb interactions at a given angle �=� /3 are
shown in Figs. 7�a� and 7�b�. It is seen that with increasing
the bias voltage, the CISTT first increases slowly to a sharp
peak, then decreases dramatically to almost zero, and after
undergoing a wider flat, it increases suddenly to another pla-

teau. The position of the first sharp peak in the curve of
CISTT versus V is observed to be independent of the polar-
ization as well as the Coulomb interaction, showing that it is
a resonant peak at the resonant position �0. The second sharp
increase of the CISTT against V is also from the resonance at
the QD discrete energy level �0+U. From Fig. 7�a�, one may
find that with increasing the polarization the magnitudes of
the CISTT at the two resonant positions increase. This is
because the transmission coefficient of electrons is propor-
tional to the polarization,33 while the CISTT depends on the
tunneling electrical current that is determined by the trans-
mission coefficient. Thus an increase of polarization would
enhance the CISTT at the resonant positions. The effect of
the Coulomb interaction U on the CISTT is shown in Fig.
7�b�. At the first peak, it is independent of U, suggesting that
it is a resonance at the level �0; while with increasing U, the
second resonant positions move to higher voltages, showing
that the second resonance takes place at the level �0+U. It is
interesting to note that at a given polarization the CISTT
goes to a saturation plateau at the bias larger than ��0

+U� /e, which is independent of the Coulomb interaction.
From Fig. 7, we could see that the CISTT can be remarkably
enhanced at the QD discrete energy levels which may be
adjusted by changing the gate voltage.

What is the relationship between the CISTT, the electrical
current, and the spin current in this FM–QD–FM coupled

FIG. 5. �Color online� The bias dependence of spin current Is in
parallel �a� and antiparallel �b� configurations for different Coulomb
interaction U, where P=0.4, and the other parameters are taken the
same as in Fig. 2.

FIG. 6. �Color online� The current-induced spin transfer torque
against the relative orientation angle � for different polarization P
�a� and different interaction U �b� at the bias voltage V=25�0 /e.
The other parameters are taken the same as in Fig. 2.
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system? The answer is presented in Fig. 8 for different U at
�=� /3. With increasing the electrical current, the CISTT
goes up linearly to a round peak, then decreases slowly to a
broad minimum, and then increases sharply, as shown in Fig.
8�a�. The first round peak is owing to the resonant tunneling
at the level �0; while the second sharp increase is caused by
the resonant tunneling at the level �0+U. The spin current Is
is found to increase nonmonotonically with increasing the
electrical current I, as illustrated in Fig. 8�b�. This is quite
different from the spin current in FM–SC–FM tunnel junc-
tions where the spin current is proportional to the injection
current.43 In the curves of Is against I, the two resonances can
be clearly seen. The CISTT as a function of Is shows a kink-
like behavior, as displayed in Fig. 8�c�. With increasing Is,
the CISTT first shows a linear behavior, then suddenly drops
to nearly zero, and then increases almost linearly again. This
kinklike behavior is caused by the resonant tunneling at the
levels �0 and �0+U, which manifests the same thing as in
Fig. 7. Away from the kink, the CISTT appears to be propor-
tional to the spin current. The reason is that the electrons
with opposite spins from the left ferromagnetic electrode en-
tering into the right electrode exert the torques with opposite
directions on the spins of the right electrode, giving rise to
that the magnitude of the CISTT is determined by the differ-
ence between the magnitudes of torques exerted by electrons
with spin up and spin down. Considering that the spin cur-
rent is defined by the difference between the electrical cur-
rents of spin up and spin down, while the spin transfer torque
is proportional to the electrical current,6,7 the proportionality

between the CISTT and the spin current is conceivable. It is
seen that for different U the curves in Fig. 8 are almost
unchanged, showing that the Coulomb interaction has less
effect on the CISTT versus I and Is, as well as Is versus I.
This is because the Coulomb interaction U only changes the
resonant positions.

IV. SUMMARY

We have investigated the spin-dependent transport prop-
erties in a FM–QD–FM coupled system by means of the
nonequilibrium Green functions. It has been found that by
changing the relative orientation of both magnetizations, the
spin current can change its magnitude and even its sign. For
positive bias voltages, when the relative orientation angle is
less than � /2, the spin current shows a steplike behavior, and
the spin current is positive; when the relative orientation
angle is greater than � /2, the spin current behaviors similar
to a basinlike shape, and is negative at the bottom of the
“basin.” With increasing the Coulomb interaction U in the
QD, it has been uncovered that the resonant positions for the
tunneling electrical current and spin current become far sepa-
rated. The CISTT is observed to first increase slowly to a

FIG. 7. �Color online� The bias dependence of the current-
induced spin transfer torque for different polarization P �a� and U
�b� at �=� /3. The other parameters are taken the same as in Fig. 2.

FIG. 8. �Color online� The current-induced spin transfer torque
�a� and the spin current �b� against the electrical current as well as
the current-induced spin transfer torque versus the spin current �c�
for different U at �=� /3 and P=0.4. The other parameters are
taken the same as in Fig. 2.
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sharp peak with increasing the bias voltage, then decrease
dramatically to almost zero; and after undergoing an un-
changed stage, it increases suddenly to another plateau. Such
a behavior is obviously resulted from the resonant tunneling
through the central QD. The magnitudes of the CISTT at two
resonant positions are observed to increase with increasing
the polarization of the ferromagnet. At the bias larger than
��0+U� /e, the CISTT is seen to reach a saturation plateau
which is independent of the Coulomb interaction. In addi-
tion, it has been demonstrated that the CISTT as a function
of the spin current shows a kinklike behavior, and away from
the kink, the CISTT increases almost linearly with increasing
the spin current. The CISTT as a function of the electrical
current shows a nonmonotonic behavior, while the spin cur-
rent is found to be nonlinearly proportional to the electrical
current. Besides, the Coulomb interaction is shown to have
less effect on the behaviors of the CISTT as functions of the

tunneling electrical current and spin current, as well as the
spin current as a function of the electrical current.

Finally, we would like to mention that the CISTT can be
greatly enhanced when the bias voltage meets with the dis-
crete levels of the QD at two resonant positions. While the
energy level of the QD can be adjusted by tuning the gate
voltage, the resonant property of the CISTT offers an alter-
native premise to develop a spintronic device through the
current-controlled magnetization reversal effect.
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