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In terms of the Keldysh nonequilibrium Green’s-function method and invoking the generalized Landau-
Lifishiz-Gilbert equation in presence of the spin-transfer torque �STT�, we have systematically investigated the
spin-transfer effect as well as the critical current for magnetization reversal in the ferromagnet �FM�-
ferromagnet-ferromagnet double-barrier magnetic tunnel junctions. It has been found that the tunnel magne-
toresistance �TMR� increases dramatically with the increase in the molecular field of the middle FM, and the
larger the molecular field, the greater the TMR. The STT is found to oscillate with the bias voltage for finite
thickness of the middle FM, while the electrical current as a function of the bias is almost linear with slight
oscillations. It has been shown that the molecular field and the polarization dependences of the critical voltage
and critical electrical current show steplike behaviors for finite thicknesses of the middle FM. The order of
magnitude of the critical current is estimated to be about 105–106 A /cm2. The present results are expected to
be instructive for manufacturing the relevant spintronic devices.

DOI: 10.1103/PhysRevB.78.104410 PACS number�s�: 73.40.Gk, 75.60.Jk, 75.70.Cn

I. INTRODUCTION

In 1988, two different groups, independently, discovered
an unusual large magnetoresistance in magnetic
multilayers.1,2 This surprising discovery was then named as
giant magnetoresistance �GMR� and thought to be a totally
new phenomenon that is caused by spin-dependent scatter-
ings of conduction electrons. Since then, a great number of
research works focus on various circumstances of GMR ef-
fect in different systems, substantiating it to be a source of
new scientific and technological applications. On the other
hand, the development of GMR effect triggers the rediscov-
ery of tunneling magnetoresistance �TMR� in magnetic tun-
nel junctions �MTJs�. A single-barrier MTJ consists of two
metallic ferromagnet �FM� electrodes separated by an insu-
lating barrier. In 1975, Jullière3 first studied the magnetore-
sistance in the Fe-Ge-Co MTJ and found that the TMR ratio
can be as high as 14%. A breakthrough has been made in
1995 that a large TMR has been reproducibly observed at
room temperature in CoFe /Al2O3 /Co �NiFe� and
Fe /Al2O3 /Fe MTJs.4 Recently, the use of a single-crystal
MgO barrier in a MTJ has already generated a rather high
TMR ratio, reaching 500%.5 In addition, the current-
perpendicular-to-plane geometry of the MTJ makes it easy to
be integrated into a nanoelectronic device, and in fact, the
TMR-based read heads have been commercialized.6 These
advances enable the TMR effect to possess even more essen-
tial industrial applications than the GMR effect in informa-
tion storage and spin-based electronic devices. A significant
progress has been made both experimentally and theoreti-
cally in the last decade.7–15

An opposite phenomenon of GMR and TMR effects,
coined as the spin-transfer effect �STE�, was predicted inde-
pendently by Berger16 and Slonczewski17 in 1996. STE states
that when the spin-polarized electrons flowing from one FM
layer into another FM layer with the magnetization aligned
by a relative angle may transfer the transverse angular mo-
menta to the local spins of the second FM layer, thereby

exerting a torque on the magnetic moments. By means of the
STE, it is possible to switch the magnetic state of the free
FM layer of a MTJ or spin valve by applying an electrical
current instead of a magnetic field. This proposal was soon
confirmed experimentally �e.g., Ref. 18�. It is now well es-
tablished that the STE could be applied to develop writing
heads for magnetic random access memory �MRAM� or hard
disk drivers. A nonvolatile STE memory has been demon-
strated recently.19 In view of potentially wide use of the STE,
a plenty of investigations concerning spin-transfer torque
�STT� have been presented for different systems �e.g., Refs.
20–32�.

On the other hand, the double-barrier magnetic tunnel
junction �DBMTJ�, in which the formation of quantum well
states and the resonant tunneling phenomenon are antici-
pated, has attracted much attention in recent years. In order
to observe the coherent tunneling through the DBMTJ,
people have attempted to improve the junction quality to
eliminate the influences from the interface roughness and
impurity scattering, and remarkable advances have been
achieved on this aspect �e.g., Refs. 33–36�. One of the inter-
esting DBMTJs is the FM-FM-FM DBMTJ, which is com-
prised of three metallic FM layers separated by double insu-
lating barriers. It has been shown that the FM-FM-FM
DBMTJs can be used as the basic elements for MRAM or
DBMTJ-based spin transistors and have successfully been
fabricated recently, where some peculiar properties have
been observed.33,35 On account of the importance of such a
nanostructure, it would be interesting to explore systemati-
cally the STE as well as the critical current for magnetization
reversal in the presence of the STT in FM-FM-FM DBMTJs,
as they are directly related to the practical realizations in
possible spintronic devices.

The other parts of this paper are arranged as follows. In
Sec. II, a model is proposed, and the relevant Green’s func-
tions are obtained in terms of the nonequilibrium Green’s-
function �NEGF� method. In Sec. III, the properties of STT
in the system under consideration are numerically investi-
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gated, and some discussions are presented. The critical cur-
rent for magnetization reversal of the middle FM layer in
presence of the STT will be explored in Sec. IV. Finally, a
brief summary will be given in Sec. V.

II. MODEL AND GREEN’S FUNCTIONS

The system under interest, as illustrated in Fig. 1, is com-
posed of three metallic FMs separated by two thin insulators.
The left �L� and right �R� ferromagnets, whose molecular
fields are assumed to align along the z axis, are stretched to
infinite, and the middle FM, whose orientation of magneti-
zation is along the z� axis, deviating an angle � from the z
axis, is supposed to be several nanometers thick. The Hamil-
tonian of the system reads

H = HL + HR + HC + HLC + HCR, �1�

with

H� = �
k��

�k��ak��
+ ak�� �� = L,R� , �2�

HC = �
k�

�kck�
+ ck� − �

k

�ck↑
+ ,ck↓

+ ��̂ · M��ck↑

ck↓
�

= �
k�

���k − �M cos ��ck�
+ ck� − M sin �ck�

+ ck�̄� , �3�

HLC = �
kLk���

�TkLk
���akL�

+ ck�� + H.c.� , �4�

HCR = �
kRk���

�TkRk
���akR�

+ ck�� + H.c.� , �5�

where ak�� and ck� are annihilation operators of electrons
with momentum k and spin � in the � electrode and in the
middle FM layer, respectively, �k��=�k�

−�M�−eV� is the
single-electron energy for the wave vector k� with the mo-
lecular field M� in the � electrode, �k is the single-electron
energy, M is the molecular field that is proportional to the

exchange constant in the middle FM layer, �̄=−�, and Tk�k
���

are the tunneling matrix elements of electrons between the �
electrode with spin � and the middle FM layer with spin ��.

In this paper, we assume that the middle FM is made of a
soft magnetic material so that the magnetization is easier to

reverse and can be regarded as the free layer, while the side
FMs can be treated as pinned layers. The spins in the middle
FM can be written as11,20

S� =
�

2 �
k��

ck�
+ ckv�R−1���+�̂�R−1��� , �6�

where

R =�cos
�

2
− sin

�

2

sin
�

2
cos

�

2
	 ,

�̂ is the Pauli matrix, and ����� denotes spin states. Note that
Eq. �6� is written in the xyz coordinate frame, while the spins
S� are quantized in the x�y�z� coordinate frame. We can fur-
ther write S�= �

2 �k�cos �ck�
+ ck�̄−� sin �ck�

+ ck��. Therefore,
the spin torque, namely, the time evolution rate of the total
spin of the middle FM, can be obtained by �S� /�t
= i

� 
�H ,S���. According to Refs. 20, 37, and 38, the middle
FM gains two types of torques: one is the equilibrium torque
caused by the spin-dependent potential and the other is from
the tunneling of electrons that is just what we are interested
in. After cautiously separating the current-induced torques
from the equilibrium one, the STT can be obtained,

	� =
i

�

�HT,S��� = Re��

kLk

Tr���̂1 cos �

− �̂3 sin ��T̂kLkĜkkL


 �t,t� , �7�

where

�̂1 = �0 1

1 0
�, �̂3 = �1 0

0 − 1
�

are Pauli matrices,

T̂kLk = �TkLk
↑↑ TkLk

↓↑

TkLk
↑↓ TkLk

↓↓ � ,

with the entities TkLk
��� being the tunneling matrix elements,

ĜkkL


 = �GkkL


↑↑ GkkL


↓↑

GkkL


↑↓ GkkL


↓↓�
are the lesser Green’s functions in spin space, with the enti-

ties defined as Gkk�


����t , t��= i
ak���
+ �t��ck��t��, and Tr� stands

for the trace of the matrix taking over the spin space.
From Eq. �7�, one may see that the current-induced STT

can be obtained as long as we get the lesser Green’s func-

tions Gkk�


���. In the following, we will use Keldysh’s NEGF
technique to determine all lesser Green’s functions.39 They
are closely related to the retarded Green’s functions that are
defined by

Gk�k���
r �t,t�� = − i��t − t��
�ck��t�,ak���

+ �t���� ,

FIG. 1. �Color online� A schematic illustration of spin-transfer
torque in a FM-I-FM-I-FM tunnel junction. Note that the electrons
flow along the x axis.
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Gk�k��
r �t,t�� = − i��t − t��
�ck��t�,ck��

+ �t���� .

By using the equation of motion, we have

�� − �k�↑�Gk↑k�↑
r ��� = �

k�

Tk�k�
�↑↑ Gk↑k�↑

r ��� + �
k�

Tk�k�
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r ��� ,

�8�

�� − �k�↑�Gk↓k�↑
r ��� = �

k�

Tk�k�
�↑↑ Gk↓k�↑

r ��� + �
k�

Tk�k�
�↑↓ Gk↓k�↓

r ��� ,

�9�

�� − �k�↓�Gk↑k�↓
r ��� = �

k�

Tk�k�
�↓↓ Gk↑k�↓

r ��� + �
k�

Tk�k�
�↓↑ Gk↑k�↑

r ��� ,

�10�

�� − �k�↓�Gk↓k�↓
r ��� = �

k�

Tk�k�
�↓↓ Gk↓k�↓

r ��� + �
k�

Tk�k�
�↓↑ Gk↓k�↑


 ��� .

�11�

Obviously, to obtain the solution of Gk�k���
r , we have to get

Gk�k���
r . For this purpose, we may apply the same procedure

as that of obtaining Eqs. �8�–�11� and have

�� − �k�↑ + M cos ��Gk↑k�↑
r ��� = − M sin �Gk↑k�↓

r ��� + �
�

�
k�

Tk�k�
↑↑ Gk↑k�↑

r ��� + �
�

�
k�

Tk�k�
↓↑ Gk↑k�↓

r ��� + �kk�, �12�

�� − �k�↑ + M cos ��Gk↓k�↑
r ��� = − M sin �Gk↓k�↓

r ��� + �
�

�
k�

Tk�k�
↑↑ Gk↓k�↑

r ��� + �
�

�
k�

Tk�k�
↓↑ Gk↓k�↓

r ��� , �13�

�� − �k�↓ − M cos ��Gk↑k�↓
r ��� = − M sin �Gk↑k�↑

r ��� + �
�

�
k�

Tk�k�
↓↓ Gk↑k�↓

r ��� + �
�

�
k�

Tk�k�
↑↓ Gk↑k�↑

r ��� , �14�

�� − �k�↓ − M cos ��Gk↓k�↓
r ��� = − M sin �Gk↓k�↑

r ��� + �
�

�
k�

Tk�k�
↓↓ Gk↓k�↓

r ��� + �
�

�
k�

Tk�k�
↑↓ Gk↓k�↑

r ��� + �kk�. �15�

By combining Eqs. �8�–�15�, we get a set of coupled equations

�� − �k�↑ + M cos ��Gk↑k�↑
r ��� = − M sin �Gk↑k�↓

r ��� + �
k�

AGk↑k�↑
r ��� + �

k�

CGk↑k�↓
r ��� + �kk�, �16�

�� − �k�↑ + M cos ��Gk↓k�↑
r ��� = − M sin �Gk↓k�↓

r ��� + �
k�

AGk↓k�↑
r ��� + �

k�

CGk↓k�↓
r ��� , �17�

�� − �k�↓ − M cos ��Gk↑k�↓
r ��� = − M sin �Gk↑k�↑

r ��� + �
k�

BGk↑k�↓
r ��� + �

k�

CGk↑k�↑
r ��� , �18�

�� − �k�↓ − M cos ��Gk↓k�↓
r ��� = − M sin �Gk↓k�↑

r ��� + �
k�

BGk↓k�↓
r ��� + �

k�

CGk↓k�↑
r ��� + �kk�, �19�

with

A = −
i�L↑���

2
−

i�R↑���
2

−
i2

2�L↓���
2

−
i4

2�R↓���
2

,

B = −
i�L↓���

2
−

i�R↓���
2

−
i1

2�L↑���
2

−
i3

2�R↑���
2

,

C = −
i1�L↑���

2
−

i3�R↑���
2

−
i2�L↓���

2
−

i4�R↓���
2

,

where ������ is the linewidth function defined by ������
=2��k�

��k���Tk��k��2 with ��k�� as the density of states of
electrons with momentum k� and spin � in the � FM elec-
trode. For convenience, we introduce four parameters, 1

=TkLk
↑↓ /TkLk

↑↑ , 2=TkLk
↓↑ /TkLk

↓↓ , 3=TkRk
↑↓ /TkRk

↑↑ , and 4=TkRk
↓↑ /TkRk

↓↓ ,
which characterize the spin-flip scattering effect. By consid-
ering the symmetry, we may further assume 1=3 and 2

=4 for simplicity. The retarded Green’s functions can be
obtained in terms of Eqs. �16�–�19�. On the other hand, the
lesser self-energy can be approximated by Ng’s ansatz:40

�
=�0

��0

r −�0
a�−1��r−�a�, where �r−�a=Gr−1−Ga−1. �0

r

and �0

 are given by the following equations:
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��0↑↑
r �0↓↑

r

�0↑↓
r �0↓↓

r � =�−
i�L↑���

2
−

i�R↑���
2

0

0 −
i�L↓���

2
−

i�R↓���
2

	 ,

��0↑↑

 �0↓↑




�0↑↓

 �0↓↓


 � =�i�L↑�� +
eV

2
� fL��� + i�R↑�� −

eV

2
� fR��� 0

0 i�L↓�� +
eV

2
� fL��� + i�R↓�� −

eV

2
� fR��� 	 .

After some algebras, we can arrive at

	� = −
1

4�
� d� Tr����1 cos � − �3 sin ���L�� +

eV

2
��fR��� − fL����Gr�R�� −

eV

2
�BGa� , �20�

with

�� = ���↑

��↓
� ,

B= ��0
r −�0

a�−1��r−�a�, and f���� as the Fermi distribution
function of the electrons in the � region. It is evident that
these equations should be solved numerically in a self-
consistent manner.

To proceed further the numerical calculations, we need to
make some assumptions. Suppose that the two side FM elec-
trodes are made of the same materials, i.e., ML=MR, PL
= PR= P, where PL�R�= ��L�R�↑−�L�R�↓� / ��L�R�↑+�L�R�↓� is the
polarization of the left �right� FM layer. Then, the linewidth
function can be written as �L↑,↓=�R↑,↓=�0�1� P�, where
�0=�L�R�↑�P=0�=�L�R�↓�P=0� will be taken as an energy
scale. I0=

e�0

� and G0= e2

� will be taken as scales for the tunnel
current and the differential conductance, respectively. The
following material parameters are used for the middle FM:
the uniaxial anisotropy field Hk=500 Oe, the molecular field
M =10�0�1200 Oe, where �0 is taken as 20 meV, the
Fermi level 130�0, kBT=0.02�0, the damping coefficient �
=0.1, and the junction area of 80�80 nm2. The thickness of
the middle FM is 5.6 nm throughout the paper unless it is
specified otherwise.

III. SPIN-TRANSFER TORQUE

Let us first look at the case in absence of the spin-flip
scatterings. The � dependence of TMR, STT �	��, as well as
the ratio between the STT and electrical current �	� / I� for
different molecular fields �M� of the middle FM are pre-
sented in Figs. 2�a�–2�c�. It is observed that the TMR in-
creases strikingly with increase in the molecular field M at a
given �. The stronger the molecular field, the larger the
TMR. The results also show that the STT as a function of �
behaves as a profile similar to a sine curve and vanishes
when the relative alignment of magnetizations of the side
FMs is parallel ��=0� or antiparallel ��=�� with respect to
the middle FM. It is easily understood because the spin-

polarized electrons along the z or −z axis cannot feel the
spin-transfer effect owing to the property of ŝ1,2� �ŝ1� ŝ2�.
However, the maximum values of the STT and their posi-
tions vary for different M. When � is much less �larger� than
� /2, the STT increases �decreases� with increasing the mo-
lecular field. From Fig. 2�c�, one may find that 	� / I is also a
nonmonotonic function of �, and the maximum appears near
�=� /2. It is interesting to note that 	� / I for different M has
a crossing point at �=� /2.

The � dependences of TMR, STT 	�, and 	� / I for differ-
ent polarizations P of the side FMs are shown in Figs.
2�d�–2�f�. It is no doubt that the larger the polarization P, the
larger the TMR and the STT. This result suggests that the
ferromagnetic materials with large polarization should be

FIG. 2. �Color online� The angular dependence of �a� TMR, �b�
spin-transfer torque 	� /�0, and �c� 	� / I for different M, where P
=0.8. The � dependence of �d� TMR, �e� spin-transfer torque 	� /�0,
and �f� 	� / I for different P, where M =30�0, eV=100�0.
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chosen if the STE as a mechanism is used to design a spin-
tronic device, being consistent with the intuition.

At first glance, the property of the STT in the FM-FM-FM
DBMTJ system is similar to the previous spin-valve systems.
However, we will find the differences if we concentrate on
the maximum of the STT 	max

� and the corresponding angle
�max. In previous works, �max decreases with increasing the
polarization P while 	max

� increases with increasing P.17

However, both maxima of the STT 	max
� and �max in the

present system increase monotonically with P, as shown in
Figs. 3�a� and 3�b�. The M dependences of �max and 	max

� are
also presented in Figs. 3�c� and 3�d�. It is found that neither
�max nor 	max

� is a monotonic function of M.
Now let us discuss the � dependence of the tunnel current

and the STT 	� in presence of the spin-flip scattering effect,
as shown in Fig. 4. The angular dependence of the electrical
current exhibits a cosinelike behavior, while the STT shows a
sinelike behavior, a reminiscent of the spin-valve effect. It
can be seen that the spin-flip effect leads to not only an
imperfect spin-valve effect as the maximum of the tunnel
current does not appear at �=0 but also a nonvanishing spin
torque at �=0 or �. It appears that the spin-flip scatterings
cause an additional spin torque in the parallel or antiparallel
alignments of magnetizations between the middle and side
FMs. This observation is similar to those uncovered in
single-barrier MTJs.11,20 In addition, when 1=2=, the
angle shift is proportional to ; when 1�2, the effects of
1 and 1 on I / I0 and 	� /�0 are various. For instance, the
behaviors for 1=0.1, 2=0.2 and 1=0.2, 2=0.1 look
different, where the angle shift in the latter case is more
obvious.

The bias dependence of the current as well as the STT for
different thicknesses Lm of the middle FM are shown in Fig.
5 when � is nearly equal to zero �for instance, �=0.005��.
We assume that the system can be viewed as a quantum well,
and the lowest 20 energy levels of the middle region are
included in the calculations. In Fig. 5, it is seen that the STT
oscillates obviously with the bias for different thicknesses of
the central FM. The oscillation varies for different Lm, while
the electrical current is almost linear �but with slight oscilla-
tions� with increase in the bias. The oscillations origin from
the quantum resonant tunneling of electrons, as the middle
FM region is taken as a quantum well. When we change the
thickness Lm of the middle FM, it gives rise to the shift of
energy levels, leaving the resonant oscillations slightly dif-
ferent from various thicknesses but the qualitative behaviors
look similar. As will be demonstrated later, it is this oscillat-
ing behavior of the STT with the bias that leads to unusual
characteristics of the critical current for magnetization rever-
sal.

FIG. 3. The polarization dependence of �a� �max and �b� 	max
� and

the molecular-field dependence of �c� �max and �d� 	max
� , where eV

=100�0.

FIG. 4. �Color online� The angular dependence of �a� the tunnel
current I and �b� the spin-transfer torque 	� for different 1 and 2,
where P=0.8, M =30�0, and eV=100�0.

FIG. 5. �Color online� The bias dependence of the spin-transfer
torque 	� and electrical current I �inset�, where M =15�0 and P
=0.7.
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IV. CRITICAL CURRENT FOR MAGNETIZATION
REVERSAL

In terms of the STE, one can apply directly the electrical
current to switch the magnetic state of a FM in absence of a
magnetic field. It is this property of STE that makes it pos-
sible to fabricate the current-controlled spintronic devices,
which is much expected in information industry, because us-
ing a current to manipulate a nanomagnetic device may be
easier to realize in fabrication than using a magnetic field.
Therefore, to enable to reverse the magnetization by a cur-
rent through STE, there should exist a critical current at
which the alignment of magnetic moments in a FM is re-
versed, which is more concerned in the device engineering.
For this purpose, as the FM-FM-FM DBMTJ can be a basic
element for MRAM and spin transistors, we shall pay atten-
tion to the critical current for magnetization reversal in the
FM-FM-FM DBMTJ by invoking the Landau-Lifishiz-
Gilbert �LLG� equation with inclusion of the STT. The gen-
eralized LLG equation can be written as41

�1/�
dn̂m

dt
= n̂m � �H� eff − �n̂m � �H� eff + sn̂s�� ,

where  is the gyromagnetic ratio g�B /�, � is the LLG
damping coefficient, n̂s is a unit vector whose direction is

that of the initial spin-polarized current, n̂m=M� / �M�, H� eff is
the effective magnetic field including the external field, the
anisotropy field, the exchange field, the demagnetization
field, and the random field, etc. The first two terms have been
investigated extensively in the past decades, and the last
term, the STT, is induced by the spin-polarized current which
is under our interest.

According to Ref. 42, the critical field hs, which is defined
through 	� =sn̂m� �n̂s� n̂m�=2lmKhsn̂m� �n̂s� n̂m� and de-
duced from the stability condition of the magnetization at
�=0, reads

hs = − ��1 + h +
1

2
hp� , �21�

where K= 1
2 MHk, Hk is the Stoner-Wohlfarth switching field,

h=H / �2K /M�, hp=Kp /K, H is an applied field, and Kp is the
easy-plane anisotropy energy that is assumed to be 2�Ms

2 for
a thin film.

In the previous work,42 the quantity s is assumed to be
proportional to the electronic current: s= �� /2e��I, with �
= �I↑− I↓� / �I↑+ I↓� as the spin-polarization factor of the inci-
dent current I, which can be treated as a constant. The critical
current is given by

Ic =
1

�
�2e

�
���a2lmHkMs��1 +

2�Ms

Hk
+

H

Hk
� , �22�

where Ms is the saturation magnetization and the magnetic
field H is applied along the z axis. For a thin-film device with
current-perpendicular geometry, we may assume that there
are ways to neutralize the easy-plane anisotropy field, lead-
ing to the critical current Ic= 1

� � 2e
� ���a2lmHkMs�, which indi-

cates that the current is proportional to Ms.

However, our preceding calculations show that the rela-
tionship between STT and electrical current is more compli-
cated than a simple proportionality. Therefore, it is not suit-
able to use Eq. �22� directly in our system, and a self-
consistent way that incorporates the NEGF method and LLG
equation should be adopted. For a given M, the critical field
hs and thus the critical spin torque 	� can be determined by
Eq. �21� that was derived from the LLG equation. As 	� is a
function of voltage and M, a proper voltage V should be
chosen to get the critical 	� by the NEGF method. Once a
critical voltage Vc is determined, the critical current is then
obtained.43

The relationship between the critical voltage, the critical
current, and the molecular field M of the middle FM for
different thicknesses Lm of the middle FM is presented in
Fig. 6. It can be seen that it is much complicated than a
linearity. The steps appear at different molecular fields for
different Lm. The steplike behaviors of the critical voltage
and current are not very unexpected. To switch the magnetic
state of the middle FM, the larger the magnetization M, the
larger the critical STT �	�� is needed. However, the STT dose
not increase monotonously with the bias, which implies that
in order to get the same amount of the STT, different biases
are needed, and this causes steps in M −eVc�Ic� curves. Since
the oscillations are various for different thicknesses of
middle FM, the positions of steps appear at different places.
Because of I0=

e�0

� , the order of the critical current may be
estimated from our calculations to be about 105–106 A /cm2,
which is comparable to the results calculated for other
systems.42

Figure 7 shows the molecular-field dependence of the
critical voltage and critical current for different polarizations
P. We can see that with the increase in M, both Vc and Ic
increase with steplike features. Not only the thickness of the
middle FM but also the polarization P of the side FMs can
influence the steplike characters of the critical voltage and
current. The reason of the polarization P effecting on the
steplike characters of the critical voltage and current is that
the tunneling electrons with spin up and spin down have

FIG. 6. �Color online� The molecular-field dependence of �a�
critical voltage Vc and �b� critical current Ic for different Lm, where
P=0.7.
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opposite spin-transfer effects on the middle FM. Because the
electrons with different spins have different energy levels in
quantum wells of the middle FM, the bias dependence of the
STT induced by spin-up and spin-down electrons is different.
When the polarization P is changed, the tunneling rate of
spin-up and spin-down electrons is changed and so is the
bias dependence of the total STT. As discussed above, the
larger the polarization P, the larger the maximum of STT,
which suggests that for larger P, even a small amount of
tunneling electrons could generate the sufficient STT that
enables to reverse the magnetization, leading to the observa-
tion that the larger P, the lesser the critical voltage �current�
eVc �Ic� is needed. By using the data of Fig. 7, we can depict
the critical current versus the critical voltage, as shown in
Fig. 8. It is observed that the relationship between Ic and Vc
looks nearly linear in trend, and for different P, all curves of
Ic against Vc almost fall into the same curve, in particular, at
small Vc regions, which also reveals that the critical differ-
ential resistance remains almost constant with polarization P.

The relationships between the critical voltage, the critical
current, and the polarization P of the side FMs for different
M are also considered. The results are shown in Fig. 9. It is
easy to see that the larger the polarization is, the smaller the
critical voltage �current� is needed. However, the relationship
between the critical voltage �current� and the polarization is

not a simple linearity either; the steps are observed for dif-
ferent M that result from the resonant tunneling through
quantum wells owing to the finite thickness of the middle
FM. It is nontrivial to note that when the magnetization ex-
ceeds a certain value, some curves are ended. This is because
the larger M, the larger critical STT is needed. However, for
a smaller P, a smaller STT is obtained. So in some regions,
the critical voltage and current cannot be procured by our
self-consistent calculations.

V. SUMMARY

By means of the Keldysh nonequilibrium Green’s-
function method and invoking the generalized LLG equation
with inclusion of the STT, we have systematically investi-
gated the spin-transfer effect as well as the critical current for
magnetization reversal in the FM-FM-FM DBMTJ system.
The angular dependence of the TMR, the spin-transfer
torques 	� and 	� / I for different molecular fields M of the
middle FM, and the polarization P of the side FMs have been
calculated. We have found that, in absence of spin-flip scat-
terings, the TMR increases dramatically with the increase in
the molecular field of the middle FM, and the larger the
molecular field, the greater the TMR. The angular depen-
dence of the STT shows a shape similar to a sine curve. It is
also observed that the larger the polarization of the side FMs,
the greater the TMR and STT. In presence of the spin-flip
scatterings, the angular dependence of the electrical current
shows a cosinelike character, while the STT reveals a sine-
like behavior. The spin-flip scatterings lead to an imperfect
spin-valve effect. The STT is found to oscillate with the bias
voltage for finite thickness of the middle FM, while the elec-
trical current as a function of the bias is almost linear with
slight oscillations. These oscillations may origin from the
resonant tunneling from the quantum well states in the
middle FM.

By applying the generalized LLG equation in presence of
the STT, we have studied the critical current for magnetiza-
tion reversal in the FM-FM-FM DBMTJ. It is uncovered that

FIG. 7. �Color online� The molecular-field dependence of �a�
critical voltage Vc and �b� critical current Ic for different P.

FIG. 8. �Color online� The critical current Ic versus critical volt-
age Vc for different P.

FIG. 9. �Color online� The polarization dependence of �a� criti-
cal voltage Vc and �b� the critical current Ic for different M.
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the molecular-field dependence of the critical voltage and
electrical current shows steplike behaviors for finite thick-
nesses of the middle FM. With increasing the molecular field
of the middle FM, both the critical voltage and electrical
current increase with steps. The order of magnitude of the
critical current is estimated to be about 105−106 A /cm2 in
the system under interest, which is comparable with the pre-
vious results. The molecular-field dependence of the critical
voltage and current shows a steplike increasing behavior
with increasing M and, for a given molecular field of the
middle FM, the larger the polarization P of the side FMs, the
smaller the critical voltage and current. It has been unveiled
that the relationship between Vc and Ic exhibits approxi-
mately a linear behavior, which is almost independent of
polarization P of the side FMs. The polarization dependence
of the critical current and voltage also shows a steplike de-
creasing behavior at a given M. These steplike behaviors of
Vc and Ic are closely related to the fact that with increasing
the bias voltage, the STT increases with oscillations, which

may be originated from the resonant tunneling between the
quantum well states in the middle FM. Finally, we would like
to remark that since the FM-FM-FM DBMTJ can be an im-
portant element for MRAM as well as spin transistors, our
above-obtained results could provide useful information and
guidance for choosing appropriate magnetic materials to fab-
ricate the relevant spintronic devices.
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