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The possibility of oscillations of the tunnel conductance and magnetoresistance induced by spin wave
excitations in a ferromagnet-ferromagnet-ferromagnet double-barrier tunnel junction, when the magnetizations
of the two side ferromagnets are aligned antiparallel to that of the middle ferromagnet, is investigated in a
self-consistent manner by means of Keldysh nonequilibrium Green’s function method. It has been found that
owing to the s-d exchange interactions between conduction electrons and the spin density induced by spin
accumulation in the middle ferromagnet, the differential conductance and the tunnel magnetoresistance indeed
oscillate with the increase of bias voltage, being qualitatively consistent with the phenomenon that is observed
recently in experiments. The effects of magnon modes, the energy levels of electrons, as well as the molecular
field in the central ferromagnet on the oscillatory transport property of the system are also discussed.
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I. INTRODUCTION

In past decades, the spin-dependent transport properties in
magnetic tunnel junctions �MTJs� have been extensively in-
vestigated both experimentally and theoretically, where a
great progress has been made �see, e.g., Refs. 1–5 for re-
views�. It has been unveiled that owing to the conduction
electron scatterings, the tunnel current through the MTJ is
modulated by the relative orientation of magnetizations, giv-
ing rise to the so-called tunnel magnetoresistance �TMR� ef-
fect. As the quality of tunnel junctions is being improved, a
large TMR, which is expected by practical applications, has
been achieved in several systems. On the other hand, a re-
verse effect of TMR, coined as the spin transfer effect,6,7 has
also been proposed, which predicts that the orientation of
magnetization of free ferromagnetic layer can be switched by
passing a spin-polarized electrical current, and spin waves
could also be excited. This latter effect has been confirmed
experimentally in a number of systems.

Although single-barrier MTJs already show abundant
characteristics concerning the spin-dependent electrical
transport, a double-barrier magnetic tunnel junction �DB-
MTJ�, in which the formation of quantum well states and the
resonant tunneling phenomenon are theoretically anticipated,
has also attracted much attention in recent years.8–27 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.

Recently, an unusual magnetotransport phenomenon in
the ferromagnet-ferromagnet-ferromagnet �FM-FM-FM�
DBMTJs was reported by Zeng et al.27 They observed that,
when the magnetization of center �free� magnetic layer was
antiparallel �AP� to the magnetization of the two outer
�pinned� magnetic layers, the conductance and TMR oscillate
distinctly with the applied bias voltage, while for the parallel
�P� situation, no such oscillation was seen. Unlike the previ-
ous oscillatory tunnel magnetoresistance, the authors of Ref.
27 believe that this unusual phenomenon can neither be ex-

plained by Coulomb blockade effect, since the middle FM
layer is continuous, the charge effect should be equal in P
and AP configurations, and the charging energy is negligibly
small, nor be attributed to the resonant tunneling, because the
observed period of oscillation is too small to account for the
energy level spacing of the quantum well states. Considering
that the conductance oscillation is asymmetrical for P and AP
configurations, and the energy level of the unusual phenom-
enon is the same as the typical energy of a magnon, they
speculated that the unusual oscillation behavior could be in-
duced by the magnon-assisted tunneling.27 This is because in
the AP state, the nonequilibrium spin density, which is pro-
portional to the applied bias, could be accumulated near the
interfaces in the middle region to emit spin waves, and the
magnon-assisted tunneling would contribute to the conduc-
tance, while in the P state, the spin-wave emission is forbid-
den due to the spin angular momentum conservation, as dis-
cussed previously.28

As there is no previous theoretical study devoting to the
investigation on the possible oscillations induced by spin-
wave excitations, in this paper, by using the nonequilibrium
Green’s function method, we shall examine theoretically the
above-mentioned idea by studying the possibility of magnon-
assisted tunneling in the FM-FM-FM DBMTJ and explore
whether the magnon-assisted tunneling could really cause the
oscillations of the differential conductance and TMR with
the applied bias voltage.

The rest of this paper is organized as follows. In Sec. II, a
model is proposed. The tunnel current and relevant Green’s
functions are obtained in terms of the nonequilibrium
Green’s function technique in Sec. III. In Sec. IV, the trans-
port properties of the system are numerically investigated,
and some discussions are presented. Finally, a brief summary
is given in Sec. V.

II. MODEL

Let us consider a FM-FM-FM DBMTJ with three FM
layers separated by two thin insulating films. Suppose that
the left �L� and right �R� FM electrodes with magnetizations
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aligned parallel are applied by bias voltages −V /2 and V /2,
respectively. The magnetization of the middle FM layer is
presumed to be antiparallel to those of the L and R electrodes
so that spin waves can be emitted in the middle FM layer
because of spin accumulation. The schematic layout of this
system is depicted in the inset of Fig. 1�a�. Following Ref.
28, the Hamiltonian of the system reads

H = HL + HR + HC + HLC + HCR, �1�

with

H� = �
k��

�k��ak��
† ak�� �� = L,R� , �2�

HC = �
k�

�k�ck�
† ck� + �

q

��qbq
†bq, �3�

HLC = �
kLk�

TkLk
d �akL�

† ck� + H.c.� +
1

�N
�
kLkq

TkLkq
J S�q��akL↑

† ck↑

− akL↓
† ck↓ + ck↑

† akL↑ − ck↓
† akL↓�

+
1

�N
�
kLkq

TkLkq
J �2S�akL↑

† ck↓bq
† + ck↑

† akL↓bq
† + akL↓

† ck↑bq

+ ck↓
† akL↑bq� , �4�

HCR = �
kRk�

TkRk
d �akR�

† ck� + H.c.� +
1

�N
�
kRkq

TkRkq
J S�q��akR↑

† ck↑

− akR↓
† ck↓ + ck↑

† akR↑ − ck↓
† akR↓�

+
1

�N
�
kRkq

TkRkq
J �2S�akR↑

† ck↓bq
† + ck↑

† akR↓bq
† + akR↓

† ck↑bq

+ ck↓
† akR↑bq� , �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�, with
�k�

the single-electron energy and M� the molecular field in
the � electrode; �k�=�k−�M, with �k the single-electron en-
ergy and M the molecular field in the middle FM layer; bq is
the annihilation operator of magnon with momentum q in the
middle region; ��q is the magnon energy; N=�q�nq

s�, with
nq

s =bq
+bq is the number of magnons; S�q�=S−nq

s , where S
=1/2 is the spin of electron, Tk�k

d are tunneling matrix ele-
ments of electrons between the � electrode and middle FM
layer; and Tk�kq

J are coupling matrix elements between the
electrons in � electrode and magnons in the middle FM re-
gion.

It is worth noting that HLC �HCR� describes the coupling
between electrons in the L �R� electrode and electrons as
well as magnons in the central FM region, where the terms
containing Tk�kq

J in Eqs. �4� and �5� are due to the s-d ex-
change interactions, as discussed in Ref. 28. Without loss of
generality, we further assume TkLkq

J =�TkLk
d , with � a constant

in the following discussions.

III. TUNNEL CURRENT AND GREEN’S FUNCTIONS

A. Tunnel current

The tunnel current is defined as

I = IL↑ + IL↓
, �6�

where IL�= �e / i���H ,NL��, with NL�=�kL
akL�

+ akL�. In terms
of Eq. �1� and from the definition of IL�, we obtain

IL↑�t� =
2e

�
Re	�

kLk

TkLk
d Gk↑kL↑

� �t,t� +
1

�N
�
kLkq

TkLkq
J �S

− �nq
s��Gk↑kL↑

� �t,t� +�2S

N
�
kLkq

TkLkq
J Gk↓kL↑

q� �t,t�
 ,

IL↓
�t� =

2e

�
Re	�

kLk

TkLk
d Gk↓kL↓

� �t,t� −
1

�N
�
kLkq

TkLkq
J �S

− �nq
s��Gk↓kL↓

� �t,t� +�2S

N
�
kLkq

TkLkq
J Gk↑kL↓

q� �t,t�
 ,

where G� and Gq� are lesser Green’s functions defined as

Gk�kL�
� �t,t�� = i�akL�

† �t��ck��t�� , �7�

Gk↓kL↑
q� �t,t�� = i�akL↑

† �t��bq
†�t��ck↓�t�� , �8�

FIG. 1. �Color online� Bias dependence of �a� the tunnel current
I, �b� the differential conductance G, and �c� TMR for the different
�, where ��q=0.5	0, �↑=3.0	0, and �↓=2.0	0.
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Gk↑kL↓
q� �t,t�� = i�akL↓

† �t��bq�t��ck↑�t�� . �9�

It should be remarked that in the above derivations, we have
made the decoupling approximations for the terms contain-
ing nq

s to simplify the calculations, say, the use of
�ak��

+ �t��bq
+�t��bq�t��ck��t����nq

s��ak��
+ �t��ck��t�� has been

made.
From these above equations, one may see that to get the

tunnel electrical current, the lesser Green’s functions must be
obtained. In the following, we shall employ Keldysh’s non-
equilibrium Green’s function method �e.g., Ref. 29� to get all
self-consistent equations to determine the lesser Green’s
functions. As the lesser Green’s function is closely related to
the retarded and advanced Green’s functions according to
Keldysh formalism, the relevant retarded and advanced
Green’s functions of electrons and magnons should be first
calculated.

Accordingly, the differential tunnel conductance �G� is
obtained by G�V�=dI�V� /dV, and the TMR can be calculated
by TMR= �1−G↑↓ /G↑↑�, where G↑↓ �G↑↑� is the differential
conductance when the magnetizations of the middle FM and
the side FM are aligned antiparallel �parallel�.

B. Green’s functions of electrons

Let us define the useful retarded Green’s functions for
electrons as

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

† �t��� , �10�

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

† �t��� , �11�

Gk↑k�↓
r�q� �t,t�� = − i
�t − t����ck↑�t�,ak�↓

† �t��bq�t��� , �12�

Gk↑k�↓
r�q� �t,t�� = − i
�t − t����ck↑�t�,ck�↓

† �t��bq�t��� , �13�

Gk↓k�↑
r�q� �t,t�� = − i
�t − t����ck↓�t�,ak�↑

† �t��bq
†�t��� , �14�

Gk↓k�↑
r�q� �t,t�� = − i
�t − t����ck↓�t�,ck�↑

† �t��bq
†�t��� . �15�

To get these Green’s functions, we shall invoke the
method of equations of motion, which would lead to a chain
of complicated unclosed coupled equations. In order to ob-
tain useful solutions, we have to adopt the cutoff approxima-
tions to make the chain-coupled equations close. In the sub-
sequent calculations, we will decouple the five-operator
Green’s functions into three-operator ones, and the
four-operator Green’s functions to two-operator ones,
for instance, the approximations such as −i
�t− t��
��ck↑�t�ck�↓

+ �t��ak�↓
+ �t��ak�↓�t��bq�t��� � �nk��� G

k↑k�↓
r�q� �t− t��

and −i
�t− t���ck��t�ck��
+ �t��bq

+�t��bq�t�����nq
s�Gk�k��

r �t− t��
will be used. Therefore, by using the equations of motion
twice for each of Green’s functions, and taking the above
decoupling approximations into account, after a tedious cal-
culation, we arrive at the following equations:

�� − �k�↑�Gk↑k�↑
r ��� = 	Td +

TJ

�N
�

q

�S − �nq
s��
�

k�

Gk↑k�↑
r ��� +�2S

N
TJ�

k�q

Gk↑k�↓
r�q� ��� ,

�� − �k�↑�Gk↑k�↑
r ��� = 	Td +

TJ

�N
�

q

�S − �nq
s��
�

�
�
k�

Gk↑k�↑
r ��� +�2S

N
TJ�

�
�
k�q

Gk↑k�↓
r�q� ��� ,

�� − �k�↓ + ��q�Gk↑k�↓
r�q� ��� = 	Td −

TJ

�N
�
q�

�S − �nq�
s �� +

TJ

�N
�nk�↓�
�

k�

Gk↑k�↓
r�q� ��� +�2S

N
TJ��nq

s� + �nk�↓���
k�

Gk↑k�↑
r ��� ,

�� − �k�↓ + ��q�Gk↑k�↓
r�q� ��� = �Td −

TJ

�N	�q� �S − �nq�
s �� − �

k�

�ck�↓
+ ck�↓�
��

�
�
k�

Gk↑k�↓
r�q� ��� +�2S

N
TJ��nq

s�

+ �
k�

�ck�↓
+ ck�↓���

�
�
k�

Gk↑k�↑
r ��� ,

�� − �k�↓�Gk↓k�↓
r ��� = 	Td −

TJ

�N
�

q

�S − �nq
s��
�

k�

Gk↓k�↓
r ��� +�2S

N
TJ�

k�q

Gk↓k�↑
r�q� ��� ,

�� − �k�↓�Gk↓k�↓
r ��� = 	Td −

TJ

�N
�

q

�S − �nq
s��
�

�
�
k�

Gk↓k�↓
r ��� +�2S

N
TJ�

�
�
k�q

Gk↓k�↑
r�q� ��� ,

�� − �k�↑ − ��q�Gk↓k�↑
r�q� ��� = 	Td +

TJ

�N
�
q�

�S − �nq�
s �� +

TJ

�N
�nk�↑�
�

k�

Gk↓k�↑
r�q� ��� +�2S

N
TJ��nq

s� + 1 − �nk�↑���
k�

Gk↓k�↓
r ��� ,
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�� − �k�↑ − ��q�Gk↓k�↑
r ��� = �Td +

TJ

�N	�q� �S − �nq�
s �� + �

k�

�ck�↑
+ ck�↑�
��

�
�
k�

Gk↓k�↑
r�q� ��� +�2S

N
TJ��nq

s� + 1

− �
k�

�ck�↑
+ ck�↑���

�
�
k�

Gk↑k�↑
r ��� ,

where we have presumed, for simplicity, the coupling matrix
elements TkLk

d and TkLkq
J independent of momentum by con-

sidering that only those electrons near the Fermi surface par-
ticipate in the transport process, and nk��=ak��

+ ak��.
From these equations, the required Green’s functions can

be obtained self-consistently. On the other hand, the lesser
self-energy �� can be approximated by Ng’s ansatz:30

��=�0
���0

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

and �0
r and �0

� are given by the following
equations:

��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↑f�� −
eV

2
� + i	R↑f�� +

eV

2
� 0

0 i	L↓f�� −
eV

2
� + i	R↓f�� +

eV

2
� � , �16�

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

���k���TkLk
d �2, with ���k�� the density of states of

electrons with momentum k� and spin � in the �th FM elec-
trode, and f��� is the Fermi distribution function. By means
of G�=Gr��Ga, the lesser Green’s functions can be pro-
cured.

C. Green’s functions of magnons

As the number of magnons N enters into the formalism,
we need to obtain the Green’s functions of magnons to de-
termine N self-consistently. Define the retarded Green’s
function of magnons as

Gqq
r �t,t�� = − i
�t − t����bq�t�,bq

+�t���� . �17�

In terms of the equation of motion, we have

�� − ��q�Gqq
r ��� = 1 +�2S

N
�
�

�
k�k

Tk�kq
J �Gkq

r�1���� + Gkq
r�2�����

+
1

�N
�
�

�
k�k

Tk�kq
J �− Gkq

r�3���� + Gkq
r�5����

− Gkq
r�4���� + Gkq

r�6����� , �18�

where Gkq
r�i�����i=1, . . . ,5� are the Fourier transforms of the

Green’s functions defined below,

Gkq
r�1��t,t�� = − i
�t − t����bq�t�,ak�↓

+ �t��ck↑�t���� ,

Gkq
r�2��t,t�� = − i
�t − t����bq�t�,ck↓

+ �t��ak�↑�t���� ,

Gkq
r�3��t,t�� = − i
�t − t����bq�t�,bq

+�t��ak�↑
+ �t��ck↑�t���� ,

Gkq
r�4��t,t�� = − i
�t − t����bq�t�,bq

+�t��ck↑
+ �t��ak�↑�t���� ,

Gkq
r�5��t,t�� = − i
�t − t����bq�t�,bq

+�t��ak�↓
+ �t��ck↓�t���� ,

Gkq
r�6��t,t�� = − i
�t − t����bq�t�,bq

+�t��ck↓
+ �t��ak�↓�t���� .

By using repeatedly the equations of motion, and making the
cutoff approximations similar to those adopted in the calcu-
lation of electron Green’s functions, we obtain

Gkq
r�1���� = − TJ�2S

N

�nk�↓� − �
k�

�ck�↑
+ ck↑�

� − �k�↓ + �k↑
Gqq

r ��� , �19�
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Gkq
r�2���� = TJ�2S

N

�nk�↑� − �
k�

�ck↓
+ ck�↓�

� + �k�↑ − �k↓
Gqq

r ��� , �20�

Gkq
r�3���� = − � TJ

�N
�1 − �nk�↑���

k�

�ck�↑
+ ck↑� − 	Td +

TJ

�N
�
q�

�S − �nq�
s ��
��

k�

�ck�↑
+ ck↑� − �nk�↑��

� − ��q − �k�↑ + �k↑
�Gqq

r ��� , �21�

Gkq
r�4���� = − � TJ

�N�1 − �
k�

�ck↑
+ ck�↑���nk�↑� + 	Td +

TJ

�N
�
q�

�S − �nq�
s ��
��

k�

�ck↑
+ ck�↑� − �nk�↑��

� − ��q + �k�↑ − �k↑
�Gqq

r ��� , �22�

Gkq
r�5���� = � TJ

�N
�1 − �nk�↓���

k�

�ck�↓
+ ck↓� + 	Td −

TJ

�N
�
q�

�S − �nq�
s ��
��

k�

�ck�↓
+ ck↓� − �nk�↓��

� − ��q − �k�↓ + �k↓
�Gqq

r ��� , �23�

Gkq
r�6���� = � TJ

�N�1 − �
k�

�ck↓
+ ck�↓���nk�↓� − 	Td −

TJ

�N
�
q�

�S − �nq�
s ��
��

k�

�ck↓
+ ck�↓� − �nk�↓��

� − ��q + �k�↓ − �k↓
�Gqq

r ��� . �24�

The number of magnons can thus be obtained by the spectral
theorem,

N = �
q

�nq
s� = �

q

Im � d�

2
Gqq

� ���

= �
q
� d�

2
fs����Gqq

r ��� − Gqq
a ���� , �25�

where fs��� is the Bose distribution function.
To get the physical quantities of interest, all of the above

equations should be numerically solved in a self-consistent
manner.

IV. RESULTS AND DISCUSSIONS

To proceed to the numerical calculations, we need to
make some assumptions. Since the number of the above self-
consistent equations nonlinearly increases with increasing
the number of wave vectors of electrons and the number of
spin-wave modes in the middle FM region, which makes the
calculations too complicated to perform, for the sake of sim-
plicity but without losing generality, we shall only consider
the situations where both the numbers of k and q taken in the
following calculations are not so large that the numerical
calculations can be readily proceeded. This is plausible, be-
cause the magnon-assisted transport property mainly de-
pends on the low-lying quantum well states of electrons in
the middle FM, and only the lower modes of spin waves are
easy to emit,6 leading to small energy levels of magnons.27

Besides, considering that only those electrons near the Fermi
surface participate in the tunneling process, we may take
�k���kF

−�M, denoted by �↑ and �↓ for spin up and down
electrons, respectively. In addition, we suppose that the two
side FM electrodes are made of the same materials, i.e.,
ML=MR and 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.31 In the following, we

will take P=0.7 and kBT=0.04	0. I0=
e	0

� and G0= e2

� will be
taken as scales for the tunnel current and the differential
conductance, respectively.

A. Effect of magnon-assisted tunneling

In order to study whether the quantum oscillations of the
conductance and TMR observed in the FM-FM-FM tunnel
junction are induced by spin-wave excitations owing to spin
accumulation, let us first examine the bias dependence of the
transport properties by considering the effect of magnon-
assisted tunneling in the AP state.

For given energy levels of the electrons and magnons in
the middle FM region, the bias dependent tunnel current
�I / I0�, the differential conductance �G /G0�, and TMR for
different ��=TJ /Td� are shown in Fig. 1. It is observed that
the tunnel current increases nonlinearly with increasing the
bias voltage. The twisted behavior of I / I0 for ��0, pre-
sented in Fig. 1�a�, comes from the magnon-assisted tunnel-
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ing, as no such behaviors are found for �=0 in either AP or
P state. This can be clearly seen from the bias dependence of
the differential conductance, shown in Fig. 1�b�, where the
peaks and dips appear for appropriate �. Correspondingly,
the TMR shows oscillating behavior with increasing the bias
voltage, as demonstrated in Fig. 1�c�. This observation mani-
fests that the quantum oscillations of the conductance and
TMR in the FM-FM-FM tunnel junction can be caused by
spin-wave excitations, because when we turn off the effect of
spin-wave excitations, the oscillating behaviors of G and
TMR disappear. Note that the peak in G /G0 and one dip and
one peak in TMR are from the quantum resonant tunneling
of electrons. A larger TMR can be obtained for large �, and
due to the s-d exchange interactions that could lead to spin-
flip scatterings, the TMR can be negative, as presented in
Fig. 1�c�.

It should be remarked that the above oscillating behaviors
of G and TMR appear only when � is in a suitable range, say,
when � is too small, no oscillations can be observed, and
when � is too large, the self-consistent equations have no
solutions.

The reason for the appearance of oscillations is that, when
the applied bias voltage exceeds a certain value, the nonequi-
librium spin density can be accumulated in the middle FM
region, and spin waves can be excited. When polarized elec-
trons from the left FM layer tunnel into the central FM layer,
they are subject to scatterings from not only the polarized
electrons in the central region but also the spin waves from
the accumulation owing to s-d exchange interactions. It is
possible that the electrons may turn their spin directions by
emission and absorption of magnons, leading to that the tun-
nel conductance and TMR oscillate under a combination of
effects of magnon-assisted tunneling as well as quantum
resonant tunneling23 through the quantum well states in the
central FM region.

Apparently, the polarized electrical current can excite
magnons, while these magnons participate in the tunneling
process and, in turn, influence the tunnel current. The num-
ber of magnons must be estimated self-consistently. As an
example, in Fig. 2, the bias dependence of the number of
magnons N for some parameters is presented. We may see
that the number of magnons oscillates with the bias voltage,
which could be the main reason for the oscillatory transport
property of the system.

B. Effect of magnon modes

There are a number of factors including magnon energy
��q that can affect the transport behavior of the FM-FM-FM
tunnel junction. The bias dependence of the current, the dif-
ferent conductances, and the TMR for different magnon en-
ergies is shown in Fig. 3. It can be found that with increasing
��q, apart from some quantitative changes of peak positions
and amplitudes, there are not much qualitative changes of the
current, conductance, and TMR. Therefore, for a given mag-
non mode, the magnon energy does not affect qualitatively
the transport oscillating behavior of the system. It is noted
that while some positions of the peaks and dips of G and
TMR are influenced by the magnon energy, the others are
not. This observation indicates that the magnon energy is
only one of the factors determining the positions and ampli-
tudes of the peaks.

For the sake of simplicity, in the aforementioned analysis,
we have adopted a single spin-wave mode. Are the transport
properties of the system much affected qualitatively when we
take more spin-wave modes into account? The answer is pre-
sented in Fig. 4, where we have taken two and three spin-
wave modes to get the tunnel current, differential conduc-

FIG. 2. �Color online� Bias dependence of the number of mag-
nons N in the AP state.

FIG. 3. �Color online� Bias dependence of �a� the tunnel current
I, �b� the differential conductance G, and �c� TMR for the different
��q, where �=0.2, �↑=3.0	0, and �↓=2.0	0.
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tance, and TMR. For a comparison, we have also included
the case with single mode. One may see that at low biases,
the magnon modes do not have so much effect on the behav-
iors of I / I0, G /G0, and TMR, but at higher voltages, the
magnitudes of the current, differential conductance, as well
as TMR change somewhat remarkably. This is because at
low biases, the spin accumulation effect is small, and the
interaction between tunneling electrons and spin-wave
modes is weak, leading to the transport properties less influ-
enced; at large biases, the spin accumulation effect becomes
more pronounced, and the interactions between electrons and
magnons are strong. Thus, the transport behaviors of the sys-
tem are altered quantitatively. Note that the round peaks and
dips in the curves of the tunnel current shown in Fig. 4 may
come from combinations of the magnon-assisted tunneling as
well as the quantum resonant tunneling.

C. Effect of electron level in the middle ferromagnet layer

The bias dependence of the current, the differential con-
ductance, and the TMR for different energy levels ��kF

���
of the electrons in the middle FM region is given in Fig. 5. It
can be observed that with lifting the energy levels of elec-
trons in the central FM layer, the peak and dip positions of

I / I0, G /G0, and TMR change dramatically with increasing
the bias voltage, while the shapes of the curves remain quite
similar for different energy levels of electrons in the central
region. This signifies that the energy levels of electrons in the
middle FM region do not affect the oscillating behavior itself
of the transport properties but affect the positions of oscillat-
ing peaks and dips. This is understandable, because the trans-
port behaviors of electrons are mainly determined by the
scatterings from polarized electrons and magnons to which
the electrons are subjected; when the energy levels of elec-
trons in the middle region are promoted, the resonant ener-
gies in magnon-assisted and quantum resonant tunneling pro-
cesses become different, resulting in the behaviors shown in
Fig. 5.

D. Effect of molecular field in the middle ferromagnet layer

The molecular fields of the middle FM layer could also
have effect on the transport properties of the system. The
bias dependence of the current, differential conductance, and
TMR for different molecular fields of the central FM region
is shown in Fig. 6. It is seen that as the molecular field
increases, the magnitude of the tunnel current becomes
smaller, and the oscillations of the differential conductance
as well as TMR become more apparent, where not only the
number but also the positions of the oscillating peaks change
with increasing the molecular fields. This fact suggests that
the level spacing between the majority and minority sub-

Γ

Γ Γ

Γ Γ

Γ

Γ

FIG. 4. �Color online� Bias dependence of �a� the tunnel current
I, �b� the differential conductance G, and �c� TMR for different
spin-wave modes, where �=0.2, �↑=3.0	0, and �↓=2.0	0.

FIG. 5. �Color online� Bias dependence of �a� the tunnel current
I, �b� the differential conductance G, and �c� TMR in the AP state
for different energy levels of electrons in the middle FM region,
where �=0.2, ��q=0.5	0, and M =1.0	0.
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bands of electrons in the central region plays an important
role in the oscillating behaviors of the differential conduc-
tance and TMR in the present system.

V. SUMMARY

In summary, we have probed the possibility of oscillations
of the differential conductance and TMR in the FM-FM-FM
tunnel junction in the AP state. By self-consistently taking
the s-d exchange interactions between conduction electrons

and the nonequilibrium spin density induced by spin accu-
mulation in the middle FM layer into account, we have found
that the differential conductance and TMR indeed oscillate
with increasing the bias voltage, thereby theoretically con-
firming qualitatively the inferred and experimental results
presented in Ref. 27, in spite of somewhat quantitative de-
viations. When we turn off the s-d exchange interactions,
i.e., taking �=0, no oscillations of the conductance and TMR
were observed, showing that the oscillations are indeed
caused by the spin-wave excitations induced by spin accu-
mulations. In the P state, owing to the absence of spin
accumulation,21,22 no oscillations of the conductance and
TMR with the bias can be found. It has also been unveiled
that the average number of magnons oscillates with the bias,
which could be the main reason for the oscillation of the
conductance and TMR of the system. The higher the magnon
energy is, the more obvious the oscillation that can be ob-
served. We have further investigated the effects of the mag-
non modes, the energy levels of electrons, as well as the
molecular field in the middle FM region on the transport and
found that in spite of changes of the positions and amplitudes
of the oscillating peaks and dips, the oscillatory behavior of
the transport properties is not qualitatively affected. We an-
ticipate that our findings could offer clues for a better under-
standing of the experimental observation presented in Ref.
27.

Finally, we would like to remark that our preceding dis-
cussions could be applicable to the system with a magnetic
quantum dot coupled to two ferromagnetic electrodes, where
the oscillatory behavior of the transport properties with the
bias would be expected if the spin accumulation effect is not
neglected. The work toward this direction is under progress.
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