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Spin-polarized transport through a marginal Fermi liquidsMFLd which is connected to two noncollinear
ferromagnets via tunnel junctions is discussed in terms of the nonequilibrium Green function approach. It is
found that the current-voltage characteristics deviate obviously from the ohmic behavior, and the tunnel current
increases slightly with temperature, in contrast to those of the system with a Fermi liquid. The tunnel magne-
toresistancesTMRd is observed to decay exponentially with increasing bias voltage, and to decrease slowly
with increasing temperature. With increasing coupling constant of the MFL, the current is shown to increase
linearly, while the TMR is found to decay slowly. The spin-valve effect is observed.
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Spin-polarized transport in magnetic hybrid nanostruc-
tures has been an active subject under investigation in the
last decades, which is mainly motivated by potential appli-
cations in information technology. A new field coined as
spintronics is thus emergingsfor review, see, e.g., Refs. 1–5d.
The well-known character in spintronics is that the current
flowing through the structures depends sensitively on the
relative orientation of the magnetization directions due to the
spin-dependent scattering of conduction electrons. Among
others, the magnetic tunnel junctionsMTJd is an important
family of spintronic devices.6,7 For these structures, Jullière8

was the first to observe the tunnel magnetoresistancesTMRd
of 14% in Fe-Ge-Co junctions at 4.2 K. In 1995, Moodera
et al.9 made a breakthrough by observing reproductively a
large TMR as high as 24% at 4.2 K and 11% at 295 K.
Recently, clear spin-valve signals at 4.2 K as well as at room
temperature have been observed in ferromagnet–normal
metal–ferromagnetsFM-N-FMd all-metal structures.10 Ear-
lier theories on the spin-dependent transport in FM-N-FM
junctions11 are based on the Fermi liquid theory, where inter-
actions between electrons in the normal metal are treated on
a mean-field level. There has been recent studies on the spin
transport in FM–Luttinger liquid–FM tunnel junctions where
the interactions between electrons are taken into account and
applied directly to carbon nanotubes,12,13but they are prima-
rily aimed at one-dimensional interacting quantum wires.
Besides, spin-polarized transport through an interacting
quantum dot that is described by the Anderson model has
also gained much attention.14 On the other hand, there appear
intriguing experimental and theoretical works on the spin-
polarized transport in FM–high Tc superconductor tunnel
junctions recentlyse.g., Ref. 15d. It is thought that the
anomalous normal state properties of high Tc cuprates in the
optimally doped regime can be well described by the mar-
ginal Fermi liquidsMFLd,16 where the interactions between
electrons in the cuprates are phenomenologically included in
a one-particle self-energy due to exchange of charge and spin
fluctuations. Therefore, the study on the spin-dependent
transport in FM-MFL-FM tunnel junctions would be inter-
esting, as it would be useful for understanding the transport
properties of FM–high Tc cuprate junctions in the normal
state.

In this paper, by using Keldysh’s nonequilibrium Green

function formalism, the spin-dependent transport in FM-
MFL-FM tunnel junctions is investigated. It is observed that
the current-voltage characteristics in this spintronic structure
show non-ohmic behaviors, and the tunnel current increases
slowly with temperature, which are in contrast to those of the
structure with a Fermi liquid, showing that the interactions
between electrons in the normal metal have remarkable ef-
fects on the transport properties. The TMR is found to decay
exponentially with increasing magnitude of bias voltage and
to decrease slowly with increasing temperature. With in-
creasing coupling constantl of the MFL, the current is
shown to increase linearly, while the TMR is seen to decay
slowly, implying that the interactions of electrons tend to
suppress the TMR. In addition, the spin-valve effect is ob-
served.

Let us consider a MTJ in which the two FM electrodes,
connected with the bias voltageV/2 and −V/2, respectively,
are separated by a normal metal which is described by the
MFL, as schematically depicted in Fig. 1. The molecular
field hL in the left sLd FM is assumed to be parallel to thez
axis, while the molecular fieldhR in the right sRd FM is
parallel to thez8 axis which deviates thez axis by a relative
angleu. Tkaq sa=L ,Rd stand for the elements of the tunnel-
ing matrix between thea electrode and the central region.
The tunnel current flows along thex axis and perpendicular
to the junction plane. In the central region, the interactions
between conduction electrons are supposed to be described
phenomenologically by a retarded one-particle self-energy
due to the exchange of charge and spin fluctuations:16

FIG. 1. sColor onlined Schematic illustration of the double
tunnel junction consisting of two ferromagnetssFMd and a
marginal Fermi liquidsMFLd separated by insulating films, where
Tkaq sa=L ,Rd stand for the elements of coupling matrix between
the a electrode and the central region, and both magnetizations are
aligned by a relative angleu.
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where x=maxsu«u ,kBTd, Ec is a cut-off energy, andl is a
coupling constant. Whenl=0, the MFL junction recovers
the conventional Fermi liquid. For simplicity, the spin-orbital
coupling in the MFL will be ignored. It is worthy of note that
the exact Hamiltonian of the MFL is not yet available. How-
ever, since the single-particle Green function is explicitly
written down, the concrete form of the microscopic Hamil-
tonian is irrelevant. In the calculations, we just need to adopt
a formal Hamiltonian such as a Fermi liquid with the elec-
tron operators understood as those of quasiparticles. Because
the final results are all expressed by Green functions, we
only need to use the MFL Green functions to replace the
quasiparticle Green functions.

By means of the nonequilibrium Green function, the tun-
nel current through the left electrode can be obtained by

ILsVd = ekṄLl = −
2e

"
Reo

kqs

TkLqGqsLks
, st,td, s2d

where NL is the occupation number of electrons in the
left electrode,Gqs8Lks

, st ,t8d= ikaks
† st8dcqs8stdl is the lesser

Green function,aks and cks are annihilation operators of
electrons with momentumk and spins s=±1d in the left and
central region, respectively. In order to get the lesser Green
function, we define a time-ordered Green function
Gqs8Lks

t st ,t8d=−ikThaks
† st8dcqs8stdjl. In terms of the equation

of motion, we have

Gqs8Lks
t st − t8d = o

q8
E Gqs8q8s

t st − t1dTkLqgkLs
t st1 − t8ddt1,

wheregkLs
t std=si"s] /]td−«kLsd−1 with «kLs=«Lskd−seV/2d

−sML, «Lskd is the single-particle dispersion in the left elec-
trode andML=gmBhL /2 sg, Landé factor;mB, Bohr magne-
tond, andGqs8q8s

t st− t8d is the time-ordered Green function in
the central region. By applying Langrenth theorem17 and
Fourier transform, one may obtain formally

Gqs8Lks
, s«d = o

q8

TkLq8fGqs8q8s
r s«dgkLs

, s«d

+ Gqs8q8s
, s«dgkLs

a s«dg, s3d

where Gqs8q8s
r s«d is the Fourier transform of the retarded

Green function of electrons in the MFL of the central region
and Gqs8q8s

, s«d is the corresponding lesser Green function,
and gkLs

, s«d and gkLs
a s«d are the lesser and advanced Green

functions for the uncoupled electrons in the left electrode. By
defining Gas«dq8sqs8=2pDs«dTkaqTkaq8dss8 with Ds«d the
density of statessDOSd in the a electrode and using the
Fourier transform, after a tedious but direct derivation, Eq.
s2d can be rewritten as

ILsVd = −
ie

"
E d«

2p
TrHGLS« +

eV

2
+ sMLD

3hfLs«dfGrs«d − Gas«dg + G,s«djJ , s4d

wherefas«d is the Fermi function of thea electrode and Tr is
the trace over the momentum and spin space. Note that in
Eq. s4d all Green functionsGr,a,,s«d are for electrons in the
MFL of the central region, whereGr,as«d are known with the
presumed self-energySs«d in the MFL fEq. s1dg, say,
Grs«d=f«−«k−S0

r −Ss«d+ ihg−1, whereS0
r , Ss«d denote the

coupling of MFL to the two ferromagnets and the retarded
self-energy of the MFL, respectively, whileG,s«d is un-
known and needs to be obtained.

To get the lesser Green functionG,s«d of the
central region, we invoke Ng’s ansatz:18 S,=S0

,B,
where S0

,s«d= iffLs«dGLs«+seV/2d+sMLd+ fRs«dRGRs«
−seV/2d+sMRdR†g, B=sS0

r −S0
ad−1sSr −Sad, S0

r s«d−S0
as«d=

−ifGLs«+seV/2d+sMLd+RGRs«−seV/2d+sMRdR†g, Srs«d
−Sas«d=S0

r s«d−S0
as«d− ilpx, with R= s cosu/2 −sin u/2

sinu/2 cosu/2
d the

rotation matrix, andMR=gmBhR/2. Under this presumption,
one may find eventually that Eq.s4d becomes

ILsVd =
e

"
E d«

2p
TrHsfR − fLdGLS« +

eV

2
+ sMLD

3 Grs«dRGRS« −
eV

2
+ sMRDR†BGas«dJ . s5d

The TMR ratio can be defined according to the current as
usual:19

TMR =
Isu = 0d − Isu = pd

Isu = 0d
. s6d

When the magnetizations of the two FMs are noncollinearly
arranged, the TMR ratio can be described by

TMRsud =
Is0d − Isud

Is0d
. s7d

Obviously, TMRspd=TMR, and TMRs0d=0.
In the following, for the sake of simplicity for numerical

calculations, and considering that the electrons near the
Fermi level in metals are dominant in the tunneling process,
we may supposeGas«dq8↑q↑=Ga↑, Gas«dq8↓q↓=Ga↓, and the
polarization Pa=sGa↑−Ga↓d / sGa↑+Ga↓d. If the two ferro-
magnets are made of the same materials, thenPL=PR=P,
GL↑=GR↑;G, GL↓=GR↓=s1−P/1+PdG. We will take
I0=eG /" andG0=e2/" as scales, respectively, for the tunnel
current and the differential conductance, and hereafter takeG
as an energy scale.20

The bias and temperature dependence of the tunnel cur-
rent in the parallel and antiparallel configurations of magne-
tizations are presented for different coupling constantl of
the MFL, as shown in Fig. 2. It is seen that whenl=0,
namely, the MFL recovers to the normal Fermi liquid in this
case, the tunnel current is proportional to the bias voltage at
small bias, suggesting that the system behaves as an ohmic
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law in this case, in agreement with the conventional result in
the Fermi liquid. With increasing coupling constantl, I –V
curves deviate obviously from linear relation, and non-ohmic
behaviors appear, i.e., the current increases quadratically
with the bias voltage. The larger the couplingl, the more
obvious the distinction from the ohmic behavior, as illus-
trated in Figs. 2sad–2sdd. This observation shows that the
interactions between electrons in the normal metal would
have a remarkable effect on the current-voltage characteris-
tics where the Ohm’s law no longer holds. An alternative
reason for the nonlinearity ofI –V characteristics may be that
the energy dependent self-energy of the MFL in the central
region leads to a renormalization of the density of states
which becomes energy dependent, thereby resulting in a non-
linear voltage dependence of the current. Whenl is small,
the tunnel current almost does not change with temperature;
while l becomes larger, the current increases slowly with
temperature, as shown in Figs. 2sed and 2sfd. This behavior
also differs from that in the usual Fermi liquid where the
current decreases slowly with increasing temperature, as
thermal fluctuations enhance scatterings of conduction elec-
trons and thereby contribute to the resistance of the system.
It is interesting to note that the typicalI –V characteristics of
Ni80Fe20/Co/Al-oxide junctionsFigure 3.10 in Ref. 21d are
very similar to the shapes of the curves shown in our Figs.
2sad–2sdd.

The differential conductance can be obtained by
G=dIsVd /dV. The results are shown in Figs. 3sad–3sdd.
As l=0, the conductance is independent of the bias voltage,
which is nothing but the Ohm’s law. Whenl is nonzero,
the differential conductance behaves asG=G0+G1V with
G0 and G1 being nonzero constants at low biases. The
non-ohmic behavior ofG comes from the interactions
between conduction electrons via the exchange of charge
and spin fluctuations in the central region. The differential
conductance is observed to increase slowly with increasing
temperature at largerl and almost does not change whenl

is smaller se.g., l=0.1d. This observation is manifested
in Figs. 2sed and 2sfd. We notice that the linear bias depen-
dence of the differential conductance in various junctions
with La1.85Sr0.15CuO4- In sRef. 22d and even YBCO
films23 have also been observed. It is worthy of note that
the differential conductance of a contact between an ordinary
metal and a MFL is shown to depend linearly on the applied
voltage,24 where due to the asymmetry of electrodes,
the conductance for positive and negative biases is asymmet-
ric. This result is compatible with our observation. The
origin of the linearity between the conductance and the
bias voltage could be explained by assuming charging
effects,25 the voltage-dependent tunneling penetration
probabilities,26 DOS effects,16,27 inelastic scattering,22 and
so on. Our present study might offer a different possibility,
namely, such a linearity betweenG and V could result
from strong interactions between conduction electrons via
exchanging the charge and spin fluctuations. The real part
of the self-energy gives the correction of the single-particle
energy, describing the elastic scattering of quasiparticles,
whereas the imaginary part determines the lifetime of
the quasiparticles, reflecting the inelastic scatterings.
Therefore, the linearity betweenG and V could also be
dominated by the inelastic scatterings between conduction
electrons.

The TMR ratio as a function of the bias and temperature
for different coupling constantl is shown in Figs. 4sad–4scd.
It is seen that the TMR decreases with increasing absolute
magnitude of the bias and is symmetric to the zero-bias axis.
The larger the coupling constantl, the more rapidly the
TMR decreases, as presented in Figs. 4sad and 4sbd. It sug-
gests that the strong interactions between conduction elec-
trons tend to suppress the TMR ratio, which is a disadvan-
tage for the application of the FM-MFL-FM tunnel junction
as a possible magnetic random access memorysMRAM d.
This property of the TMR has also been observed in various
junctionsssee Figure 3.7 in Ref. 21d. One may observe that
the TMR decreases slowly with increasing temperature, as
shown in Fig. 4scd.

The current and the TMR ratio as functions of the cou-

FIG. 2. sColor onlined Tunnel current as a function of the bias
voltage sad–sdd and of temperaturesed and sfd in parallel Is0d and
antiparallelIspd configurations of magnetizations for different cou-
pling parameterl=0,0.1,0.2,0.3,0.5,0.8, where the polarization
P=0.5.

FIG. 3. sColor onlined Differential conductance as a function of
bias voltage in parallelGs0d and antiparallelGspd configurations
for different coupling constantl=0.1,0.2,0.3,0.5,0.8 at tempera-
tureT=0 sad andsbd andT=0.2G /kB scd andsdd, where the param-
eters are taken the same as in Fig. 1.
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pling constantl in the MFL for different temperatures are
presented in Figs. 5sad–5sdd. It is found that the current de-
pends linearly on the coupling constantl in the parallel or
antiparallel alignment of magnetizations. This behavior is
also manifested in Figs. 2sad–2sdd. It can be understood that,
with the increase of the coupling constant, the single-particle
scattering rate which is proportional tol increases, leading
to the quantum well levels in the MFL that could be broad-
ened. Such a level broadening could make more electrons
tunnel through the barrier, thereby resulting in an increase of
the current withl, as observed in Figs. 5sad and 5sbd. In
either case,T=0 or T.0, Is0d is greater thanIspd, implying
a spin valve effectssee belowd. The TMR ratio is found to
decay with increasing coupling constantl, as shown in Figs.
5scd and 5sdd, suggesting that the interactions of electrons are

detrimental to the TMR effect. This may be because the in-
elastic scatterings of electrons via exchanging the charge and
spin fluctuations weaken the spin-dependent scattering of
electrons, leading to the TMR ratio that decreases with in-
creasingl.

The relative angleu dependences of the current as well as
the TMR ratio for different coupling constant are presented
in Figs. 6sad–6sdd. The current as a function ofu shows a

cosine-like shape,Gsud,G̃0+G̃1 cosu with G̃0, G̃1 con-
stants, i.e., it decreases with increasingu from zero top, as
illustrated in Figs. 6sad and 6sbd for T=0 and 0.2G /kB, re-
spectively. The TMR ratio as a function ofu shows a shape
similar to s1−cosud. These results display nothing but the
spin-valve effect. However, as discussed above, the coupling
constantl tends to suppress the TMR effect.

In summary, we have discussed the spin-dependent trans-
port in FM-MFL-FM tunnel junctions. It is found that the
current-voltage characteristics in this system deviate obvi-
ously from the ohmic behavior, and the tunnel current in-
creases slightly with temperature, which are in contrast to
those of the system with a Fermi liquid where the Ohm’s law
is satisfied. The TMR is observed to decay exponentially
with increasing bias voltage, but to decay slowly with in-
creasing temperature. These results are qualitatively consis-
tent with the experimental observations found in various
junctions, suggesting that the present study might offer a
possible different route to understand the unusual experimen-
tal results of theI –V andG–V characteristics. With increas-
ing coupling constant of the MFL, the current is shown to
increase linearly, while the TMR is seen to decay slowly. It
appears that the interactions between electrons in the central
normal metal via exchanging the charge and spin fluctuations
tend to suppress the TMR effect. In addition, the spin-valve
effect is also observed.

This work was supported in part by the National Science
Foundation of ChinasGrants Nos. 90403036, 20490210,
10247002d and by the Chinese Academy of Sciences.

FIG. 4. sColor onlined Tunnel magnetoresistance as a function
of the bias voltage as a function of bias voltage atT=0 sad and
T=0.2G /kB sbd and as a function of temperaturescd for different
coupling constantl=0.1,0.2,0.3,0.5,0.8 atV=5G /e, where the
parameters are taken the same as in Fig. 1.

FIG. 5. sColor onlined Tunnel current as a function of the cou-
pling constantl at T=0 sad andT=0.2G /kB sbd; tunnel magnetore-
sistance as a function of the coupling constantl at T=0 scd and
T=0.2G /kB sdd, whereV=5G /e and the other parameters are taken
the same as in Fig. 1.

FIG. 6. sColor onlined Tunnel current as a function of the rela-
tive orientation angleu at T=0 sad andT=0.2G /kB sbd; tunnel mag-
netoresistance as a function of the relative orientation angleu at
T=0 scd and T=0.2G /kB sdd, where the coupling constant
l=0,0.1,0.2,0.3,0.5,0.8,V=5G /e, and the other parameters are
taken the same as in Fig. 1.
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