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E!ect of magnetic impurities on TMR at "nite bias voltage
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Abstract

Transport phenomena through a ferromagnetic tunneling junction in the presence of magnetic impurities are
investigated at a "nite bias voltage. We have found that the feature of the reduction of the tunnel magnetoresistance
(TMR) with increasing bias voltage changes by the impurity e!ect. ( 1999 Elsevier Science B.V. All rights reserved.
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Spin-polarized transport phenomena in ferromagnetic
metal (FM)/insulator/FM tunnel junctions have attract-
ed current interest [1}4]. In recent years, the transport
phenomena in such systems are studied extensively, and
large magnetoresistance ratios have been reported for
Fe/Al

2
O

3
/Fe [3] and CoFe/Al

2
O

3
/Co [4]. Although

a great progress has been made in the experimental
study, there remain some unsolved problems about tun-
nel magnetoresistance (TMR), which are more or less
related to the randomness [5}7].

In this study, to examine these problems, we have used
a microscopic model which can be applicable to the
complex structure of the sample geometry under ,-
nite bias voltages. In spite of the importance of studying
transport under the ,nite bias voltages, theoretical ap-
proaches seem to be still in a developing stage because of
the di$culty in treating the non-equilibrium systems.
Previously, we presented the numerical method, which
can treat the non-linear response, using a recursive
Green-function method based on the Keldysh formalism
[8]. Using the method, in this study, we have performed
numerical calculations to investigate the current}voltage
(I}<) characteristics and TMR. We have also investi-
gated the e!ect of the randomness in the insulating layer
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on the current and TMR. We concentrate ourselves on
the zero-temperature case for simplicity throughout this
work.

We consider a metal/insulator/metal trilayer structure,
in which the parameter l is introduced as a label of the
layer in the z-direction (stacking direction). The regions
where l)0 and l*N#1 are the semi-in"nite metallic
leads and the region where 1)l)N is the insulating
layer. The thickness of the insulating layer is Na with
a being the lattice constant and the cross section of the
system is Ma]Ma. Periodic boundary conditions are
adopted in the x- and y-directions. The parameters
N and M are set to be three and "ve in this work,
respectively. The Hamiltonian H is given by
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where r denotes the positional vector in the x}y planes,
c?
i,l,p is the creation operator for an electron at the site

(r
i
,l) with spin p, and <

l,p(ri) is the potential energy. The
last term appears when the bias voltage e< along the
z-direction is applied to the insulating layer, and we
assume the electrostatic potential to be U

l
,e< in the left

lead, and U
l
,0 in the right lead. For 1)l)N, it is
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assumed to be U
l
"e<(N#1!l)/(N#1) when the

electric "eld is uniform. The total current #owing along
the z-direction can be obtained by the method described
in Ref. [8]. The detailed description for the calculation of
the interlayer Green's function is also given in Ref. [8].

Now we discuss the transport phenomena through an
insulating layer. In what follows, we take the transfer
integral t as a unit of the energy. The chemical potential
in the right lead k

R
is set to be !5t. We consider the case

where the leads and impurity atoms are made of a fer-
romagnet. Inside the insulating barrier (1)l)3),<

l,p(ri)
is chosen to be the barrier height 1.5t, except the impurity
site. At the impurity site and at the lead wire, <

l,B
(r
i
) is

taken to be G<
%9

with <
%9

being the exchange energy.
The alignment of the magnetization of the left and right
leads are assumed to be parallel (P) and anti-parallel
(AP), respectively. Correspondingly, we de"ne I

P
and

I
AP

as the currents in the parallel and antiparallel con"g-
urations, respectively. The TMR ratio is de"ned as
(I

P
!I

AP
)/I

P
.

We "rst consider the ferromagnetic junction with no
impurity atoms in the insulating layer. Fig. 1 shows the
calculated results of the bias voltage dependence of the
current I

P
and I

AP
for<

%9
"0.2. As can be seen from Fig.

1, the slopes of the current curves increase with increasing
bias voltage because the e!ective width of the barrier
becomes narrower as e< increases. Around e<"1, the
slopes of the current curves change slightly in Fig. 1.
Here, we have evaluated the TMR as a function of e< (see
the solid line in Fig. 2). The TMR ratio in this case
decreases with increasing bias voltage, as depicted in Fig.
2 (solid curve). Note that the TMR ratio decreases with
decreasing <

%9
, monotonically, e.g., the TMR ratio for

<
%9
"0.2 is about four times as large as that for<

%9
"0.1

for 0)e<)1.5. The TMR ratios in these results seem
to be small, compared with that reported in the experi-
ment, which are due to the smallness of k

R
and <

%9
,

although decreasing features of TMR with increasing e<
are reproduced in this calculation. To compare the cal-
culated TMR with those in the experiment exactly, we
should perform a calculation in the case where the
sample size, the chemical potential, and the exchange
splitting are enlarged.

Fig. 1. The bias voltage dependence of the current for the case of
the ferromagnetic tunneling junction with no impurity. The
exchange splitting <

%9
is 0.2. The solid and dotted curves repre-

sent the calculated currents I
P

and I
AP

, respectively.

Fig. 2. (a) The bias voltage dependence of the TMR for the case
of the ferromagnetic tunneling junction with or without the
random impurities. Each curve except the thick solid curve
shows the calculated result for the di!ferent impurity con"gura-
tions. The thick solid curve shows the calculated TMR ratio for
the case without impurities. (b) The bias voltage dependence of
the current for the case of the ferromagnetic tunnel junction with
random impurities. The solid and dotted curves represent the
calculated currents I

P
and I

AP
. The impurity con"guration in this

case corresponds to that in the case of the thick dotted curve in (a).

Secondly, we consider the impurity e!ect on the cur-
rent and TMR. In this case, we consider the tunnel
conduction through an insulating layer containing ran-
dom magnetic impurities. We use a simple model for
considering the randomness which can be seen in the
experiment. In the present case, the locations of the impu-
rities in the insulating layer are determined by the uniform
random numbers. We take <

%9
"0.2 and the impurity

concentration is c"0.1. For the computation of I
AP

, the
concentrations of the magnetic impurities with #<

%9
and

!<
%9

are taken to be equal. Fig. 2(a) gives the typical
examples of the e< dependence of the TMR for "ve
di!erent impurity con"gurations. We also plot the bias
voltage dependence of the current for the typical impurity
con"guration in Fig. 2(b). In Fig. 2(a), we can see the similar
decreasing characters in the "ve sample geometries. At
e<"0, the TMR ratios in these cases are larger than that
in the non-impurity case and those in the random impurity
cases decrease rapidly with increasing bias voltage [see Fig.
2(a)]. The reduction of the TMR by the bias voltage is
enhanced by the impurity e!ect in this calculation.

In summary, we have investigated the bias voltage
dependence of the I}< characteristics and TMR
by using the rescursive Green function method. We
have also studied the impurity e!ect on the TMR.
We have found that the TMR ratio decreases with in-
creasing bias voltage and the feature of the reduction
with increasing bias voltage changes by the impurity
e!ect.
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