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Conductance, magnetoresistance, and interlayer exchange coupling in magnetic tunnel junction
with nonmagnetic metallic spacers and finite thick ferromagnetic layers
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Based on the two-band model and free-electron approximation, magnetism and transport properties of
magnetic tunnel junctions with nonmagnetic metallic~NM! spacers and finite thick ferromagnetic~FM! layers
are studied. The mean conductance and tunnel magnetoresistance are oscillatory functions of NM and FM
thicknesses, their period is determined by the Fermi-surface properties of the metals, and magnetoresistances
(;103%) much greater than those predicted by Julliere’s model are obtained. The oscillation of interlayer
exchange coupling with metal layer thickness that originates from the interference of electron waves at differ-
ent energy levels is found in contrast with the situation in metallic magnetic multilayers. Our results indicate
that giant tunnel magnetoresistances with weak antiferromagnetic coupling can be attained by controlling the
metal layer thickness, and this has potential in designing spin-polarized tunneling devices.
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I. INTRODUCTION

Since the discovery of the giant magnetoresista
~GMR! in metallic magnetic multilayers~MMM’s !,1 there
has been a renewed interest in the phenomenon of the tu
magnetoresistance~TMR! in magnetic tunnel junctions
~MTJ’s! consisting of two ferromagnetic~FM! electrodes
separated by a tunneling barrier~insulator or semiconductor!
layer @FM/I~S!/FM#.2,3 More recently, large TMR’s were
achieved in FM/I/FM structures4–8 which render MTJ’s more
promising than MMM’s in the manufacture of magnetic-fie
sensors and digital storage devices. Since the resistance
field sensitivity of MTJ’s are much higher than those
MMM’s, the power consumed and magnetic field need
will be much less.

Julliere2 discussed the TMR effects using Tedrow a
Meservey’s analysis,9 and he showed that TMR is propo
tional to the spin-polarization factors of two FM’s
Slonczewski10 studied MTJ’s based on the free-electron a
proximation by analyzing the transmission of charge a
spin current through a rectangular barrier separating
semi-infinite free-electron-like FM’s. He predicted that t
tunnel conductance varies as the cosine of the relative a
of two FM’s magnetizations and it was verified widely,4,5,11

and TMR depends not only on the spin-polarization fact
of FM’s as that of Julliere but also on the barrier heig
MacLaren et al.12 verified that Slonczewski’s model pro
vides a good approximation to the exact expressions for
electrons in the limit of thick barrier. Besides these two mo
els, there were other theories had been applied to
system.13–18

Another extensively studied subject in MMM’s an
MTJ’s is the interlayer exchange coupling~IEC!. It is found
that IEC oscillates in sign with the nonmagnetic meta
~NM! thickness in MMM’s,19,20 and this effect can be de
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scribed in terms of the Ruderman-Kittel-Kasuya-Yosi
theory,21 or quantum well theory.22 IEC also changes as
function of FM thickness as predicted theoretically23,24 and
later observed experimentally.25,26 As concerns theories
about IEC in MTJ’s, two models have been proposed: On
the so-called free-electron model due to Slonczewski as m
tioned above.10 It predicts antiferromagnetic~AF! coupling
for low barrier height and ferromagnetic~FM! coupling for
high barrier height, and the strength of IEC decreases ex
nentially with the barrier thickness; The other model is d
to Bruno.27 By using thet-matrix formalism, the coupling is
expressed in terms of the spin asymmetry of the reflectio
the I~S!/FM interfaces. It succeeds in obtaining an IEC co
pling which increases with temperature, and it reduces
Slonczewski’s results at zero temperature.

Recently, Vedyayevet al.28 and the present authors29

studied MTJ’s with NM spacers between the FM’s and b
rier, i.e., FM/NM/I~S!/FM @and/or FM/NM/I~S!/NM/FM#.
The results showed that the presence of thin NM spacers
lead to the formation of quantum well states that lead
oscillations of TMR and IEC in sign with NM thickness
TMR values much greater than those in the conventio
sandwiched MTJ’s with low AF coupling can be obtained
the structure.

Based on the previous results we study a more reali
MTJ with NM spacers and finite thick FM layers in th
work. It is found that the mean conductance and TMR os
late with the NM and FM thicknesses, but the oscillation
IEC with these thicknesses exhibits multiple periods wh
are similar to those in MMM’s but have different physic
origins.

The plan of the paper is as follows. In Sec. II, the mod
Hamiltonian is established and the corresponding Sch¨-
dinger equation is solved, then we give the analytical a
numerical results of conductance and TMR in Sec. III, IE
in Sec. IV. At last, we discuss the related topics about t
14 959 ©1998 The American Physical Society
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model ~Sec. V! and conclude the paper with a summa
~Sec. VI!.

II. MODEL

Consider two single-domain transition FM’s separated
two flat plane NM’s plus a flat plane tunneling barrier a
covered on both sides by two semi-infinite NM cap layers
lead wires~see Fig. 1!. For simplicity, we assume that th
FM’s are made of the same metal and have the same th
nessa, the NM spacers and cap layers are made of the s
material and the spacers have the same thicknessb. This
assumption, however, can be released easily without ch
ing qualitatively the physical behavior of system.a,b and the
barrier thicknessd, are much smaller than their in-plane d
mensions so that the system may be considered as hom
neous in theyz plane ~parallel to the interfaces! and inho-
mogeneous only in thex direction~growth direction!. Within
each layer, the electrons are described as a free-elec
gas.10,12,28–32 Between layers, they experience potent
steps. The latter are spin dependent at the FM/NM interfa
(x5x1,2, x2,3, x5,6, andx6,7) due to the exchange splitting o
the d band in the FM’s. In contrast, the height of the ener
barrier is spin independent at the NM/I~S! interfaces (x
5x3,4 andx4,5). In the present model, no diffuse scattering
introduced at the interfaces and in each layer. The profile
energy seen by the conduction electrons can be represe
as drawn in Fig. 1. By assumption of small external volta
the longitudinal~along thex direction! part of the effective
one-electron Hamiltonian takes the following form:

H52
\2

2mi*

d2

dx2
1U~x!2h~x!•s, ~1!

FIG. 1. Schematic potential for NM/FM/NM/I~S!/NM/FM/NM
junction. U f and U0 are the crystalline potentials in the FM an
barrier layers, respectively;h is the molecular field of the FM’s;u
is the angle between magnetization of two FM’s;a, b, andd are the
thicknesses of the FM, NM, and barrier layers, respectively.
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wheremi* ( i 51 –7! is the electron effective mass in regio
i. In practice,mi* may differ from the mass of free electron
for simplicity, we assume all electrons have the same masm
as that of the free electron.U(x) is the potential which is
uniform in each layer,2h(x)•s is the internal exchange
energy with2h(x) denoting the molecular field ands being
the conventional Pauli spin operator. Although transve
momentum\ki is omitted from the above notations, the e
fects of summation overki will be accounted for in our re-
sults.

Corresponding to the Hamiltonian in Eq.~1!, all compo-
nents of eigenspinors ofH with eigenenergyE are of the
plane-wave form, the wave vector~or virtual wave vector! in
each region is

5
kn5

1

\
A2mE, for NM,

ks5
1

\
A2m~E2U f1sh!, for FM,

ik5
1

\
A2m~E2U0!, for barrier,

~2!

where the subscriptn indicates the NM layer;s561 corre-
spond tos5↑,↓ ~the majority- and minority-spin electrons!;
U f and U0 are the crystalline potentials in the FM’s an
barrier relative to NM, respectively;h is the amplitude of
h(x) in the FM’s and is constant; the directions ofh, hence
the corresponding spin quantization axes, differ by the an
u between the two FM layers~see Fig. 1!.

Consider a spin-up incident plane wave having unit p
ticle flux in region 1~NM electrode,x,x1,2 in Fig. 1!, the
eigenfunction ofH in each region is

c1↑5kn
21/2eikn~x2x1,2!1R1↑e

2 ikn~x2x1,2!,

c1↓5R1↓e
2 ikn~x2x1,2!,

c is5Liseikis~x2xi 21,i !1Rise2 ikis~x2xi 21,i !, i 5226,

c7s5L7seikn~x2x6,7!, ~3!

whereLis andRis ( i 5127, s5↑,↓) are coefficients to
be determined, the indexi denotes regioni , kis is a wave
vector given in Eq.~2!, xi 21,i is the coordinate of boundar
between regioni 21 andi.

To complete the solution of the Schro¨dinger equation, one
must find the 24 unknowns by matchingcs anddcs /dx at
the interfacesx5xi 21,i , (i 5225,7). The change in quan
tization axis atx5x5,6 requires the spinor transformation

c5↑5c6↑cosS u

2D1c6↓sinS u

2D ,

c5↓5c6↓cosS u

2D2c6↑sinS u

2D , ~4!

and similarly for their derivatives.
Some algebra produces the approximate solution forLis

and Ris that is accurate to leading order ine2kd. For sim-
plicity, we give onlyL7s
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L7↑54D↑
2e2kdkn

5/2k cosS u

2D ,

L7↓54D↑D↓e
2kdkn

5/2k sinS u

2D ~5!

with

Ds5
ks~kscosas1 iknsinas!

@k21kn
2#1/2@ f s~b!#1/2f s~as!

for E.U f1h,

~6!

f s~x!5kn
2sin2x1ks

2cos2x, ~7!

b5knb2arctan~k/kn!, ~8!

and

as5ksa2arctanS ks

kn
cotb D . ~9!

The expression of other coefficients is tedious so we omi
it here and it can be obtained by the continuity conditions
the boundaries.

In the following two sections, we will evaluate the tunn
conductance, TMR, and IEC within the barrier region (x3,4
<x<x4,5) whereh50. In addition, we will consider only the
case of the two-band model for the density of states and
temperature as done in Refs. 10 and 29–31.

III. CONDUCTANCE AND TUNNEL
MAGNETORESISTANCE

The particle transmissivity of majority-spin incident ele
trons is

T↑5Im(
s

cs*
dcs

dx
. ~10!

The particle transmissivity of minority-spin incident ele
trons, T↓ is given by the same expression withk↑ and k↓
interchanged. The summation of2e(T↑1T↓)/2 over occu-
pied states gives the total charge current (I e) per unit flowing
from region 1 to 7. The differential tunnel conductanceG is
defined asG5dIe /dV. The detailed procedure for calcula
ing G can be found in Ref. 33.

At zero temperature and small applied voltage, for nea
normal incidence, electrons withEx near EF should carry
most of the current, so that we can replaceEx with EF in
calculating the conductance due to tunneling. By summ
the charge transmission overEx andki for occupied states in
the usual manner,10,12,28–31,33one finds the conventional ex
pression

G5
e2k

8p2\d
~T↑1T↓!uE5EF

. ~11!

Some algebra produces the area conductance as

G5Ḡ~11« cosu!, ~12!

where the mean conductance is
d
t

ro

y

g

Ḡ5
e2k3kn

6

p2\d
e22kd~ uD↑u21uD↓u2!2uE5EF

, ~13!

and the TMR ratio is defined as

RTMR5
G↑↑2G↑↓

G↑↓
5

2«

12«
5

~12X!2

2X
uE5EF

, ~14!

where

X5UD↑D↓
U2

5
k↑

2

k↓
2

f ↓~b!

f ↑~b!

f ↓~a↓!

f ↑~a↑!
~15!

with f s(x), b, and as being the same as those in Eq
~7!–~9!. Figures 2 and 3 showḠ andRTMR as functions ofa
and b, the FM and NM thicknesses. We find they oscilla
with a andb, and the period is determined by the Fermi wa
vectors. Another remarkable feature is thatRTMR can be
much greater than that observed in past experiments
predicted by conventional theories.2,10 Based on Julliere’s
and Slonczewski’s models, RTMR<2P2/(12P2)
5(k↑,F2k↓,F)2/2k↑,Fk↓,F545% (P is spin-polarization
factor of FM’s! for parameters given in Fig. 2 (k↓,F
50.4k↑,F), but the present MTJ’s exhibit the maximum
RTMR up to 220%. This means that we can obtain an
hanced TMR ratio using the present structure.

The results in Figs. 2 and 3 show a special case,
kn,F5k↓,F (U f52h0 , e.g., Fe/Cr!. The minority electrons
are free in regions of FM and NM,f ↓(x)5kn

2 in Eq. ~7! so
the oscillatory period,TFM5p/k↑,F . Another special case is
kn,F5k↑,F (U f5h0 , e.g., Co/Cu!, in which TFM5p/k↓,F .

FIG. 2. The mean tunnel conductanceḠ as a function of the

reduced FM thickness,k↑,Fa/p and NM thickness,kn,Fb/p. Ḡ

has been normalized to 1 by divisionḠ05e2exp(22kd)/\d2. The
parameters:kn,F5k↓,F50.4 k↑,F , kF5k↑,F , kFd53.

FIG. 3. TMR as a function ofk↑,Fa/p and kn,Fb/p. The pa-
rameters are the same as those in Fig. 2.
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Other situations are complex withTFM determined by the
lowest common multiple of period for majority and minori
electrons, i.e.,TFM5@p/k↑,F ,p/k↓,F#. Suppose the FM’s in
Figs. 2 and 3 are Fe, we havek↑,F51.09 Å21 ~Ref. 32! and
TFM52.88 Å. The lattice constant fora-Fe is 2.86 Å, veri-
fying thatTFM is about the interatomic spacing and this ca
is similar to the aliasing effect in the oscillatory couplin
through NM spacers in MMM’s. It can lead to a measur
period that is significantly longer than the theoretical o
The effective period can be expressed
TFM,eff52/u1/TFM22n/cu wherec is the monolayer thicknes
of FM, n is chosen such thatTFM,eff.2c.21

The oscillatory period withb determined bykn,F as
shown in Figs. 2, 3 and the previous results.28,29The aliasing
effect is similar to the above discussion.

In contrast to that of the conventional sandwiched MTJ
we find the height of barrier has no effect on the amplitu
except the phase ofRTMR vs a and b as indicated by Eqs
~7!–~9!, ~14!, and~15!. We assume thatmi* in Eq. ~1! is the
same as the free-electron massm. Althoughm* may be dif-
ferent from m ~obviously so in an insulator! and it affects
TMR in conventional MTJ’s,13 it has little effect in the
present model. This is because the influence of effec
mass can transfer to the effective barrier height.

BecauseRTMR is the oscillatory function ofa andb, it is
interesting to obtain the maximumRTMR , RTMR,max for
given parameters. We find ifk↓,F /k↑,FÞ1/2, when

X5
min2~kn ,k↓!

max2~kn ,k↑!
5H kn

2/k↑
2 , kn,F<k↓,F ,

k↓
2/k↑

2 , k↓,F<kn,F<k↑,F ,

k↓
2/kn

2 , k↑,F<kn,F ,

~16!

there will be RTMR,max as shown in Fig. 4. For fixed
kn,F /k↑,F , if k↓,F<kn,F , a lower k↓,F /k↑,F ~higher spin-
polarization factor! results in a higherRTMR,max as expected,

FIG. 4. Maximum TMR vskn,F /k↑,F for different values of
k↓,F /k↑,F as shown beside each curve.
e

.
:

,
e

e

but if k↓,F>kn,F , it has no effect onRTMR,max . For fixed
k↓,F /k↑,F , if k↓,F<kn,F<k↑,F , RTMR,max does not change
with kn,F /k↑,F ; Otherwise, RTMR,max decreases with
kn,F /k↑,F when kn,F,k↓,F but increases whenkn,F.k↑,F .
This means we can choose a suitable NM material to
hanceRTMR regardless the type of FM. But in the conve
tional MTJ’s, only a FM with great polarization factor~e.g.,
Fe! will give greaterRTMR than that with lower one~e.g.,
Ni!.

Another special case is fork↓,F /k↑,F51/2, there is

X55
k↑

2

k↓
2

kn
21k↓

2

2kn
2

, kn,F<A11A3
4

k↑,F ,

k↓
2/kn

2 , A11A3
4

k↑,F<kn,F

, ~17!

that corresponds toRTMR,max as shown in Fig. 4, too. Equa
tions ~14!, ~16!, ~17!, and the related Fig. 4 give the upp
limit of TMR ratios which are much greater than those
conventional structures.

IV. INTERLAYER EXCHANGE COUPLING

Slonczewski introduced and employed a method for c
culating exchange coupling from torque produced by rotat
of the magnetization of one FM to that of the other.10 This
method was further elaborated by Ericksonet al.,34 Edwards
et al.35 and Drchalet al.36 This method of calculating the
torque involves the construction of a spin-flip or exchan
current, which is a measure of the probability that an incid
electron will undergo a change of spin state on transmiss
through the NM spacers and barrier layer. The spin-flip c
rent due to a majority-spin electron of energyE incident
from the left electrode,j e

↑ is expressed as

j e
↑5

\

2m
Re~c↓* c↑82c↓*

8c↑!. ~18!

Similarly, one obtains the current due to a minority-sp
electron incident from the left electrode,j e

↓ by applying this
equation withk↑ and k↓ interchanged. The net current o
majority- and minority-spin electronsj T is calculated by
summing bothj e

↑ and j e
↓ over allowed states up to the Ferm

energy, then multiplying by a factor of 2 to account for ele
trons incident from the right NM electrode, which contribu
equally to the total spin current

j T52 (
0,E,EF

~ j e
↑1 j e

↓!. ~19!

The coupling strengthJ of the Heisenberg term (J.0 is for
FM coupling! is given by

J52\ j T/2 sinu. ~20!

After some algebra, we have

J5
2m

p2\2(s E
0

EF
kn

6k2exp~22kd!uDsu2Im~DsD2s* !

3~EF2E!dE ~21!
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5
2m

p2\2E0

EF
kn

6k2exp~22kd!~ uD↑u22uD↓u2!Im~D↑D↓* !

3~EF2E!dE ~22!

with
s
e

e

ge
as
or
s

to
l-

e
n
th

a
t

C

uDsu25
ks

2

~k21kn
2! f s~b! f s~as!

, ~23!

and
Im~D↑D↓* !5
knk↑k↓@~k↑1k↓!sin~a↑2a↓!2~k↑2k↓!sin~a↑1a↓!#

2~k21kn
2!@ f ↑~b! f ↓~b!#1/2f ↑~a↑! f ↓~a↓!

~24!
e
t

is

use

e
e

nd-
or

of
FM
nge
s.

same
for E.U f1h, where f s(x), as , and b are the same a
those in Eqs.~7!–~9!. IEC consists of two components, on
including uD↑u2 is for the majority-spin flip current and th
counter one is for the minority-spin flip current.

Numerical results of IEC are shown in Figs. 5–8, chan
of J with a and b have features of decaying oscillations
those in MMM’s but the amplitude is smaller by a fact
exp(22kFd) than the latter.10,29Another interesting feature i
the multiple period of oscillation. From Eqs.~21!–~24!, we
find that differentE results in differentks and kn , hence
there is different period of oscillation witha andb. Because
electron waves with different energy levels all contribute
J, summation of different period oscillations results in mu
tiple period. This is in contrast to IEC in MMM’s wher
different energy states contribute to oscillation of differe
periods, but most of them cancel each other out and only
states near the Fermi level have the most contribution. IEC
MMM’s embodies properties of the Fermi surface such
GMR, and transport and magnetic properties are correla
with each other.37 There are also multiple periods of IE

FIG. 5. IEC as a function ofk↑,Fa/p for kn,Fb/p55. J has
been normalized to 1 by divisionJ052mEF

2exp(22kd)/p2\2. The
other parameters are the same as those in Fig. 2.
s

t
e

in
s
ed

with metal layer thickness in MMM’s that originate from th
specific shape of Fermi surface21,38but they are not an effec
of the total energy.

For simplicity, we discuss two special situations: One
kn,F5k↓,F(U f52h0 , e.g., Fe/Cr! as illustrated in Figs. 5
and 6. Figure 5 showsJ as a function ofa while b is fixed, it
exhibits multiple periods as discussed above. Beca
f ↓(x)5kn

2 and uD↓u251/kn
2(k21kn

2), the oscillatory part
mainly comes from the majority-spin flip current, while th
minority-spin flip current has a small contribution to it. Th
oscillatory behavior ofJ vs b appears clearly in Fig. 6. The
striking difference with the oscillation ofJ vs a is that the
oscillations are not necessarily around zero; instead,J may
oscillate around a positive, zero, or negative value, depe
ing on the choice ofa. This is an important consequence f
the experimental observation the oscillatory behavior ofJ vs
b. If one uses a technique that is sensitive only to the sign
coupling, then it is necessary to choose properly the
thickness, so that the oscillations do actually yield a cha
of sign of J. This property can be understood from Eq

FIG. 6. IEC as a function ofkn,Fb/p for various values of
k↓,F /k↑,F as shown beside each curve. The parameters are the
as those in Fig. 5.
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~21!–~24!, becausef ↑(b).0, J does not oscillate in sign
with b but its asymptotic value is determined bya.

Another special case iskn,F5k↑,F (U f5h0 , e.g., Co/Cu!
as shown in Figs. 7 and 8. WhenE,U f1h the minority
electrons face barriers at NM/FM interfaces, so there is
exponential decaying factor exp(2uk↓ua) in the factor
Im(D↑D↓* ) in the integrand of Eq.~22!. It means that elec-
trons with energyE,U f1h have no significant contribution
to J beyond a few FM monolayers. We need only pay att
tion to the energy region ofU f1h,E,EF . WhenE is near
U f1h, kn@k↓ , there is f ↓(x)'kn

2 sin2x, i.e., uD↓u2

}csc2bcsc2a↓ while uD↑u251/kn
2(k21kn

2), so the minority-

FIG. 7. IEC as a function ofkn,Fb/p for k↑,Fa/p55.5. The
parameters:kn,F5k↑,F , k↓,F50.4 k↑,F , kF5k↑,F , kFd53.

FIG. 8. IEC as a function ofk↑,Fa/p for kn,Fb/p59. The other
parameters are the same as those in Fig. 7.
n

-

spin flip current gives most of the contribution to IEC. Figu
7 showsJ vs b for a fixed, and illustrates that the sharp pea
come from the electrons which satisfy the resonant con
tion, b5np. As b increases, the number of energy leve
which satisfy the resonant condition increases and the pe
widen correspondingly. Figure 7 shows the AF coupling a
it can also exhibit the FM coupling if other values ofa are
chosen. Figure 8 illustratesJ vs a with fixed b and it also
manifests the multiple periods as discussed above.

In realistic MTJ’s,kn,F is not necessarily equal tok↑,F or
k↓,F , but according to the above discussion we conclude
~1! the electrons with energyU f1h,E,EF all give their
contribution to IEC, and the summation of different stat
gives the multiple periods of oscillation ofJ with a andb; ~2!
if kn,F,k↑,F (U f,h), J approaches a constant asb in-
creases;~3! if kn,F>k↑,F (U f>h), J exhibits sharp peaks
at some thicknesses of FM and NM.

V. DISCUSSION

We point out that the electrons with momentum perpe
dicular to the interface give the largest contribution to t
TMR due to the strong decrease of the factor exp(22kd)
with x. This one-dimensional character of transport throu
the tunneling barrier leads to quite sharp resonances in
ductivity. It is in contrast with MMM’s in which quantum
size effects on the conductivity also exist but lead to mu
smoother oscillations due to the averaging of all inciden
of conduction electrons. The predicted sharp resonance
be difficult to observe experimentally. Indeed, the roughn
of the layers leads to spatial fluctuations in the thickness
the FM, NM, and barrier layers. If the roughness is sma
than the Fermi wavelength, it may be taken into account
averaging the currents over a distribution of thickness w
an amplitude of one or several monolayers. Even in t
case, the averaged value of TMR in the present MTJ is lar
than that for the ordinary MTJ of the sandwiched structu

The present results are appropriate only to the casea,b
< MPF ~mean free path of electrons!, otherwise the elec-
trons will be scattered in FM’s and NM’s and the quantu
size effect will be destroyed. Ifa.MPF, the effects of re-
flection on the outer FM/NM interfaces (x1,2,x6,7) can be
omitted and the present structure will be identical to t
FM/NM/I ~S!/NM/FM structure as discussed before.28,29 If b
.MPF, the electrons will lose the polarization memory a
the present structure reduces to a normal tunnel junction

The preceding elementary model does not take into
count the generally important complications such as inte
cial roughness, electron-electron correlations,14 bias5,15,16and
temperature14 dependence, and spin-flip tunneling.17 How-
ever, it does provide a basis for initial appraisal of magne
and transport effects on MTJ’s arising from NM spacers a
finite thick FM layers. Although not verified at present, o
results indicate that we can alter TMR and IEC, and obt
giant TMR ratios with lower IEC in the MTJ’s by controlling
the FM and NM thicknesses.

VI. SUMMARY

We have studied the magnetism and transport prope
of MTJ with NM spacers and finite thick FM layers. It i
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found that the mean conductance and TMR are oscilla
functions of the FM and NM thicknesses, and the oscillat
of IEC with these thicknesses exhibit multiple periods. Gia
TMR with weak AF coupling can be obtained in the mixe
structure and it has potential in designing spin-polarized t
neling sensors with a large TMR and field sensitivity.
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