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Conductance, magnetoresistance, and interlayer exchange coupling in magnetic tunnel junctions
with nonmagnetic metallic spacers and finite thick ferromagnetic layers

Wu-Shou Zhang and Bo-Zang Li
Institute of Physics and Center for Condensed Matter Physics, Chinese Academy of Sciences, P.O. Box 603-99, Beijing 100080, China

Yun Li
Department of Physics, Peking University, Beijing 100871, China
(Received 20 March 1998

Based on the two-band model and free-electron approximation, magnetism and transport properties of
magnetic tunnel junctions with nonmagnetic metaliV) spacers and finite thick ferromagnetiM) 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
(~10°%) 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.
[S0163-182608)03346-3

I. INTRODUCTION scribed in terms of the Ruderman-Kittel-Kasuya-Yosida
theory?! or quantum well theor§? IEC also changes as a
Since the discovery of the giant magnetoresistancdunction of FM thickness as predicted theoretic&lf and
(GMR) in metallic magnetic multilayeréMMM’s),! there later observed experimentafly?® As concerns theories
has been a renewed interest in the phenomenon of the tunn@pout IEC in MTJ's, two models have been proposed: One is
magnetoresistancé TMR) in magnetic tunnel junctions the so-called free-electron model due to Slonczewski as men-
(MTJ's) consisting of two ferromagneti¢FM) electrodes tioned above? It predicts antiferromagneticAF) coupling
separated by a tunneling barrignsulator or semiconductpr ~for low barrier height and ferromagneti€M) coupling for
layer [FM/I(S)/FM]23 More recently, large TMR's were high barrier height, and the strength of IEC decreases expo-
achieved in FM/I/FM structurds® which render MTJ's more  nentially with the barrier thickness; The other model is due

promising than MMM’s in the manufacture of magnetic-field to Bruno?’ By using thet-matrix formalism, the coupling is

sensors and digital storage devices. Since the resistance a r@:g?g&'%grgiem tlr:e Sg(l;r;:jyr'?]moet;[gr?';thzrr]eﬂ;eét?on at
field sensitivity of MTJ's are much higher than those of inter S- 1t su S| ining u-

. - ling which increases with temperature, and it reduces to
M.MM s, the power consumed and magnetic field neede lonczewski's results at zero temperature.
will be much less.

. . . Recently, Vedyayevet al?® and the present authdfs
Jullieré d|scuss§d the TMR effects using ngrow andstudied M'I)'/J’s wit>k/1 %M spacers betweenpthe FM’s and bar-
Meservey's analysiS,and he showed that TMR is Propor- rier i e " FM/NM/S/EM [and/or FM/NM/AS/NM/EM].
tional to tge spin-polarization factors of two FM'S. The results showed that the presence of thin NM spacers can
Slonczewski® studied MTJ's based on the free-electron ap-jead to the formation of quantum well states that lead to
proximation by analyzing the transmission of charge anchscillations of TMR and IEC in sign with NM thickness.
spin current through a rectangular barrier separating tWwqMR values much greater than those in the conventional
semi-infinite free-electron-like FM’s. He predicted that the sandwiched MTJ’s with low AF Coup“ng can be obtained in
tunnel conductance varies as the cosine of the relative anglge structure.
of two FM’s magnetizations and it was verified widély!! Based on the previous results we study a more realistic
and TMR depends not only on the spin-polarization factoraMTJ with NM spacers and finite thick FM layers in this
of FM’s as that of Julliere but also on the barrier height.work. It is found that the mean conductance and TMR oscil-
MacLaren et al!? verified that Slonczewski's model pro- late with the NM and FM thicknesses, but the oscillation of
vides a good approximation to the exact expressions for freEEC with these thicknesses exhibits multiple periods which
electrons in the limit of thick barrier. Besides these two mod-are similar to those in MMM’s but have different physical
els, there were other theories had been applied to therigins.
systemt>-18 The plan of the paper is as follows. In Sec. II, the model

Another extensively studied subject in MMM'’'s and Hamiltonian is established and the corresponding Schro
MTJ'’s is the interlayer exchange coupliGgeC). It is found  dinger equation is solved, then we give the analytical and
that IEC oscillates in sign with the nonmagnetic metallicnumerical results of conductance and TMR in Sec. lll, IEC
(NM) thickness in MMM's!®2 and this effect can be de- in Sec. IV. At last, we discuss the related topics about this
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U wherem® (i=1-7) is the electron effective mass in region
i. In practicem® may differ from the mass of free electron,
for simplicity, we assume all electrons have the same mmass
as that of the free electrotJ(x) is the potential which is
Ugfrommmmmmmmmmeseeeees uniform in each layer,—h(x)- o is the internal exchange
energy with—h(x) denoting the molecular field ane being

the conventional Pauli spin operator. Although transverse
momentunvik; is omitted from the above notations, the ef-
\\ %/ fects of summation ovek will be accounted for in our re-

h “/h

sults.

U f———-- oo . Corresponding to the Hamiltonian in E(L), all compo-
nents of eigenspinors dfl with eigenenergyE are of the
plane-wave form, the wave vect@r virtual wave vectarin

X each region is

i i i | ( 1

i ' i | kn=%\/2mE, for NM,

! L | 1
p 1S 1 NMy o FM 1 NM { k,=>\2m(E-U+oh), forFM, @

1
ik=—\V2Mm(E—Ug), for barrier,
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=

FIG. 1. Schematic potential for NM/FM/NM&)/NM/FM/NM
junction. U; and U, are the crystalline potentials in the FM and
barrier layers, respectivelyr is the molecular field of the FM’sg
is the angle between magnetization of two FMish, andd are the
thicknesses of the FM, NM, and barrier layers, respectively.

where the subscripgt indicates the NM layerg= +1 corre-
spond too=1,| (the majority- and minority-spin electrons

U; and U, are the crystalline potentials in the FM’s and
barrier relative to NM, respectivehh is the amplitude of
h(x) in the FM’s and is constant; the directionstgf hence
model (Sec. VJ and conclude the paper with a summary the corresponding spin quantization axes, differ by the angle

(Sec. V). 0 between the two FM layersee Fig. 1
Consider a spin-up incident plane wave having unit par-
Il. MODEL ticle flux in region 1(NM electrode,x<x , in Fig. 1), the

Consider two single-domain transition FM’'s separated bye|genfunct|on ofH in each region is

two flat plane NM’s plus a flat plane tunneling barrier and Uy =k Voelknx—x12 4 R, @~ kn(X~X10
covered on both sides by two semi-infinite NM cap layers as 117 n 1 '
lead wires(see Fig. 1L For simplicity, we assume that the

FM’s are made of the same metal and have the same thick-
nessa, the NM spacers and cap layers are made of the same

wll — Rll efikn(xfxl,z) ,

! ) - =L, ekiexXi—1) 1 R, @ kKig(x—Xi—1))  j=2_
material and the spacers have the same thickbesSghis Yio=Lioe™ R e mw,1=2-6,
assumption, however, can be released easily without chang- ik (X=X )

Yr5= L7, 007, €)

ing qualitatively the physical behavior of systemb and the
barrier thicknessl, are much smaller than their in-plane di- whereL,, andR,, (i=1—7, o=1,]) are coefficients to
mensions so that the system may be considered as homoggs deter(rrnined, the indeixdenotes region, ki, is a wave
neous in theyz plane (parallel to the interfacesand inho-  \ector given in Eq(2), x,_,, is the coordinate of boundary
mogeneous only in thedirection(growth direction. Within between regiofi— 1 andi. ’

each layer, the electrons are described as a free-electron 1 complete the solution of the Scliager equation, one

10,12,28-32 : :
gas. Between layers, they experience potential gt find the 24 unknowns by matchig, anddy, /dx at
steps. The latter are spin dependent at the FM/NM interface$,q interfaces= x. i, (i=2-57). The change in quan-
1—1]9 ’ .

X=X1 0, X2 3, X5 5, aNdXg 7) due to the exchange splitting of .. ; _ ; ; ;
'Ehed lla'zzandzifl thSéBFM’s. ?h7)contrast, the heigh?of t%e er?ergytlzatlon axis al=xs ¢ requires the spinor transformation
barrier is spin independent at the NNK8) interfaces % 0
=Xz 4andx, 5. In the present model, no diffuse scattering is 5= wﬁTcos(E
introduced at the interfaces and in each layer. The profile of
energy seen by the conduction electrons can be represented 0 0
as drawn in Fig. 1. By assumption of small external voltage, s, = 11,61005( _> — 'J/eTSin(—)' (4)
the longitudinal(along thex direction) part of the effective 2 2
one-electron Hamiltonian takes the following form:

(0
+ z,belsm(i),

and similarly for their derivatives.
2 g2 Some algebra produces the approximate solutior_fgr
H=—-——+ U(x)—h(x)- o, (1) andR;, that is accurate to leading order é 9. For sim-
2m; dx plicity, we give onlyL,
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0
Ly =4D%e <%k cos( :

2
— kdy,5/2 H o
L, =4D,D e %k sin 5 6)
with
k,(k,cosa,+ik,sina,) for E>U.+h
= Or > 1
[+ K2 E (B2 () f
(6)
f,(x) =k2sir’x+ k2cogx, (7
B=Kk,b—arctarix/k,), (8)
and
a,=k,a— arctaré —Ucot,8> . ©)
Kn

The expression of other coefficients is tedious so we omitted
it here and it can be obtained by the continuity conditions at

the boundaries.

In the following two sections, we will evaluate the tunnel
conductance, TMR, and IEC within the barrier regiog {
<X=<X,5 whereh=0. In addition, we will consider only the

case of the two-band model for the density of states and zero

temperature as done in Refs. 10 and 29-31.

Ill. CONDUCTANCE AND TUNNEL
MAGNETORESISTANCE

The particle transmissivity of majority-spin incident elec-
trons is

d¢,
dx -’

T,=Im>, ¥* (10)
The particle transmissivity of minority-spin incident elec-
trons, T, is given by the same expression wikh and k|
interchanged. The summation efe(T;+T,)/2 over occu-
pied states gives the total charge currdg} per unit flowing
from region 1 to 7. The differential tunnel conductar@és
defined ass=dl./dV. The detailed procedure for calculat-
ing G can be found in Ref. 33.
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FIG. 2. The mean tunnel conductanGeas a function of the
reduced FM thickness; ra/7 and NM thicknessk, gb/7. G
has been normalized to 1 by divisi@®,= e?exp(—2«d)/Ad?. The

parametersk, .=k, ,=0.4 K; ¢, «g=Kk; g, «pgd=3.
2 3,6
— e°k’k,
G= e 2¢d(|D,|2+|D 1?)?| ek, 13
g (ID11*+1D | [9)%|e=g, (
and the TMR ratio is defined as
RTMR_ GTL - l1—¢ - 2X |E:EF1 (14)
where
2
_ Ezzﬁ fl(ﬁ) fl(al) (15)
D, kf f.(B) fi(ay)

with f_(x), B, and «, being the same as those in Egs.
(7)—(9). Figures 2 and 3 sho® andRpyr as functions of
andb, the FM and NM thicknesses. We find they oscillate
with a andb, and the period is determined by the Fermi wave
vectors. Another remarkable feature is tH,g can be
much greater than that observed in past experiments and
predicted by conventional theoriéf’ Based on Julliere’s
and  Slonczewski's  models, Rpyr<=2P%/(1—P?)
=(kT,F—kl,,:)2/2kT,Fkl',:=45% (P is spin-polarization
factor of FM’'s) for parameters given in Fig. 2K(r
=0.4k; ), but the present MTJ’s exhibit the maximum
Rrmr Up to 220%. This means that we can obtain an en-
hanced TMR ratio using the present structure.

The results in Figs. 2 and 3 show a special case, i.e.,
Knr=K, g (Uf=—hg, e.g., Fe/Cx. The minority electrons
are free in regions of FM and NM,l(x)zkﬁ in Eq. (7) so

At zero temperature and small applied voltage, for nearlythe oscillatory periodT gy= 7/k; ¢ . Another special case is

normal incidence, electrons with, near Eg should carry
most of the current, so that we can repldegwith E¢ in

calculating the conductance due to tunneling. By summing

the charge transmission ovéy andk; for occupied states in
the usual mannéf1#26-313%ne finds the conventional ex-
pression

2

= T 14T (11)
gn2hd | LT F
Some algebra produces the area conductance as
G=G(1+e cod), (12)

where the mean conductance is

kn,F:kT,F (Uf:ho, eg, CO/CDJ, |n WhICh TFM:’ﬂ'/kl’F

FIG. 3. TMR as a function ok; ca/7 andk, gb/7. The pa-
rameters are the same as those in Fig. 2.
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2000 but if k| =k, ¢, it has no effect orRrygmax. FoOr fixed
K e/ki g, if K e<kne<k;r, Rrurmax does not change
with  kp e/K; g;  Otherwise, Ryyrmax decreases with
Knr/K; g Whenk, e<k, ¢ but increases whek, >k, .
1500 | This means we can choose a suitable NM material to en-
hanceRtyr regardless the type of FM. But in the conven-
tional MTJ'’s, only a FM with great polarization factée.qg.,
< Fe will give greaterRyyg than that with lower onde.g.,
= Ni).
é 1000 = Another special case is fdt ¢ /k; g=1/2, there is
o©
=
= 2 1,2 1,2
o kT knt+k] 1+3
= a2 0 Kngs Ki ks
k2 2k2 i 4 Tv
500 [ X={ ' n , (17)
1+3
27,2
ki/kn, 2 Ky r<Knr
0 . : ) that corresponds tBryr max @S shown ir) Fig. 4 too. Equa-
0.0 0.5 1.0 15 2.0 tions (14), (16), (17), and the related Fig. 4 give the upper
K /k limit of TMR ratios which are much greater than those in
n/Kee conventional structures.
FIG. 4. Maximum TMR vsk, ¢ /k; ¢ for different values of

Slonczewski introduced and employed a method for cal-
Other situations are complex witfiry determined by the culating exchange coupling from torque produced by rotation
lowest common multiple of period for majority and minority of the magnetization of one FM to that of the oth&his
electrons, i.e.Tem=[7/K; ¢, 7/K| ¢]. Suppose the FM’'s in method was further elaborated by Ericksetral,>* Edwards
Figs. 2 and 3 are Fe, we haker=1.09 A™! (Ref. 32 and  etal® and Drchalet al*® This method of calculating the
Tew=2.88 A. The lattice constant far-Fe is 2.86 A, veri-  torque involves the construction of a spin-flip or exchange
fying that Ty, is about the interatomic spacing and this casecurrent, which is a measure of the probability that an incident
is similar to the aliasing effect in the oscillatory coupling electron will undergo a change of spin state on transmission
through NM spacers in MMM'’s. It can lead to a measuredthrough the NM spacers and barrier layer. The spin-flip cur-
period that is significantly longer than the theoretical onerent due to a majority-spin electron of energyincident
The effective period can be expressed asfrom the left electrodejlJ is expressed as
Temefr= 2/| 1/Tey— 2n/c| wherec is the monolayer thickness
of FM, n is chosen such thatgy ¢>2c.%

The oscillatory period withb determined byk,r as

shown in Figs. 2, 3 and the previous resaft&’ The aliasing , o .
effect is similar to the above discussion. Similarly, one obtains the current due to a minority-spin

In contrast to that of the conventional sandwiched MTJ's lectron incident from the left electrodi, by applying this
we find the height of barrier has no effect on the amplitudeguation withk; andk, interchanged. The net current of
except the phase d&yyr Vs a and b as indicated by Eqs. majority- and minority-spin electrong; is calculated by
(7)=(9), (14), and(15). We assume that* in Eq. (1) is the Summing bothj , a_ndj_é over allowed states up to the Fermi
same as the free-electron massAlthoughm* may be dif-  €nergy. t_hen multlplylng_ by a factor of 2 to account for _elec-
ferent fromm (obviously so in an insulatprand it affects trons incident from the_ right NM electrode, which contribute
TMR in conventional MTJ'S3 it has little effect in the €qually to the total spin current
present model. This is because the influence of effective
mass can transfer to the effective barrier height. jr=2 > (jl+ib. (19)

BecauseRty is the oscillatory function ok andb, it is 0<E<Eg
interesting to obtain the maximurRryr, Rrmrmax fOr
given parameters. We find K, /k; ¢# 1/2, when

ﬁ !
Je=5rmReT W= YT ). (18

The coupling strengthl of the Heisenberg termJ¢0 is for
FM coupling is given by

. K22, Kkne<K f, J=—hj/2siné. (20)
min(ka KD _ 1 yope ) g o=k, e<k
X=3 TSI B (16)  After some algebra, we have
KeIKG, Ky es<Kng,

— 2m Er 6 2 2 *
there will be Ryyrmax @S shown in Fig. 4. For fixed J_Trzhzg Jo kni“exp( —2xd)|D,|*Im(D,D* ;)
kn,F/kT,Fv if kl’ngn,F, a lower kL,F/kT,F (hlghel‘ Spin—
polarization factorresults in a higheRyyr max @s expected, X(Eg—E)dE (21
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= fEF"‘S 2expt — 2xd)(|D; |2~ |D,|)Im(D;D*) D,J? i (29
= Kexp — 2k - m ol = )
WZﬁZ 0 n 1 ! = (K2+kﬁ)fo-(ﬂ)f0'(a0')
X (Er—E)dE (22
with and

Knk K [(K;+K|)sin(a;— a)) = (k;—k))sin(a;+ a|)]
2K+ KB (BIY (a)f (a))

Im(D;D*)= (24)

for E>U;+h, wheref(x), a,, and 8 are the same as with metal layer thickness in MMM's that originate from the
those in Eqs(7)—(9). IEC consists of two components, one specific shape of Fermi surfa&€®but they are not an effect
including |D|? is for the majority-spin flip current and the of the total energy.
counter one is for the minority-spin flip current. For simplicity, we discuss two special situations: One is
Numerical results of IEC are shown in Figs. 5-8, change&nr=K; ((Us=—hg, e.g., Fe/Cr as illustrated in Figs. 5
of J with a andb have features of decaying oscillations asand 6. Figure 5 showdas a function of while b is fixed, it
those in MMM’s but the amplitude is smaller by a factor €xhibits multiple periods as discussed above. Because
exp(—2«¢d) than the lattet%?° Another interesting feature is f;(x)=k3 and |D,|?=1Kk3(«x*+k3), the oscillatory part
the multiple period of oscillation. From Eq&1)—(24), we  mainly comes from the majority-spin flip current, while the
find that differentE results in differentk, andk,, hence  minority-spin flip current has a small contribution to it. The
there is different period of oscillation with andb. Because oscillatory behavior ofl vs b appears clearly in Fig. 6. The
electron waves with different energy levels all contribute tostriking difference with the oscillation af vs a is that the
J, summation of different period oscillations results in mul- oscillations are not necessarily around zero; instdauay
tiple period. This is in contrast to IEC in MMM’s where oscillate around a positive, zero, or negative value, depend-
different energy states contribute to oscillation of differenting on the choice o&. This is an important consequence for
periods, but most of them cancel each other out and only ththe experimental observation the oscillatory behaviod vé
states near the Fermi level have the most contribution. IEC iy. If one uses a technique that is sensitive only to the sign of
MMM’s embodies properties of the Fermi surface such asoupling, then it is necessary to choose properly the FM
GMR, and transport and magnetic properties are correlatedhickness, so that the oscillations do actually yield a change

with each othe?” There are also multiple periods of IEC ©f sign of J. This property can be understood from Egs.

0.03 ' : . : . 0.04 T T T T
0.02 } . —
0.02 kT’Fa/n 3.62
0.01 | =
o ° 0.00
3 3
0.00
-0.02
-0.01 H .
-0.02 N 1 " 1 " -0.04 N 1 N 1 "
0 40 80 120 0 2 4 6
k,ca/m k,eb/m
FIG. 5. IEC as a function ok, ga/m for k, gb/7=5. J has FIG. 6. IEC as a function ok, gb/ for various values of

been normalized to 1 by divisiody=2m E|2:9Xp(*2Kd)/772ﬁ2. The k| r/k; r as shown beside each curve. The parameters are the same
other parameters are the same as those in Fig. 2. as those in Fig. 5.
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0.00 W J

—-0.02

J/

-0.04

0 10 20 30 40
k,b/n

FIG. 7. IEC as a function ok, gb/7 for k; ra/7=5.5. The
parametersk, r=k; ¢, K| ,=0.4K; g, kg=K; g, kgd=3.

(21)—(24), becausef(B8)>0, J does not oscillate in sign
with b but its asymptotic value is determined by

Another special case s, =k, ¢ (U;=hg, e.g., Co/Cu
as shown in Figs. 7 and 8. Whda<U;+h the minority

spin flip current gives most of the contribution to IEC. Figure
7 showsJ vs b for a fixed, and illustrates that the sharp peaks
come from the electrons which satisfy the resonant condi-
tion, B=nw. As b increases, the number of energy levels
which satisfy the resonant condition increases and the peaks
widen correspondingly. Figure 7 shows the AF coupling and
it can also exhibit the FM coupling if other values afare
chosen. Figure 8 illustrates vs a with fixed b and it also
manifests the multiple periods as discussed above.

In realistic MTJ's,k, ¢ is not necessarily equal tg ¢ or
K, r, but according to the above discussion we conclude that
(1) the electrons with energy:+h<E<Eg all give their
contribution to IEC, and the summation of different states
gives the multiple periods of oscillation dfwith a andb; (2)
if kne<k;r (Us<h), J approaches a constant lsn-
creases(3) if k, g=k; ¢ (Us=h), J exhibits sharp peaks
at some thicknesses of FM and NM.

V. DISCUSSION

We point out that the electrons with momentum perpen-
dicular to the interface give the largest contribution to the
TMR due to the strong decrease of the factor ex@xd)
with x. This one-dimensional character of transport through
the tunneling barrier leads to quite sharp resonances in con-
ductivity. It is in contrast with MMM’s in which quantum
size effects on the conductivity also exist but lead to much
smoother oscillations due to the averaging of all incidences

electrons face barriers at NM/FM interfaces, so there is aR¢ conduction electrons. The predicted sharp resonance may

exponential decaying factor explk|a) in the factor
Im(DTDf) in the integrand of Eq(22). It means that elec-

be difficult to observe experimentally. Indeed, the roughness
of the layers leads to spatial fluctuations in the thickness of

trons with energfe<U¢+h have no significant contribution the FM, NM, and barrier layers. If the roughness is smaller
to J beyond a few FM monolayers. We need only pay attenthan the Fermi wavelength, it may be taken into account by

tion to the energy region df;+ h<E<Eg. WhenE is near
Ui+h, k,>k,, there is fg(x)wkﬁsinzx, ie., |D|?
xcs@BesCa; while |D]2=1/k;(x*+k3), so the minority-

0.02 T T v T

0.01 -

J

QO 0.00 U

-0.01

-0.02 : ' . '

k. .a/m

T,F

FIG. 8. IEC as a function df; ga/x for k, gb/7=9. The other
parameters are the same as those in Fig. 7.

averaging the currents over a distribution of thickness with
an amplitude of one or several monolayers. Even in that
case, the averaged value of TMR in the present MTJ is larger
than that for the ordinary MTJ of the sandwiched structure.
The present results are appropriate only to the egbe
< MPF (mean free path of electronsotherwise the elec-
trons will be scattered in FM’s and NM’s and the quantum
size effect will be destroyed. &i>MPF, the effects of re-
flection on the outer FM/NM interfacesk{,,Xs7) can be
omitted and the present structure will be identical to the
FM/NM/I (S)/NM/FM structure as discussed beféfe? If b
>MPF, the electrons will lose the polarization memory and
the present structure reduces to a normal tunnel junction.
The preceding elementary model does not take into ac-
count the generally important complications such as interfa-
cial roughness, electron-electron correlatibhisias*>*%and
temperatur¥ dependence, and spin-flip tunnelifgHow-
ever, it does provide a basis for initial appraisal of magnetic
and transport effects on MTJ's arising from NM spacers and
finite thick FM layers. Although not verified at present, our
results indicate that we can alter TMR and IEC, and obtain
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 properties
of MTJ with NM spacers and finite thick FM layers. It is
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