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Magnetoresistance of magnetic tunnel junctions in the presence of a nonmagnetic layer
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A quantum-statistical theory of electron tunneling in magnetic junctions of the formF/P/O/F, whereF and
P are, respectively, a magnetic and a paramagnetic metal is presented. The effect of scattering at theP/O
interface is discussed. The relatively slow decay of tunnel magnetoresistance experimentally observed whenP
is Cu as a function of the Cu layer thickness is explained by considering the particular shape of the Fermi
surface in the~111! direction. For other metals, our model predicts a much more rapid decay, in agreement
with experimental observations.
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I. INTRODUCTION

In a recent paper,1 we investigated a model of magnet
tunnel junction comprising one~or two! nonmagnetic lay-
er~s!, inserted between the ferromagnetic electrodes and
insulating layer. It was shown that in such junctions, t
nonmagnetic layer can constitute a spin-dependent quan
well. This is the case in particular if a Cu spacer layer
inserted at the interface between a Co electrode and Al2O3.
Indeed, in the theory of oscillatory coupling in~Co/Cu! mul-
tilayers, it was shown that a good electron band match
occurs for minority electrons at the Co/Cu interface wher
the Cu layers constitute quantum wells for major
electrons.2 The oscillatory coupling then results from the e
istence of spin-dependent coefficients of reflection of el
trons at the Co/Cu interfaces. Similarly i
Co/Cu/Al2O3/ferromagnet junctions, the conductan
through the barrier and the tunnel magnetoresistance~TMR!
oscillates with the thickness of the paramagnetic layera,
exhibiting resonances, due to the existence of spin-depen
quantum-well states in the paramagnetic layer. Furtherm
it was shown that large enhancements in the TMR amplit
could be observed when two paramagnetic layers of the s
thickness are introduced on both sides of the barrier. In s
a situation, the amplitude and average value of the TM
oscillations slowly decrease and are still of the order of a f
% for a of the order of a few nanometers. In this calculatio1

bulk scattering in the metallic layers was taken into accou
Experimental attempts to observe this effect in junctio
with Cu spacer on both sides of the barrier were carried
in Co/Cu/Al2O3/Cu/NiFe junctions.3 However, all of the
junctions with Cu underneath the barrier were short c
cuited. Furthermore, the requirement of keeping the thi
PRB 610163-1829/2000/61~2!/1366~5!/$15.00
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ness of the two paramagnetic layers equal is quite difficul
achieve experimentally so that our theoretical predict
could not be tested. In the case of an asymmetric junction
was observed experimentally that the insertion of an inte
cial paramagnetic layer on one side of the barrier only,
most cases, very rapidly reduces the TMR amplitude.
instance, a few monolayers of metallic Al between the f
romagnetic electrode and the Al2O3 barrier are sufficient to
strongly reduce the TMR amplitude. In contrast, in the ca
of Cu, Sun and Freitas3 showed that the TMR decays muc
more slowly with the copper layer thickness than for oth
metals. For a Cu thickness of 50 Å, a TMR of 1% at 300
is still observed. However, it seems that this result var
significantly from one group to another and therefore d
pends on the details of the preparation method.4 In a recent
paper,5 Zhang and Levy explained the rapid drop of TM
observed with most paramagnetic layers by considering
loss of coherence in transmission through the paramagn
layer due to fluctuations in the thickness of the inserted la
or to the interaction between modes with different in-pla
momentumk of electrons transmitted through the barrie
However, we think that the situation is not described co
pletely in Ref. 5. First, the fluctuations in the thickness of t
inserted layer can have quite different length scales in
plane of the structure. On one hand, the layers can form la
terraces with thickness fluctuating by plus or minus o
monolayer. These terraces may have lateral dimensioD
much larger thankF

21 (kF is Fermi momentum!. In that case,
the electron transmissions over different terraces can be
sidered as independent. The observed value of tunnel cu
and consequently of TMR is then an average over the dis
bution of the layer thickness. On the other hand, if the rou
ness in the metal/insulator interface is caused by intermix
1366 ©2000 The American Physical Society
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at the atomic scale, the characteristic length of the roughn
in the plane is of the order ofkF

21. To take into account the
influence of such roughness on the tunnel conductivity,
has to solve the problem of electron tunneling with scatter
at the rough interfaces of the barrier. We therefore decide
take into account both types of interfacial defects and
investigate their influence on the observed value of TMR
Ref. 5 the expression obtained for the conductance versu
thickness of the inserted layera ~supposed in the calculatio
to be perfectly flat! was integrated over values ofa in the
limits @a2a0/2,a1a0/2#, wherea0 indicates the lattice pa
rameter. As we mentioned above, we consider that in su
situation the proper way to take into account such a rou
ness is to consider the electron scattering at the interf
Furthermore, for perfectly flat interfaces, we obtained
asymptotic expression of the conductivity for large thickne
a of the inserted layer (akF@1) and showed that the TMR
amplitude drops as the thicknessa increases as

akF exp~2a/ l !

~bq!21~akF!2 ,

whereb and q represent, respectively, the thickness of t
barrier and the damping wave vector of electrons in the b
rier, andl is the electron mean-free path in the paramagn
layer.1 The critical length of decay in the TMR amplitud
ac5pbq/kF introduced in Ref. 5 corresponds to a balan
between the two terms in the denominator of the above
pression.

II. MODEL

We consider a magnetic tunnel junction consisting of t
ferromagnetic electrodes separated by an insulating ba
with additional paramagnetic layer placed between one
the ferromagnetic electrodes and the barrier. On the inter
between this paramagnetic layer and the insulator we ass
the presence of a random distribution of scattering cen
~impurities! with short-range potentialvn

i (z,r)5dn
i d(z

2z0)d(r2rn), with dn
i dm

i 2dn
i * dm

i 5„(dn
i 22dn

i )2
…Dnm ,

wherei 5↑ (↓) refers to the spin index,z is the axis perpen-
dicular to the plane of the layers,z0 is the coordinate of the
paramagnetic/insulator interface,r andrn are the electron’s
and impurities’ coordinates in plane of the interface, t
overbar denotes the average over the distribution of imp
ties, andDnm is the Kroneker symbol.

To calculate the two-point conductivitys(z,z8), the
Kubo formula in the mixed real-space momentu
representation1 is used in the limit of low-bias voltage a
compared to the height of the barrier, which is typically
the order of 2 eV~linear response!:

s~z,z8!5
4e2

p\ (
k,k8,i

Akk8
i ¹J z¹J z8Akk8

i , ~1!

where¹6 z5(1/2)(¹W z2¹Q z) is the antisymmetric gradient, an
Akk8

i
5(1/2)@Gkk8

ret,i
2(Gkk8

ret,i)* # and Gkk8
ret,i are the retarded

Green functions of electrons with spin-indexi. To calculate
the average over impurity configurations in expression~1!,
the coherent potential approximation~CPA! was used.6 The
difference with respect to the usual situation of bulk scat
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ing is that the initial Green functions must be calculated h
in the system with a barrier. In this case, it is important
point out that in contrast to the homogeneous case, the ve
corrections are not equal to zero. They were calculated
CPA ladder approximation.7 They give large contributions to
the total tunnel conductivity. As an example, the final e
pression for the conductance for spin↑ channel for antifer-
romagnetic configuration of magnetic moments in ferrom
netic layers can be written as

sAP
↑ 5

e2

p2\ E k dk

3
c2@~c1

21c2
2!sinh 2d2a12c1c2cosh 2d2a#

uDenu2

3H q2 exp~22qb!c3

q21c3
2

1
2a0

2

p
G↑E k̃ dk̃

c̃3q̃2 exp~22q̃b!

q21c3
2

3S uexp~ i k̃2a!~ c̃12 c̃2!2exp~2 i k̃2a!~ c̃11 c̃2!u
uDẽnu D 2J ,

~2!

where

Den5exp~ ik2a!~c12c2!~ ic21q1S↑!

2exp~2 ik2a!~c11c2!~ ic22q2S↑!. ~3!

In these expressions,a0 represents the lattice paramete
\q05A2m(U02eF). b and U0 indicate, respectively, the
thickness and the height of the barrier.eF is the Fermi en-
ergy.q5Aq0

21k2, k is the modulus of electron momentum
in the plane of the structure. ki5ci1 idi

5A(kF
( i ))22k212ikF

( i )/ l i , the l i ’s indicate the mean-free
paths, andkF

( i ) is the Fermi momentum for spin↑ ~↓! elec-
trons wheni 51 ~3! ~in ferromagnetic layers! and for elec-
trons in the paramagnetic layer wheni 52. Similar expres-
sions giveq̃i and k̃i as a function of the integration variabl
k̃. S↑ is the coherent potential at the interface for spin↑
electrons. Its value is the solution of the usual CPA equat
T$S↑%50, whereT is the scattering matrix. Furthermore,G↑

is the vertex correction in conductivity. It is given by th
expressions

G↑5
uT↑u2

12uT↑u2D↑
, ~4!

uT↑u25cAS dA2S↑

12~dA2S↑!~1/N!SkGk
↑ D 2

1cBS dB2S↑

12~dB2S↑!~1/N!SkGk
↑ D 2

~5!

D↑5
1

N (
k

uGk
↑~z0 ,z0!u22U1

N (
k

Gk
↑~z0 ,z0!U2

, ~6!
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where cA(B) and dA(B)5a@(kF
(2))21q0

2# represent, respec
tively, the concentration and the scattering potential of ato
of type A(B) in the interfacial alloyAxB12x resulting from
the intermixing between the paramagnetic layer and the
ide barrier. In the present model, for simplicity,dA and dB

are not spin dependent.Gk
↑(z0 ,z0) is the Green function a

the interface:

Gk
↑~z0 ,z0!52

exp~ ik2a!~c12c2!2exp~2 ik2a!~c11c2!

Den
.

~7!

The expressions for spin↓ electron conductance and for fe
romagnetic alignment of magnetizations may be obtai
from Eq. ~2! by appropriate change of indexesi.

III. RESULTS AND DISCUSSION

The important conclusions which can be derived from
pressions~2!–~7! are the following: First of all, in the ab
sence of interfacial scattering, allS’s andG’s in expression
~2! are equal to zero. The results obtained in Refs. 1 an
are then recovered. We can estimate the conductance in
asymptotic limit of large thicknesseskFa andq0b@1. In this
limit, the expression of the conductivity can be written as

sAP
↑ 5sbulkH 11F11S c12c2

c11c2
DexpS 24

a

l D G S c12c2

c11c2
D

3expS 22
a

l D F ~kF
~2!a!cos~2kF

~2!a1f!

~kF
~2!a!21~q0b!2

1
~q0a!sin~2kF

~2!a1f!

~kF
~2!a!21~q0b!2 G J , ~8!

where

arctanf5
2q0kF

~2!

q0
22~kF

~2!!2

andsbulk is the conductance of the system for infinitely thi
paramagnetic layers.

As is clear from expression~8!, the ferromagnetic laye
adjacent to the paramagnetic spacer influences the total
ductivity and correlatively produces a TMR effect throu
the second term in Eq.~8! which is an oscillating term. The
amplitude of these oscillations decreases with the thickn
of the paramagnetic layer. The real characteristic length
this decrease isl—electron’s mean-free path in the parama
netic layer. However, in the case wherel @a, the TMR de-
creases approximately as (kF

(2)a)21 so that the valueac

5pbq0 /kF
(2) may be considered in some sense as a cha

teristic length, but not as a characteristic length of an ex
nential decay.

Let us now consider the situation where the interfac
scattering is taken into account. In expression~2!, an addi-
tional term S↑ appears in the denominator~3! which de-
scribes the influence of interfacial scattering on the transm
sion of electrons through the structure. This denominato
an oscillating function of the productc2a. For definite values
of c2a, the real part of the expression~3! is equal to zero.
This results in resonances~sharp oscillations! in conductance
s

x-

d

-

5
the

n-

ss
of
-

c-
-

l

s-
is

and consequently in TMR, associated with the formation
quantum-well states in the paramagnetic layer. This is ill
trated in Figs. 1 and 2, which show the calculated TM
versus the thickness~a! of the paramagnetic layer, respe
tively, Cu ~111! for Fig. 1 and Al for Fig. 2. From earlier
studies on~Co/Cu! multilayers, it is known that a layer-by
layer ~111! growth of Cu can be achieved on fcc~111! Co by
sputtering or molecular-beam epitaxy~MBE!. The resulting
Cu layer can either be single crystal if grown by MBE
with a strong~111! texture if grown by sputtering. If the Cu
layer is grown above the tunnel barrier, i.e., on amorph
alumina, it is likely that a~111! texture is obtained since th
~111! planes are the dense planes in fcc crystal. In th
cases, the interatomic spacing along the growth directio
a052.08 Å and the Fermi wave vector in this direction
exactly equal top/a051.51 Å21.2 Much less is known
about the growth of Al on Co or other ferromagnetic tran
tion metals. The thin Al layer which is deposited on th

FIG. 1. Calculated MR of Co/Cu@111#/Al 2O3 /Co magnetic junc-
tion vs thickness of the paramagnetic layera. Square points indicate
the values of MR for thicknesses corresponding to an integer n
ber of monolayers. The parameters arekF

(1)51.09 Å21, kF
(2)

51.51 Å21, kF
(3)50.42 Å21, a052.08 Å, q050.9 Å21, b510 Å,

a50.

FIG. 2. Calculated MR of Co/Al/Al2O3 /Co magnetic junction vs
thickness of the paramagnetic layera. Square points indicate the
values of MR for thicknesses corresponding to an integer numbe
monolayers. The parameters arekF

(1)51.09 Å21, kF
(2)51.75 Å21,

kF
(3)50.42 Å21, a052.34 Å, q050.9 Å21, b510 Å, a50.
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bottom ferromagnetic electrode prior to oxidation is likely
be polycrystalline considering the large lattice mismatch
tween, for instance, Co, and Al. For Al, which is also fcc, w
therefore chose a lattice parameter equal to 2.34 Å in
direction perpendicular to the interface. This correspond
the lattice parameter in the~111! direction. However, as we
will show further, the exact value chosen for this parame
is not important in the following discussion. The only impo
tant feature is that the Fermi wave vector in Al perpendicu
to the interface is significantly smaller thanp/a0 . This is
actually the most common situation except in a few parti
lar cases such as Cu~111!. In Figs. 1 and 2, the positions an
amplitudes of the resonances depend not only on the valu
kF

(2) , but also on the value of the Fermi momentum of spin↑
and ↓ electrons in the adjacent ferromagnetic layer. Ho
ever, if the electrons are strongly scattered at the interf
between the paramagnetic metal and the insulator and if
amplitude of the scattering potential is not spin depend
the resonances become much broader and the TMR
creases. This is illustrated in Figs. 3 and 4, where we plo
the averaged TMR amplitude@see further the expression~9!
versus thickness~number of monolayers!# of paramagnetic
layer for several values of the scattering potential amplitu
In that sense, the scattering on the barrier interface prod
the same decrease in TMR amplitude than the scatterin
the bulk of the paramagnetic layer discussed in Ref. 1.

Let us now discuss the effect of the presence of la
terraces at the interfaces of the paramagnetic layer. As
example, we assume that the thickness of this layer cha
by plus or minus one atomic distance around its aver
value with equal weight for each thickness. In this case,
conductance must be averaged as follows:

s~an!5
s~an2a0!1s~an!1s~an1a0!

3
. ~9!

Furthermore, in a very similar way as the aliasing effe
introduced to explain the long-period oscillation of the osc
latory coupling in magnetic multilayers,8 we have to conside

FIG. 3. Averaged MR amplitude@see text, expression~9!# of
Co/Cu@111#/Al 2O3 /Co junction vs the number of Cu monolayersN
for different values of interfacial scattering amplitude. The para
eters are the same as for Fig. 1.
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that the thickness of the layer can only vary by an inte
number of atomic planes. Therefore, in Figs. 1~for Cu! and
2 ~Al !, we denoted by squares the values of TMR at poi
where a5na0 (n50,1,2 . . . ,a0—lattice parameter!. These
TMR values, averaged according to Eq.~9!, have been re-
plotted in Figs. 3 and 4, respectively, for Cu~111! and Al. It
is clear in Fig. 1 that in the case of copper paramagn
layer, the TMR amplitude decays relatively slowly as a fun
tion of the number of monolayers. The TMR still exhibits
significant amplitude~> 1%! for a Cu thickness of the orde
of 50 Å, in agreement with the experimental observation
Sun and Freitas.3 This slow decay can be explained by th
properties of the electronic structure of Cu.9 One can see
from the cross section of the Fermi surface for a fcc~001!
spacer@see Fig. 1~b! in Ref. 9# that along the~111! direction
the value of Fermi momentum for Cu is equal top/a0 (a0 is
the distance between layers! which almost corresponds to th
period of oscillations in expression~2!. We also point out
that the averaging procedure~9! almost does not change th
values of TMR amplitude in that particular case. For oth
Cu growth direction,kF is smaller thanp/a0 , resulting in a
much steeper decay of TMR amplitude versus Cu thickne
Consequently, different Cu growth directions due to differe
deposition conditions may explain the discrepancy in the
sults obtained by various groups concerning the effect
introducing Cu at the interface between Co and Al2O3.

3,4 We
also point out that as for the oscillatory coupling in (F/Cu)
multilayers, whereF is a ferromagnetic transition metal2

changing the nature of the ferromagnetic metal can cha
the phase of the oscillations of TMR amplitude versus
thickness of the paramagnetic layera ~Fig. 1!. Due to the
aliasing effect, this can lead to a very significant change
on the rate of decay in the TMR amplitude versusa but on
the TMR amplitude itself.

We also considered the case where Al is introduced as
paramagnetic layer. This is actually a rather common exp
mental situation since the Al layer initially deposited to pr
pare the Al2O3 ~Refs. 3, 4! barrier may only be partially
oxidized. In this case, the TMR amplitude decreases v
rapidly and disappears for only a few monolayers~Fig. 4!.

-

FIG. 4. Averaged MR amplitude@see text, expression~9# of
Co/Al/Al2O3 /Co junctions vs the number of Cu monolayersN for
different values ofa. The parameters are the same as for Fig. 2
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Finally, the second term in expression~2! ~proportional to
G↑) shows that the interfacial scattering assists the tunnelin
This effect was discussed, for example, in Refs. 10 and
about semiconductor structures comprising a double barri
However, since the scattering potentialsdA and dB are not
spin dependent in our model@Eq. ~5!#, this second term does
not give a significant contribution to the TMR amplitude. I
actually tends to decrease the relative TMR amplitude
increasing a spin-independent part in the conductivity.

In conclusion, we proposed a model to explain the rel
tively slow decay in tunnel magnetoresistance i
Co/Cu/Al2O3/NiFe magnetic junctions as a function of the
thickness of the Cu layer. This slow decay is explained
terms of the aliasing effect by the particular shape of the C
Fermi surface in the~111! direction for whichkF5p/a0 .
For Cu in other growth directions or for other paramagnet
g.
1
r.

y

-

u

c

metals inserted between the ferromagnetic electrode and
barrier, the decay is expected to be much more rapid,
agreement with experimental observations. It would be int
esting to check experimentally that the different decay ra
in the TMR amplitude in Co/Cu/Al2O3/NiFe junctions as a
function of the Cu layer thickness are associated with vario
growth directions of the Cu layer, the slowest decay bei
associated with the largest Cu~111! texture.
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