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Recent experiments have tested the assumption that a spin-dependent asymmetry in scattering is re-
sponsible for the giant magnetoresistance (GMR) in Fe/Cr multilayers by introducing additional impuri-
ties (with different spin-dependent scattering asymmetries) at the interfaces. This paper presents a
theoretical calculation based on a Boltzmann transport equation approach that is appropriate for these
recent experiments. We find that when impurities (Mn, V) are introduced that have a spin-dependent
scattering asymmetry similar to that of Cr in Fe, the GMR is not substantially changed. When impuri-
ties (Al, Ir) with a spin-dependent scattering asymmetry opposite to that of Cr in Fe are introduced, there
is a rapid degradation of the GMR. Our results are compared with experiment, and good agreement is
found, provided that the magnitude of the scattering asymmetry in Al is reduced somewhat from low-
temperature published values. It is argued that thermal effects could indeed provide such a reduction.

I. INTRODUCTION

Recent experiments' have demonstrated that Fe/Cr
multilayer structures with antiferromagnetic coupling be-
tween the Fe layers can exhibit giant magnetoresistance
(GMR) effects, i.e., the resistivity of the structure changes
markedly when an applied magnetic field is used to over-
come the antiferromagnetic coupling, leaving the struc-
ture in a state where all the Fe spins are aligned. At low
temperatures, the resistivity can change by 30—50%, and
at room temperature changes of 10% have been mea-
sured.

Theoretical investigations of GMR have focused upon
the effects of spin-dependent scattering at the interfaces
and in the bulk Fe. We can understand the basic idea
behind these models by looking at the following simple
picture. First, we note that in Fe with Cr impurities,
spin-down electrons experience less scattering than spin-
up electrons. We can then imagine that as a given elec-
tron passes from one Fe layer to the next, the amount of
scattering that it will encounter depends upon the direc-
tions of the magnetizations in the Fe layers. For exam-
ple, if all the Fe layers have their magnetizations in the
same direction, a spin-down electron passes relatively
easily through the entire structure, while a spin-up elec-
tron scatters strongly at each interface and in the bulk
Fe. On the other hand, if the Fe layers are aligned anti-
parallel, then spin-down electrons leaving one layer will
be strongly scattered at the next Fe layer, since their
spins are now aligned with the magnetization (i.e., they
are now locally spin up). The spin-up electrons are still
strongly scattered in the bulk Fe and at the interfaces.
Therefore, the resistivity of the structure should be
greater in the antialigned state, since there is more
overall scattering.

Recent experiments by Baumgart et al. , demonstrate
the effects of spin-dependent scattering on the GMR in
Fe/Cr multilayers by introducing impurities at the Fe/Cr
interfaces. These impurities, when alloyed with Fe, ex-
hibit known asymmetries for scattering spin-up and spin-
down electrons. The results of the experiments show that
when the impurities have spin-dependent bulk scattering
asymmetry (Nb ) similar to that of Cr in Fe, there is little
effect on the GMR, but when the asymmetry is inverse
( I /Nb ) to that of Cr in Fe, the GMR is rapidly degraded.
Furthermore, these results are roughly independent of
whether the impurity is added at only one Fe/Cr inter-
face per unit cell, or whether the impurity is present at
both Fe/Cr interfaces per unit cell. This supports the
idea that it is the number (and type) of scattering centers
which is the principal parameter influencing the GMR.

The purpose of the present paper is twofold. Our first
goal is to extend the semiclassical model (Ref. 3) to give a
more realistic picture of the physical processes which
take place in the Fe/Cr multilayers. We then use this ex-
tended model to account theoretically for the results of
Baumgart et al. The primary extensions employed in the
present model are as follows: (l) Rather than assuming a
sharp interface at the Fe/Cr boundaries as has been used
previously, we assume that there are thin regions where
the Fe and Cr are mixed. We will treat cases where the
Fe has diffused into the Cr, the Cr has diffused into the
Fe, and where there has been mutual difFusion. Given a
region where the Fe and Cr are mixed, then, we assume
that there is bulk asymmetric scattering in the mixing re-
gion, rather than asymmetric scattering at the interfaces.
We therefore treat the scattering processes as bulk
scattering in the films and in the mixing region at the in-
terfaces. The transmission coefBcients at the interfaces
are assumed to be spin independent. (2) It is assumed
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that the introduction of the impurity scatterers changes
the composition of the mixing region, principally the
(net) bulk scattering asymmetry and mean free path.

The model has many advantages. First, in the present
semiclassical picture the bulk and interface scattering are
treated in the same way (this advantage was first pointed
out in the quantum mechanical models, and in fact, the
scattering properties in this model are obtainable from
experimental data on the spin-dependent resistivity.
Second, we are able to simultaneously account for both
the magnetoresistance and the overall resistivity of the
structure. In addition, this model agrees with recent ex-
perirnents which demonstrate that the GMR effect in-
creases with interfacia1 roughness, which in our model
leads to a larger mixing region. Finally, we are able to
obtain a good match with experiment concerning the ad-
dition of spin-dependent scattering impurities at the in-
terfaces.

II. THEORY

In this section we present the theory for calculating the
resistivity of a multilayer structure. We consider a unit
cell composed of two films of Fe separated by a film of
Cr, with thin regions of overlap at the interfaces. The
geometry of a single-period structure is shown in Fig. 1.
Physically, the mixing region m represents a layer in
which Fe has penetrated into the Cr (or vice versa), creat-
ing a layer of mixed Fe and Cr. The addition of impuri-
ties at the interfaces then simply introduces a third ma-
terial into the mixing region, provided the layer of added

impurity is thin. We assume that a static electric field is
applied along the x axis, parallel to the interfaces, as
shown. A magnetic field will also be applied along the x
axis, in order to overcome the antiferromagnetic coupling
between the Fe layers. In the absence of a magnetic field
and for anitiferromagnetically coupled Fe layers, the Fe

B C 0 E F

gg t(l) g t(l) ~ (jf+
az ~ ~'U, mv, aU

(2)

where e is the electron charge, E is the applied electric
field, ~ is the spin-dependent relaxation time, and m is the
electron effective mass in each region. As usual, we as-
sume that we may separate g into two parts, g+ for elec-
trons with positive U, and g for electrons with negative
U, . The general solution to (2) may then be written

eE~ ~o
T(~)

—zT(l) ()f'
g+ + 'xP T(~),

Z

(3)

where F is an arbitrary function of v, which is determined
by the boundary conditions.

The boundary conditions for a single-period structure
may be written as follows:

T(l) — T(l)

T(l) — T(l)

(4)

where p is the probability that nondiffusive scattering to
occur, and the subscripts A, F refer to the individual films
as labeled in Fig. 1. We note that the case of a superlat-
tice can be treated by setting p = 1 in Eqs. (4) and (5) and
fixing the interface at the position (c b)/2 The—rest o.f
the boundary conditions within a unit cell are

magnetizations lie parallel or antiparallel to the x axis.
Following Ref. 4 we assume that the electron transport

through the structure is governed by the Boltzmann
equation, and that the electron distribution function f
may be thought of as the Fermi-Dirac distribution plus
corrections due to the interfaces and the electric field:

f t(l)(z v) f t(t)(v)+gt(i)(z v)

where the arrows refer to the distributions for spin-up
(spin-down) electrons, f0 is the Fermi-Dirac distribution,
and g is the correction term. For brevity, we will
suppress writing the functional dependence of g on z and
v from now on. Substituting (1) into the Boltzmann
equation and keeping only linear terms yields

Fe Cr Fe T(l) —T T(l) at z= —b,
gz+ =Tg~+ at z = —b,T(l) — T(4)

T(L) —T T(l) at z= —a,
X

T(l) —T T(l) at z — agC+ gB+

g T(l) —T T(l)gD- gE- at z=a, (10)

g T'~' = Tg T'~' at z =a,gE+ gD+
T(l) —T T(l) at z=b, (12)

-C -b -a z=o a g T'l'= Tg T(l) at z =b, (13)

FIG. 1. The geometry of a single period of the Fe (15
A)/m/Cr{12 A)/m/Fe(15 A) structure. The center of the
structure is at z =0, and the boundaries of the mixing region are
at z =+a and z =+b. An electric field is applied along the x
axis, as shown.

where T is the probability for transmission of electrons
across the interfaces. We assume that the electrons not
transmitted are diffusively scattered (no refiection). To
account for the possible change in the magnetization
direction from one Fe film to another (the magnetization
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axis defines the spin quantization direction), we assume
an artificial boundary at z =0 (the dashed line in Fig. 1),
and write a boundary condition which changes the spin
directions of electrons emerging from one of the Fe films
into the proper spin direction for the adjacent Fe film.
This gives

g '~' =cos —g T'~'+sin(9
D+ 2 C+

g T( l) cos2 g T( l) +sin2I9
C —

2
D—

g T(L)gc+

T(l)gD—

at z=0,

at z =0.

(14)

(15)

mJ (z)= —2eX J v f(u„z)d'U, (16)

where m is the efFective mass in each region. The current
in the whole structure may be easily calculated by in-
tegrating the current density over z, and thus the efFective
resistivity for the entire structure may easily be found.

In Sec. III, we present numerical solutions for the
change in resistivity with applied magnetic field for
Fe/Cr multilayers with impurities at the interfaces.

III. RESULTS

In this section we present the results of numerical cal-
culations for the resistivity of Fe/Cr multilayers. In or-
der to compare with experimental results, we study the
addition of Al and Mn to the interfaces of an Fe(15
A)/Cr(12 A) multilayer structure. We note that the
scattering asymmetry for Mn in Fe is similar to that for
Cr in Fe, and the asymmetry of Al in Fe is roughly the
inverse of that for Cr in Fe, as discussed in Sec. I.

The input parameters for the problem are (1) A,
„„

the
arithmetic mean of the mean free paths for spin-up and
spin-down electrons in the Fe; (2) XbF„the bulk scatter-
ing asymmetry (=p" /p~) in Fe; (3) A, , the arithmetic
mean of the mean free paths in the mixing region; (4)
Nb, the bulk scattering asymmetry in the mixing region;
and (5) A,c„the mean free path (spin independent) in Cr.
The individual mean free paths for spin-up and spin-
down electrons in the Fe and mixing layers may be calcu-
lated from the arithmetic mean of the mean free paths
and the bulk scattering asymmetries. The other parame-
ters are the thickness of the mixing region (r =b —a in
Fig. 1), and the individual thicknesses of the Fe and Cr
layers. A bit of algebra allows us to write the resistivity
of the structure calculated in Sec. II entirely in terms of
the above parameters. To fix the parameters, we use ex-
perimental values of the bulk scattering asymmetries, fix
a value for t, and then choose reasonable values for the
mean free paths such that the magnetoresistance and

The set of equations (4)—(15) provides 24 equations in the
24 unknowns

+~+ +a+T(L). . . T(J)

We solve numerically for the F's. Once the F's are
known, and thus the g's, the current density in each re-
gion may be written

3

overall resistivity of the pure Fe/Cr system are matched
to experiment. The values of t are chosen to lie within
the experimentally determined range of the interdifFusion,
which are reported to be mixed monolayers, " i.e., a mix-
ing region of roughly one atomic diameter, to roughly 10
A. '

As we pointed out earlier, in the absence of impurities
there is a region of thickness t at the interfaces where the
Fe and Cr are mixed. When the impurities are added, we
assume that (i) they affect the mean free path and the
scattering asymmetry in the mixing layer, (ii) the distance
between Fe layers is increased by the thickness per period
of added impurity, and (iii) that the thickness t =b —a of
the mixing layer is constant. To arrive at the bulk
scattering asymmetry and mean free path in the mixing
region as a function of impurity thickness, we use the fol-
lowing averaging scheme. The net individual resistivities
for spin-up (pl' ) and spin-down (p 1 ) electrons in the mix-
ing layer may be calculated from Matthiessen's rule
(neglecting spin mixing), weighted by the thickness of im-
purity, and the asymmetry is then the ratio of the new
resistivities X& =p" /pi. Explicitly,

gm Pm g CrPCrT+ T

bm
gmPm +gCrPCr

g + gCr+Cr

g +gc,K gc +g ( I /IC)

where

0
pm g.,(p.,+p., )

T

gc, (pc, +pc, )+g (p" +p' )

is the ratio of the arithmetic means of the resistances in
the mixing region with (numerator) and without (denomi-
nator) impurities, and A, is the mean free path in the
mixing layer without impurities. Note that the subscripts
Cr and m on the resistivities refer to the value of the
resistivities of these elements when mixed with Fe.

Before we turn to the problem of the efFect of impuri-
ties, we point out that this model properly reproduces all
of the major features of the simple Fe/Cr system. To be-
gin with, we note that room-temperature values for the
GMR of 10% are achieved using experimental values for
many of the input parameters. For the sets of parameters
we chose, the model produces overall resistivities of the
structure in the parallel configuration in the range 45 —60
pQcm. These values are in very good agreement with
the experimental range of 20—80 pQ cm. ' In addition,

where X is the bulk asymmetry of the impurity m in Fe,
Nc, is the bulk asymmetry of Cr in Fe, E =pc~, /p~, and

g, and g«are the geometric weighting factors given by

M M
gm 2 gCr

where M is the thickness/period of impurity (recall that
the mixing layer is present at both interfaces in the unit
cell and thus half the total thickness resides at each inter-
face). In addition, the mean free path in the mixing re-
gion is afFected by the inclusion of impurities as follows:

0
Pm

m
Pm
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FIG. 2. The percent change in the magnetoresistance as a
function of thickness per period of added impurity. The upper
set of curves is for Mn impurities and the lower set is for Al im-

purities. The heavy squares are the experimental data for Mn,
while the heavy dots are the experimental data for Al, both tak-
en from Ref. 10. For Mn, the solid curve is calculated using the
value for bulk scattering asymmetry N =4, while the dashed
curved is calculated using N =6.5. For Al, the dashed line is
obtained for N =0.117, the dotted line for N =0.281, and the
solid line for N =0.468. Note that 0.468 is a smaller asym-
metry than 0.117, as explained in the text.

although we have no room-temperature data concerning
the dependence of magnetoresistance of the thickness of
Fe and Cr for the structure we consider, we would like to
point out that this model produces the behavior expected
from low-temperature data (neglecting oscillations due to
oscillations in the antiferromagnetic coupling). Using the
same values as above for the asymmetries and mean free
paths, we find that the magnetoresistance falls off very
rapidly with increasing Cr thickness, while the reduction
with increasing Fe thickness is much more gradual, in
agreement with low-temperature results.

In Fig. 2 we plot the percentage change in the resistivi-
ty of the structure from the Fe-aligned state to the Fe-
antiparallel state, (pt" —pt~)/pt~, as a function of the
thickness per period of added impurity. The added im-
purities shown in Fig. 2 are Al and Mn, and the experi-
mental points are shown as heavy dots (Al) and heavy
squares (Mn). At zero added impurity (mixing region of
Fe-Cr only), we achieve a fit assuming that the mean free
path and bulk scattering asymmetry in Fe are A,F,=40 A
and Xb„,=2. 15, respectively, the mean free path and
asymmetry in the mixing layer are k = 18 A and

Nc, =4.6, respectively, the thickness of the mixing layer
is t =4 A, and the mean free path in Cr is XC,=20 A.

We have set the transmission probability T= 1 since the
effective interface scattering is taken into account in the
thin mixing region. The plots for Mn agree quite well
with experiment using the averaging scheme outlined
above and the two published' values for the bulk asym-
metry of Mn in Fe, X =4 (solid line) and N =6.5
(dashed line).

Theoretical curves for the addition of Al impurity are
also shown in Fig. 2 for different values of bulk asym-
metry. Here the dashed curve is obtained using the pub-
lished value (iV' =0.117), the dotted curve is for 2.41V'

and the solid curve is for 4N . For self-consistency, we
note that the multiplying factors must also act on the pa-
rameter K above, i.e., we use X, 0.42K, and 0.25K, re-
spectively. The effect of the multiplying factor is to
reduce the net bulk asymmetry of Al in the Fe-Cr mixing
layer; i.e., 0.117 is a rather large asymmetry (compare
the magnitude 1/0. 117=8.5 to the value 4.4 for Cr),
whereas four times 0.117 is a rather small asymmetry
(1/0. 468=2). We note that since the latter produces the
best fit, the experiment seems to show that the scattering
asymmetry of Al in an Fe-Cr background is smaller than
that for Al in Fe. We note that the values of a( =1/Xb )

and p are taken from low-temperature data. The large
impurity concentration of Cr in Fe and near the inter-
faces probably means that the values for Cr in Fe are still
reasonable. However, at room temperature, spin-
independent scattering due to phonons and other mecha-
nisms will reduce the asymmetry of lower concentration
impurities. Therefore, it is not unreasonable to expect a
smaller asymmetry in the case of Al impurities, as the ex-
periment seems to show. For the solid curves in Fig. 2,
the calculation gives an overall resistivity in the parallel
configuration of just over 50 pQ cm.

We note that for some values of parameters our calcu-
lations show that the GMR reaches a minimum and then
begins to get larger as more impurity is added (see the
dotted and dashed curves in Fig. 2). The reason for this
is as follows. In the present model the GMR depends
upon the magnitude of the bulk scattering asymmetry,
and therefore as M gets larger, the magnitude of the
asymmetry in the mixing region reaches a minimum
when the asymmetries for the Cr and Al "cancel" one
another, and then gets larger as the Al asymmetry begins
to dominate. This upturn is not seen experimentally.
One reason for the difference between experiment and
theory is that our model neglects any changes in the anti-
ferromagnetic coupling as M increases. Experiments
have shown that the antiferromagnetic coupling between
the Fe layers depends upon the thickness of the Cr lay-
ers, " i.e., the antiferromagnetic coupling disappears by
the time dc, =19 A, and the present theoretical model
does not account for the decay of the antiferromagnetic
coupling. '

In addition, we note that the value of t =4 A we chose
for Fig. 2 is a reasonable minimum, corresponding to the
minimum penetration of roughly one atomic diameter as
mentioned above. It is not the only possibility. We point
out that the effect of larger t is to increase the GMR due
to the increased number of scatterers, and therefore to fit
the data we would need to reduce the bulk asymmetry.
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0
For instance, if we let t =5 A, then to fit the data we
would need NC, =3.25 ( all other parameters the same)
instead of 4.4. We could also adjust the mean free paths
(increase the distance between scattering events to com-
pensate for the increase in the number of scatterers), but
since the effect of changing the mean free paths on the
GMR is much smaller than the effect of the asymmetries,
we get quickly out of the range of reasonable mean free
paths at room temperature. For example, if t =5 A and
NC, =4.6, then to match the data we need to let A, =70
0

A, which is very long for room temperature. The reason
for the relative insensitivity of the GMR to mean free
path comes from the bulk asymmetry in the Fe
(Nb„E=2),which by itself accounts for roughly 35% of
the GMR, i.e., if we let Nb„,=1, so that there is no bulk
asymmetry in the Fe, then with all other parameters the
same, we find the GMR drops from 9.4%%uo to 5.9%%uo

When larger values of t are used in the calculation,
with the corresponding lower values for the asymmetries,
the major features seen in Fig. 2 are the same.

We may also investigate other geometries concerning
the mixing region. For instance, we may study the effect
of allowing the mixing region to penetrate into the Fe
layers; this would correspond to a situation in which the
Cr (and impurities) diff'ues into the Fe. The other possi-
bility involves allowing the materials to mutually diffuse
into one another, so that the mixing region extends into
both the Cr and Fe layers.

In Fig. 3, we present the results for the percent change

in magnetoresistance from the Fe-aligned to the Fe-
antialigned state as a function of added impurity for three
different cases. In all curves, the above method for
finding the bulk asymmetry in the mixing region is uti-
lized, and we use the published values for the resistivities
of the impurities in Fe everywhere. Once again, the ex-
perimental data for Al (dots) and Mn (squares) are shown.
For the dotted curve, we assume that the mixing region
extends 4 A into the Fe, with parameters X„,=65 A,
X~F,=2. 15, A, =18 A, Nc, =4.6, and A,c,=35 A. Even
with these numbers, which have long mean free paths for
room temperature, the dotted line does not represent the
experimental values well. The reason for this is that with
the mixing region completely within the Fe, the situation
resembles that of pure Fe/Cr with no substantial inter-
face scattering, and as we pointed out above, this scenario
accounts for only 35%%uo of the GMR with reasonable
numbers for the input parameters. For the dashed line,
we let the mixing region extend 2 A into the Fe and 2 A
into the Cr, with the same parameters as those for the
dotted curves. Lastly, for the solid line, we let the mixing
region extend 4 A into the Fe and 4 A into the Cr. The
best fit was obtained using X„,=26 A, X&„,=2. 15,

=18 A, Nc, =4.6, and AC, =20 A (solid line). With
these parameters we find a value of 60 pQcm for the
resistivity. This plot represents the best fit possible using
only published (low-temperature) values for the resistivi-
ties of Al and Mn and the model outlined above.
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FIG. 3. Magnetoresistance as a function of impurity thick-
ness for diff'erent geometries of the mixing region. The mixing

0

region is situated as follows: 4 A into the Fe for the dotted
0

curve, 2 A into both the Cr and the Fe for the dashed curve, and
4 A into both the Cr and the Fe for the solid curve. The pub-
lished values for the asyrnmetries are used in all three curves,
and the other parameters are given in the text.

IV. SUMMARY

We have calculated the GMR effect in Fe/Cr/Fe mul-
tilayer structures using a semiclassical model with thin
regions at the interfaces where the materials are mixed.
The interface scattering is therefore treated as bulk
scattering within this mixing region. The model is cap-
able of reproducing all of the major features of the Fe/Cr
multilayer structures, including the values for the magne-
toresistance and the saturated resistivities. We have then
applied this model to calculate the magnetoresistance as a
function of the amount of impurities added at the inter-
faces. Experiments have shown that the number and type
of scattering impurities plays a major role in determining
the size of the GMR; if the scattering asymmetry of the
impurities in Fe (Nb ) is roughly equivalent to that for Cr,
then the GMR is not rapidly degraded, whereas if the
scattering asymmetry of the impurity is inverse to that
for Cr then the GMR is rapidly degraded.

We assume that the resistivities in the mixing region
may be calculated separately for spin-up and spin-down
electrons using Mathiessen's rule, and we calculate the
net scattering asymmetry between spin-up and spin-down
electrons in the mixing region via Xb =p /p . Further-
more, we assume that the mean free path is reduced in
the mixing region as impurity is added.

When Mn is added to the interface region (Mn has a
scattering asymmetry similar to that for Cr in Fe), using
the experimental values for the bulk asymmetry of Mn in
Fe, a very good agreement with experiment is obtained.
When Al is added to the interface region (scattering
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asymmetry inverse to that of Cr in Fe), a good fit with ex-
periment is obtained if the scattering asymmetry is re-
duced slightly from the experimental value for Al in Fe.
Since the experimental values of the asymmetries we use
are low temperature, and since the experiments are at
room temperature, the lower value of the scattering
asymmetry for Al may be due to the effects of phonons
and other related spin-independent high-temperature
effects.

Finally, we note that the major parameters that affect
the GMR in the present work are the magnitude of the
scattering asymmetry, the thickness of the mixing region,

and to a lesser extent, the mean free path in the mixing
region. All of these parameters are directly related to the
number and type of scattering centers present at the in-
terfaces. The reduced sensitivity of the GMR to the
mean free path is due to the scattering asymmetry in bulk
Fe itself, which maintains about 35% of the GMR effect.
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