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Magnetoresistance of Co/Cu superlattices grown by molecular beam epitaxy
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The giant magnetoresistance (GMR) has been investigated for Co/Cu superlattices grown by molecu-
lar beam epitaxy (MBE) with the copper and cobalt (111)planes parallel to the surface. When Au was
used as a buffer layer, values of the GMR were found as high as 30%. Oscillations were observed in the
saturation magnetic field as a function of the thickness of the Cu layer, but these oscillations were not
observed in the GMR. The central purpose of the investigation was to study the effect on the GMR of
annealing the superlattices and to interpret the changes in terms of the relative contributions to the resis-
tivity of bulk and interface electron scattering. It was found that the magnitude of the GMR for the
Co/Cu system decreases on annealing in sharp contrast to previous observations in Fe/Cr superlattices
for which several workers have shown that the effect of annealing was normally to increase the GMR.
This striking difference between the two systems is explained in terms of their very different spin depen-
dence for interface electron scattering. A calculation is presented which accounts quantitatively for both
our results for the Co/Cu system, and for the contrasting results in Fe/Cr.

I. INTRODUCTION II. EXPERIMENTAL RESULTS

During the past few years, magnetic superlattices and
multilayers have been the subject of intense experimen-
tal' and theoretical investigations. Of particular
interest for these materials is the fact that for certain
specific thicknesses of the nonmagnetic spacer layer,
neighboring magnetic layers are coupled antiferromag-
netically and the system exhibits a giant magnetoresis-
tance (GMR) of order 10—100%. It is generally agreed
that these two phenomena are related, although even for
the two most widely studied systems, Co/Cu and Fe/Cr,
much remains unclear.

For example, for the Co/Cu system, polycrystalline
multilayers prepared by sputtering readily yield' a GMR
as large as 100%. By contrast, unless special techniques
are used, single-crystal superlattices grown by molecular
beam epitaxy (MBE) very often fail to yield a GMR at all.
Indeed, we reported the first observation of a true
GMR (of magnitude 26%) for an MBE-grown Co/Cu su-
perlattice only very recently, using the "trick" of incor-
porating a thin gold layer as the final layer in the buffer
region on top of the substrate. Another puzzling feature
of the GMR relates to the change in its magnitude when
the sample is annealed. For the Co/Cu system, annealing
was found to decrease the GMR, whereas for the Fe/Cr
system the reverse is true, with annealing increasing the
magnitude of the GMR. ' ' '

In two recent short papers ' we reported some pre-
liminary data for the GMR of an MBE grown Co/Cu su-
perlattice, and its change in magnitude on annealing. In
this paper, we shall present our results in detail, including
magnetization measurements that indicate antiferromag-
netic coupling for our superlattices. We also derive an
expression that accounts quantitatively for the GMR
data for annealed samples, both for the Co/Cu system
that we have studied as well as for the Fe/Cr system
studied by other workers.

The superlattices were grown in a VG 80M MBE facil-
ity on GaAs (110) substrates. The substrates were heated
to about 600 'C until reflection high-energy electron
diffraction (RHEED) indicates surface reconstruction
characteristic of GaAs(110). It has been found that de-
positing a 500-A layer of Ge at 500'C greatly improves
the quality of the metallic layers. A single layer of bcc
(110) Co is necessary to seed epitaxy, and is grown on the
Ge at a temperature of about 150'C. Having experiment-
ed with both Cu [200 A, (111)] and Au [10 A, (111)]
buffer layers, we found that only the Au buffers resulted
in layers of sufficient quality to yield a giant magne-
toresistance. We then grew 20 bilayers of nominally 15 A
of Co and thicknesses of Cu ranging from 5 to 22 A.

The samples were characterized in situ by RHEED and
ex situ by x-ray diffraction and x-ray pole figures. In Fig.
1, we show two orientations of the copper layers during
growth. The patterns, separated by an angle of 30', both
show the streaky appearance that is the signature of flat
surfaces, and both show the sixfold rotational symmetry
that is a characteristic of the close-packed atomic ar-
rangement in (111)growth. The surface of a (111)plane
can be represented by a two-dimensional hexagonal net,
and the labels in Fig. 1 represent the rows of atoms giving
rise to the particular diffraction streak. For a hexagonal
net, the lattice constant a is related to the separation d&k
of the rows (hk) by

d =(—')a /(h +k +hk),

so that for the rows in question d» /d2& =&3. As in any
diffraction experiment, the separation of the lines or spots
in the pattern is inversely proportional to the separation
of the diffracting elements. We note that the excellent
agreement between this value of v 3 and the inverse ratio
of the separations of the two set of RHEED streaks
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shown in Fig. 1 provides further evidence that the growth
planes parallel to the surface are (111).

Low-angle x-ray-diffraction peaks were visible at angles
corresponding to the bilayer thickness and, for some sam-
ples, a second-order peak was visible indicating sharp in-
terfaces. It is very dificult to see more than two low-
angle Bragg peaks in Co/Cu, because the form factors for
Co and ~u are-so slimlM that tiiere-is a lack of x-ray con-
trast. It was found that the Cu was highly oriented in the

[111]direction, with no sign of other orientations. For
example, the ratio of intensities in the pole figures for the
(111) and (110) planes was 500:1, which is within the
signal-to-noise-ratio. Further details of the x-ray mea-
surements can be found in Refs. 27 and 32.

Samples were cleaved into rectangular shapes such that
the long side was in the [112]GaAs direction. This does
not- corre pond- exact-.y ta- a- crystal- ax:s- in- the -uperlai=
tice, but is 7 from the [101] direction. The magne-
toresistance was measured using a standard four-probe dc
method, with pressure contacts in a longitudinal arrange-
ment (current and field parallel). Samples for annealing
were prepared by cleaving a large section into several
smaller pieces.

Figure 2 shows the magnetoresistance at 5 K in fields
up to 70 kOe. The data for the sample for which the
copper thickness is 7 A show a large change in resistance
(30%) which is associated with antiferromagnetic (AFM)
coupling, whereas the much smaller change (3%) for the
5-A sample indicates that the coupling is predominantly
ferromagnetic (FM). However, we emphasize that in all
our samples the field required for saturation of the mag-
netoresistance is very large, which indicates very strong
exchange coupling between the magnetic layers.

Figure 3 shows the effect of changing the current-field
orientation from parallel to transverse for a sample of
composition [Co(12 A)Cu(9 A)]zo for which the GMR is
over 30%. Although we reported previously that
changing the geometry had no effect on the magnitude of
the magnetoresistance, this earlier result was for fields of
less than 8 kOe, and this absence of field dependence at
low fields is confirmed in Fig. 3. However, above 8 kOe
there is a small difference between the longitudinal and
transverse magnetoresistance. The field dependence of
this difference tells us something about the magnetization
process. At saturation, this difference is simply due to
the anisotropic magnetoresistance, which has a value of
about 2%%uo. On the other hand, the fact that there is no
difference between the two geometries up to about 8 kOe
implies that the magnetization direction is not affected by
the external field. A difference then begins to appear as
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FIG. 1. RHEED patterns on two orientations of the copper
surface during growth. The indices refer to the hexagonal net
on the (111)surface.
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FIG. 2. The field dependence of the normalized resistance of
Co/Cu superlattices with various copper thicknesses.
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a sample with a copper spacer of 7 A, measured in both the lon-
gitudinal and transverse configurations.

the magnetization in each layer rotates toward the direc-
tion of the field.

In Fig. 4, we show some first measurements of the
magnetization of these materials in samples for which the
thicknesses of the copper layers are 5 and 7 A. There is a
clear diA'erence in the two magnetization curves. The

0
5-A sample has a large remnant magnetization but small
saturation field, whereas the 7-A sample has a much
smaller remnant magnetization and a large saturation

0
field. The saturation field for the 7-A sample is about 40
kOe, which is consistent with the saturation of the mag-
netoresistance. These values of saturation field and rem-
nant magnetization are typical of an AFM-coupled su-
perlattice and are similar to the values found in sputtered
Co/Cu multilayers. By contrast, the large remnant mag-
netization of the 5-A sample is consistent with predom-
inantly FM coupling. Although the saturation field is

FIG. 5. The saturation magnetic field vs the copper spacer
thickness.

0

smaller in the 5-A sample, it is still larger than expected
for simple FM coupling, and may suggest either a mix-
ture of AFM and FM coupling or the presence of in-
plane anisotropy.

In Fig. 5, we show the variation of saturation fields
determined from the GMR as a function of copper layer
thickness, from which one can see oscillations with peaks

0
in the saturation fields at 7 and 18 A. The criterion for
determining the saturation field was to extrapolate the
high-field background to lower fields and estimate where
the GMR deviated from this background. Although the
uncertainties in this process are quite large, as indicated
by the error bars, the evidence for the second peak at
18 A is quite apparent. However, in Fig. 6, where we
show the percentage change of the magnetoresistance at
saturation fields as a function of Cu thickness, the evi-
dence for a second peak in the GMR itself is not so clear.
Nevertheless we emphasize that it is not necessary for the
GMR to exhibit the same oscillations as the saturation
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7-A copper spacer layers.

FIG. 6. The saturation value of the magnetoresistance vs the
copper spacer thickness. The uncertainties are smaller than the
size of the points.
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a copper space of 7 A in the low-field regime.

field, as this depends only on the strength of the coupling,
whereas the GMR also depends on other factors such as
the ratio of bulk to interface scattering.

It is worth highlighting the differences between our re-
sults for MBE-grown samples and previous results on
samples prepared by sputtering. For the latter, it has
been found that the saturation fields are small ( ( 10 kOe),
so the AFM coupling is relatively weak, but in our MBE
samples the AFM saturation fields are large ( =40 kOe),
and the coupling strong. In the sputtered films, there are
oscillations as a-.-unction of ~U thickness with- a- period of-

about 10 A in both the saturation field and the GMR,
whereas in our MBE-grown samples there are oscillations
of a similar period only in the saturation field, with only
one maximum in the value of the GMR. We believe that
the difference in the dependence of the GMR on the Cu
thickness could be correlated with the difference in the
ratio of the bulk to interface scattering, and herein lies a
major difference between the sputtered and MBE-grown
samples. In sputtered samples, which are textured poly-
crystalline films, we may assume that although the inter-
face scattering can be strong, the scattering is, neverthe-
less, dominated by bulk scattering. In MBE samples,
which are epitaxially grown with a high degree of crystal-
linity, bulk scattering is much reduced.

Although we noted that the magnitude of the satura-
tion magnetic field is comparable for the GMR and for
the magnetization, the actual field dependence of these
two quantities is very different. Comparing the magne-
toresistance of the sample with 7-A copper layers (Fig. 2)
with the magnetization data (Fig. 4), we note that the
magnetic field needed to produce significant changes in
the electrical resistance is considerably greater than the
field required to produce a significant degree of magneti-
zation. This striking difference can be explained in terms
of the competition between the AFM exchange coupling
and the in-plane anisotropy.

In Fig. 7, we show the low-field magnetoresistance data
at room temperature for the 7-A sample on an expanded
scale up to a maximum field of 800 Oe. The most in-
teresting feature is a marked coercive field of approxi-

mately 50 Oe showing that, even though the large satura-
tion field indicates AFM coupling, there is also some de-
gree of FM alignment. This highlights the importance of
looking at both low-field and high-field magnetization
Ineasurements, as the low-field data may indicate FM
coupling even though the coupling is predominantly
AFM.

III. EFFECT OF ANNEALING ON THE GMR

There is currently an unresolved question regarding
the dominant electron-scattering process that gives rise to
the GMR. The analysis of the GMR by Edwards,
Mathon, and co-workers ' was based on the spin-
dependent scattering of electrons in the bulk of the mag-
netic layers, whereas Levy, Zhang, and co-workers
have emphasized the importance of spin-dependent elec-
tron scattering at the interfaces between the magnetic
and the nonmagnetic layers. Our experiments were
designed to change the interface roughness by annealing
the superlattice and thus shed light on this controversy
by analyzing the observed changes in the measured GMR
in terms of the relative contributions of interface and
bulk electron scattering.

Previous workers' ' ' ' who carried out similar
measurements on the Fe/Cr system found that, regard-
less of whether the multilayers were produced by sputter-
ing or by MBE, and regardless of whether the interfacial
roughening was caused by annealing or by changing the
pressure of the sputtering gas, "increasing roughness al-
ways resulted in enhanced magnetoresistance. " In com-
plete contrast to these results for the Fe/Cr system, our
measurements on Co/Cu multilayers yield a progressive
decrease in the value of the MR on annealing. Moreover,
we shall show that the different results obtained for the
two systems can both be explained in terms of the in-
crease of interface electron scattering caused by anneal-
ing.

A. Co/Cu superlattices

Our low-temperature data for the change in the GMR
on annealing a Co/Cu superlattice are displayed in Fig. 8,
where the magnetoresistance is plotted as a function of
the zero-field resistivity po of the sample. The open circle
represents the data point for the unannealed sample,
whereas the full symbols give the results for the annealed
samples. Annealing causes an overall increase in electron
scattering which increases p0. It can be seen that succes-
sive annealing of the Co/Cu superlattice leads to a pro-
gressive reduction of the MR. The curves in Fig. 8
represent an analytical fit to the data which we shall dis-
cuss in a later section.

%'e note in Fig. 8 that, depending on the temperature
range under consideration, the annealing treatment took
several different forms. (a) At the lowest temperatures,
different pieces cut from the same unannealed Co/Cu su-
perlattice were annealed for 1 h at temperatures between
230 and 275'C. (b) At slightly higher temperatures in the
narrow range between 280 and 295'C, annealing the
275 C sample for only 10 min at progressively higher
temperatures leads to a marked decrease in the MR with



47 MAGNETORESISTANCE OF Co/Cu SUPERLATTICES GROWN. . . 12 7S9

20

CoiCu

10—
(b)

(C)
k'

10 20

po(p. ncm)

50

FIG. 8. The saturation magnetoresistance vs the zero-field
resistivity for Co/Cu superlattices annealed at various tempera-
tures. The symbols are explained in the text, and the lines are
theoretical fits discussed in the text.

increasing po. (c) Finally, samples were annealed at
300 C for varying periods of time (10 min, 30 min, and 1

h), and this yielded a still greater decrease in the MR and
a complete loss of low-angle peaks in the x-ray scans.
The data points corresponding to the three forms of an-
nealing are depicted in Fig. 8 by squares, circles, and tri-
angles, respectively.

These experimental results can be understood in the
following way. It is generally agreed that the GMR ob-
served in magnetic superlattices and multilayers results
from the antiferromagnetic coupling between neighbor-
ing magnetic layers. In the antiferromagnetic
configuration, electron scattering is on average indepen-
dent of its spin direction as the electron travels through

I

successive layers. Applying a saturation magnetic field to
align the superlattice into the ferromagnetic
configuration then leads to a strong dependence of elec-
tron scattering on spin direction (assuming no spin mix-
ing, as is appropriate at low temperatures). It is easy to
show that such a system exhibits a GMR whose magni-
tude depends on the ratio of the scattering probability of
the spin-up electrons to that of the spin-down electrons.

A theoretical analysis of the GMR in terms of a "resis-
tor network" model has been given by Edwards, Mathon,
and Muniz, who emphasized bulk scattering of the elec-
trons in the magnetic host. Based on the marked spin
dependence of the d-band density of states at the Fermi
energy of the magnetic layers, Edwards, Mathon, and co-
workers" have calculated the GMR, obtaining a mag-
nitude for the Co/Cu system that is in good agreement
with the largest measured values as a function of layer
thickness.

Now consider the scattering of an electron at the inter-
faces between the Co and the Cu layers of the superlat-
tice. Electron scattering at the Co/Cu interface is "catas-
trophic, " in that the electron loses all memory of its
momentum when diffusely scattered. Therefore the
scattering is independent of the bulk density of states and
hence independent of the direction of the electron spin
which serves to reduce the magnetoresistance. The more
spin independent the scattering, the smaller the value of
the MR. Because annealing the Co/Cu superlattice in-
creases interface scattering, it follows that annealing
should decrease the MR. This is indeed what we observe
for Co/Cu superlattices.

We have made these ideas quantitative by including in-
terface scattering in the "resistor network" model by
adding additional "resistors" into the network for each
spin direction to represent interface scattering. The de-
tails of the calculation will be described in the next sec-
tion, and here we give the principal result:

[—,'pb(ab —1)+p, (1+r)(a, —1)]
MR=

[pb(ab+r)+2p, (1+r)(1+a, )][(p~+4p;)(I+r)]

where r is the ratio of the thicknesses of the Cu and the
Co layers, and pb and p; represent the proportion of the
electron scattering that takes place in the bulk (subscript
b) and at the interfaces (subscript i), respectively, where
pb+p, =1. The value of pb for the unannealed superlat-
tice is chosen to make the calculated value of MR equal
the measured MR for that sample.

The key quantities in (1) are ab and a, which denote,
respectively, the ratio of spin-down electron scattering to
spin-up electron scattering in the bulk (b) of the magnetic
layers and at the interfaces (i). For the Co/Cu system,
Edwards and co-workers find that in the absence of
interface scattering, the value o.b=8 accurately rejects
the strong spin dependence of the bulk density of states in
ferromagnetic Co. Since, for Co/Cu, interface scattering
is independent of the direction of the electron spin,

cx = 1.
The four squares in Fig. 8 corresponding to po(21

pA cm refer to Co/Cu superlattices for which the anneal-
ing temperature has been kept below 280'C. At such low
annealing temperatures, the structural integrity of the in-
terface is maintained, as has been confirmed by x-ray
scans. The effect of annealing is to cause diffusion of
the Cu atoms into the neighboring Co layers and vice ver-
sa. Part of this diffusion is restricted to the interface and
part penetrates into the bulk. However, this distinction
is not clearcut. From Eq. (1), the change in magne-
toresistance due to annealing is due to the change in the
relative fraction of bulk (pb ) and interface (p; ) scattering.
The change in the ratio (pb/p; ) is used as a fitting param-
eter, and is related to the net resistivity of the superlattice
by Eq. (11) below. We find the best overall fit to the data
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by assuming that about half the additional scattering due
to annealing arises from interface scattering (p, =57%)
and about half arises from bulk scattering (pb =43%).
This leads to the calculation curve (a)—the full curve in
Fig. 8—which shows excellent agreement with experi-
ment.

It should be noted that the reduction of the magnetiza-
tion of the Co layers due to the diffusion of Co atoms into
the Cu layers is negligible. The measured increase in
resistivity on gentle annealing up to 275 C is about 12
pQ cm, which would result from the additional impurity
scattering due to about 2% Co in Cu. Since, for our
samples, the cobalt layers are about twice as thick as the
copper layers, the decrease in thickness of the Co layers
cannot be greater than 1%, and the overall magnetic
structure of the superlattice is virtually unchanged.

We now consider the somewhat higher annealing tem-
peratures in the range 280' —295'. Annealing at these
temperatures begins to undermine the structural integrity
of the interface and yields the data points given by the
four circles in Fig. 8. As a result, a greater proportion of
the electron scattering takes place at the interface, which
should lead to a more rapid decrease in MR with po.
Such behavior is clearly evident in the data.

Analytically we take this incipient structural break-
down into account by assuming in Eq. (1) that a greater
proportion (80%) of the additional scattering due to an-
nealing arises from interface scattering. This yields the
calculated curve (b)—the dashed curve in Fig. 8—and
again the data points (the circles) are seen to be in agree-
ment.

Finally, we consider the data points obtained by an-
nealing the superlattice at 300 C. At such a high anneal-
ing temperature, the x-ray scans indicate an almost
complete breakdown of the interfacial integrity. Conse-
quently, the decrease in MR with increasing po should be
even more rapid, and this is indeed found to be the case.
Theoretically, this structural breakdown is taken into ac-
count by assuming in Eq. (1) that all the additional elec-
tron scattering due to annealing arises from interface
scattering. This yields the calculated curve (c)—the
dot —dash curve in Fig. 8—and once again the data
points (the triangles) are in satisfactory agreement with
the calculation.

B. Fe/Cr superlattices

We suggest that the reason why the Fe/Cr system is so
different is because of a phenomenon that does not occur
for Co/Cu superlattices. This is the strong spin depen-
dence of electron scattering of Cr impurities in an Fe
host, ' which results in spin-dependent scattering at
the interfaces. Friedel has shown that this spin depen-
dence arises from the resonant scattering of the virtual
bound state of a Cr atom in the d band of ferromagnetic
Fe. This spin-dependent interface scattering formed the
basis for the successful calculation of the GMR for Fe/Cr
superlattices carried out by Levy, Zhang, and co-
workers. We argue that this same resonant
scattering —which is entirely absent in the Co/Cu
system —is the reason why the changes in magnitude of

the GMR's of the two systems on annealing are of oppo-
site sign.

Our calculation of the GMR for annealed Fe/Cr sam-
ples is based on the same expression, Eq. (1), that we used
to calculate the GMR for the annealed Co/Cu samples.
The key quantities are again n& and a;, the ratios of
spin-up electron scattering to spin-down electron scatter-
ing in the bulk (b) of the Fe layers and at the Fe/Cr in-
terfaces (i). The Levy-Zhang GMR analysis of spin-
dependent interface scattering due to the Friedel reso-
nance shows that a value +=12 accurately reproduces
the GMR data for the basic unannealed Fe/Cr sys-
tem. ' The bulk value of o.b can be obtained by analyz-
ing resistivity data, giving ab =2.7 according to Darleijn
and Miedema, or n& =6 according to Fert and Camp-
bell. ' The essential point is that both experimental
values yield a, )a& —a result entirely in accordance with
the general assertion' ' that interface scattering is
the major source of spin-dependent scattering for the
Fe/Cr system.

This conclusion has important implications for the
change of MR on annealing. As already noted in the dis-
cussion of Co/Cu, annealing always results in an increase
of interface scattering. Consequently, for the Fe/Cr sys-
tem, annealing will increase the spin-dependent scatter-
ing. Inserting the parameters in Eq. (1) shows that this
will lead to an initial increase in the magnitude of the
MR in accordance with experimental observations. ' '

In the absence of any detailed information about how
annealing affects interfaces in Fe/Cr superlattices, we
shall simply assume that the implied changes in the
Co/Cu system also applies to Fe/Cr. Thus, for the rela-
tively low annealing temperature of 260'C, the structural
integrity of the sample is maintained and the effect of an-
nealing is to cause interdiffusion of the two atomic
species at the interfaces. This is the temperature range in
which we predict an increase of the GMR. For superlat-
tices annealed at much higher temperatures, we assume a
complete structural breakdown of interfacial integrity.
The additional scattering will now be independent of the
direction of electron spin, and will lead to a reduction of
MR as the superlattices are essentially destroyed. For
such temperatures, Eq. (1) predicts that MR should al-
ways decrease with annealing for the Fe/Cr system, ex-
actly as we found experimentally for the Co/Cu system.
Recent experimental results for high-temperature an-
nealing of Fe/Cr multilayers are in accord with this pre-
diction.

IV. THEORY

Equation (1) was derived by generalizing the "resistor
network" model of Edwards, Mathon, and Muniz to in-
clude interface electron scattering. Although only bulk
electron scattering was considered in their analysis, Ed-
wards, Mathon, and Muniz pointed out that their model
can readily accommodate interface electron scattering by
adding "resistors" to the network to represent these addi-
tional scattering processes. An excellent review of this
model has been given by Mathon.

In the measurement of MR, a current Bows in the
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FM:R)=2H, R)=2L . (4)

Since, at the temperatures under consideration here, the

Anti ferromagneti c Ferromagnetic

direction parallel to the layers of the superlattice and the
resistance is measured. We consider the case for which
the thickness of the nonmagnetic spacer layer produces
antiferromagnetic coupling between adjacent magnetic
layers. Applying a strong magnetic field then aligns the
superlattice ferromagnetically. The electrical resistances
of the superlattice in the antiferromagnetic (AFM) and
the ferromagnetic (FM) configurations are denoted by
R ~pM and R I;M, respectively, and the normalized magne-
toresistance is given by

MR = ( R ~i;M
—R nc ) /R p

The superlattice consists of a series of bilayers (one lay-
er being magnetic and the other layer being nonmagnet-
ic), with the resistance of each bilayer depending on the
direction of the electron spin. The higher and the lower
resistances of the bilayer for the two different electron
spin directions are denoted by H and L. We are consider-
ing an electron whose mean free path is long enough that
it samples several (at least two) bilayers so that electrons
can distinguish between the FM and the AFM
configurations. In Fig. 9(a), we depict, for each spin
direction, two bilayers in the AFM configuration, and in
Fig. 9(b), two bilayers in the FM configuration. The
"height" of each layer indicates schematically the magni-
tude of its resistivity, which depends on spin direction in
the magnetic layers (labeled M), but does not in the non-
magnetic layers (labeled N).

In the AFM configuration, electrons of both spin direc-
tions experience both the higher and lower resistances H
and L, respectively. Therefore, for both the spin-up elec-
trons (resistance R

&
) and the spin-down electrons (resis-

tance R&),

AFM:R
g
=R ) =H+L .

On the other hand, in the FM configuration, the resis-
tance of electrons traversing the double bilayer shown in
Fig. 9(b) now depends on the spin direction, so that, in
this case,

(H L)—
4HL

(5)

The geometrical factors of the length and cross-
sectional area of the superlattice are the same in both the
AFM and the FM configurations, and so do not appear in
(5). Thus, for the calculation of MR, we may equally well
view the quantities H and L as the spin-up and the spin-
down resistivities of the double bilayers in Fig. 9.

To calculate H and L, we consider separately the con-
tributions due to bulk scattering and due to interface
scattering of the electrons. The bulk (b) scattering resis-
tivities, denoted Hb and Lb, are given by the spatial aver-
age of the bulk resistivity in the magnetic (m) layers (p )

and in the nonmagnetic (n) layers (p„).In the magnetic
layers, p has a higher value, denoted p H, for one spin
direction and a lower value, denoted p L, for the other
spin direction. Taking the spatial average over the bi-
layers yields

Mp II+NP"„
Hb

Mpml. +Npn
M+N

(6)

where M and N are the thicknesses of the magnetic and
the nonmagnetic layers, respectively.

Now we consider the contribution to the resistivities
due to interface electron scattering, which is the new
feature of the calculation. The interface resistivty in the
double bilayer has a contribution due to electron scatter-
ing by nonmagnetic atoms in the magnetic surface layers
(denoted p' ), and one from electron scattering by mag-
netic atoms in the nonmagnetic surface layer (denoted
p'„). Although the term p'„ is independent of the direc-
tion of electron spin, for Fe/Cr superlattices resonant
scattering gives p' a very strong spin dependence with
corresponding high and low interface resistivities denoted
by p' ~ and p' L, respectively. The high and low overall
interface resistivities for the two spin directions, labeled
H; and L;, are thus

degree of spin mixing is small, the spin-up and spin-down
electrons constitute two quite separate currents, as if
these currents were fiowing in separate parallel wires.
Therefore, the total resistance of the double bilayer in
Fig. 9 is given by adding resistances in parallel. A short
calculation then yields a general expression for the MR,

M N M N pma+2pn ~

L; =2PmL+2p

FICx. 9. A schematic diagram illustrating the resistor net-
work model discussed in the text. (a) is the antiferromagnetic
configuration and (b) is the ferromagnetic configuration.

where the factor of 2 stems from the two interfaces of the
bilayer.

To obtain the total resistivities for the bilayer, H andI„including both bulk and interface electron scattering,
one combines (6) and (7) and introduces the important pa-
rameters pb and p, to denote the relative proportions of
bulk and interface electron scattering, respectively, giving
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H =pbHb+p;H;,

L =pbLb+p;L
(8)

Invoking our approximations described earlier leads to
the final result

Inserting (6)—(8) into (5) yields the following expression
for MR:

I ~pb(p H p L)+p (M+N)(p H p L)j
MR=

D~DI.

where
(9)

po~pb(MP H+Mp I +2NP„)

+2p, (M+N)(p' H+p' I +p'„). (10)

D~=pb(MP 8+Np„)+2p;(M+N)(p' H+p'„),
DI =pb(MP I +Np„)+2p;(M+N)(p' I +p'„).

Although Eq. (9) contains many unknown parameters,
we are able to make a number of simplifying assump-
tions, since we are not attempting to calculate the abso-
lute value of MR, but only its relative change on anneal-
ing. This approach is consistent with the results of nu-
merical tests we have made that show that the change in
MR on annealing is relatively insensitive to our approxi-
mations. The principal guideline to be followed is that
the essential "physics" of the change in MR on annealing
lies in the spin-dependent parameters.

Our first approximation is to set p'„=p„.Since these
quantities are both independent of the spin direction,
their relative values are unimportant. Our second ap-
proximation is to set p'„=p' I. For the Co/Cu system,
p' is independent of spin direction, but for the Fe/Cr
system, the spin dependence of this magnetic component
of the interface layers is central to the whole problem.
The entire effect of the Friedel resonance of the virtual
bound state is to produce a large enhancement in the
value of p' H, while the value of p' L is almost unaffected.
Our third and final approximation is to set p" I =p„.Al-
though the spin dependence of p" in the Co/Cu system is
very important, the entire effect of the d-band density of
states in ferromagnetic Co is to produce a large value for
p" H', the value of p L for Co is not influenced by s-d
scattering and remains low. Similarly, for the Fe/Cr sys-
tem, Moruzzi, Janak, and Williams find comparable
values for the bulk density of states for Cr and for the
spin-down subband of ferromagnetic Fe. This makes our
third approximation quite reasonable. Moreover, the ra-
tio of these quantities was found by Edwards, Mathon,
and Muniz (who denotes this ratio P) to be close to unity
for both the Co/Cu system and the Fe/Cr system. Hav-
ing made these approximations, it is straightforward to
reduce Eq. (9) to the expression for MR given in Eq. (1).

We now turn to the expression for the zero-field resis-
tivity po. In the absence of a magnetic field, the superlat-
tice is in the AFM configuration, implying from Eqs.
(6)-(8) that

po=p„,[pb(ab+ 1+2r )+2p,.(1+r)(a;+3)j, (11)

where we denote the constant of proportionality as p„,
because it represents the total electron scattering ex-
pressed in resistivity units. The value ofp„,for the unan-
nealed superlattice is chosen to make po equal to the mea-
sured value for that sample (the open circle in Fig. 8),
while the value of pb is taken from the magnetoresistance
of the unannealed sample. The effect of annealing is to
increase the electron scattering, which increases p„,and
hence po.

V. SUMMARY

We have measured the magnetoresistance of a series of
MBE-grown Co/Cu superlattices, and have obtained the
following results.

(i) For the appropriate thickness of the Cu spacer layer
(7—9 A), we find a GMR of up to 30%, with a saturation
magnetic field of over 40 kOe. Antiferromagnetic cou-
pling is indicated by our magnetization curves and by the
large magnitude of the saturation field.

(ii) For space layer thicknesses that are either some-
what smaller (5 A) or somewhat larger (11 A), the shape
of the magnetization curve and the reduced magnitude of
the saturation field indicate ferromagnetic coupling, and
correspondingly we observe a much smaller magne-
toresistance of only a few percent. A second peak in the
magnitude of the saturation field was observed at a Cu
thickness of about 18 A, which suggests oscillations in
the magnetic behavior with a period of about 10 A.

(iii) Annealing an antiferromagnetic Co/Cu superlat-
tice leads to a progressive reduction in the magnitude of
the GMR. This reduction is found to be gradual at lower
annealing temperatures, but becomes much more rapid as
the annealing temperatures are increased.

(iv) An empirical calculation has been carried out for
the change in the magnetoresistance on annealing the su-
perlattice, which agrees quantitatively with our data for
the Co/Cu system.

(v) The calculation is also in accordance with previous
data for annealed Fe/Cr superlattices, which exhibit an
initial increase in the magnetoresistance upon annealing
the Fe/Cr sample at low temperatures. This difference in
behavior between the Co/Cu and the Fe/Cr systems is at-
tributed to Friedel resonant scattering at the interfaces of
the Fe/Cr superlattice, due to the virtual bound state of
Cr atoms in ferromagnetic Fe.
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