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We have carried out an experimental and theoretical study of the magnetoresistance MR(H) in
the CPP (current perpendicular to the planes) mode for two types of magnetic multilayers that differ

only in the ordering of the magnetic layers:

[Co(10 A)/Cu(200 A)/Co(60 A)/Cu(200 A)]y and

[Co(10 A)/Cu(200 A)]y[Co(60 A)/Cu(200 A)]y. The series resistor model predicts that in the CPP
mode MR(H) is independent of the ordering of the layers. Nevertheless, the measured MR(H) curves
were found to be completely different for the two cases. Calculations based on a realistic band structure
and the Kubo formula show that the results are a consequence of a long mean free path.

PACS numbers: 75.70.Cn, 73.40.—c, 75.70.Pa

The giant magnetoresistance exhibited by magnetic mul-
tilayers [1] continues to be a subject of great interest.
The first measurements of the magnetic-field dependence
of the magnetoresistance, MR(H ), were performed in the
CIP (current in the plane of the layers) mode for reasons
of technical simplicity. Recently, however, experimental
[2—-6] and theoretical [7,8] interest has shifted to the in-
vestigation of MR(H) in the CPP (current perpendicular to
the plane of the layers) mode. The CPP-mode resistance
of magnetic multilayers is often analyzed in terms of the
series resistor model [8], which predicts that the relevant
length scale is the spin-diffusion length. However, we shall
show here that, in certain limits, the important length scale
for determining MR(H) is the electron mean free path.

As is well known, the giant magnetoresistance occurs
in magnetic multilayers because the spin-up electrons and
spin-down electrons have different scattering rates. If the
electron does not flip its spin upon scattering, then the
spin-up and spin-down electrons constitute two separate
currents, with different resistivities, as if flowing in two
parallel wires. In the CPP mode, the resistances of the dif-
ferent layers add in series [8]. Therefore, it would seem
that two magnetic multilayers that differ only in the order-
ing of the layers would yield identical results for MR(H)
in the CPP mode.

To test this idea, Chiang and co-workers at Michigan
State University measured [9] CPP MR(H) for the two
configurations [Py/Cu/Co/Culy and [Py/Cu]y[Co/Cu]y
(denoted as “interleaved” and “separated” configurations,
respectively), where Py is NigsFeis. Although the expec-
tation was that identical MR(H) curves would be obtained
for the interleaved and the separated configurations, these
workers found [9] that the two resulting MR(H) curves
were completely different. They attributed the different
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MR(H) curves they observed for the two configurations to
the short spin-diffusion length in Py. They had previously
analyzed resistivity data within the framework of Valet-
Fert theory [8] and obtained [10] for Py a spin-diffusion
length of only 55 A, thus implying significant mixing be-
tween the spin-up and spin-down electron currents. A
similar interpretation is possible for the recent measure-
ments of MR(H) on multilayers containing Fe as one of
the magnetic layers [11], because the spin-diffusion length
of Fe is not known.

In this work, we measured MR(H) for multilayers
whose magnetic layers are known to have an unusually
long spin-diffusion length. Nevertheless, our MR(H)
curves are completely different for the interleaved and
separated configurations. In addition, we present a new
interpretation of the MR(H) curves which includes the
effect of the electron mean free path. This is a significant
departure from the accepted view of the CPP conductivity.

For the present study of MR(H), we chose Co for the
magnetic metal as Co has an extremely long spin-diffusion
length. Measurements [12,13] yield a value of 450 A or
600 A or maybe [9] 1000 A for the spin-diffusion length
of Co. We used two different thicknesses, 10 and 60 ./OX,
to achieve independent switching due to their different
coercivities.

Measurements of MR(H) were carried
out for [Co(10 A)/Cu/Co(60 A)/Culy and
[Co(10 A)/Cu]y[Co(60 A)/Culy, where N is the num-
ber of repeats, and Cu-layer thickness was chosen to
be 200 A, sufficient to ensure that the magnetic layers
were decoupled. The multilayers were grown in our
VG-80M molecular beam epitaxy facility which has
base pressure of typically 4 X 10~ '! mbar. Our CPP
measurements used the superconducting Nb electrode
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technique, developed in collaboration with Pratt and co-
workers [2]. The superconducting equipotential [3,4]
ensures that the current is perpendicular to the layers. We
used a SQUID-based current comparator, working at 0.1%
precision to measure changes in the sample resistance of
order 10 pQ). Consistency between the interleaved and
separated samples was enhanced by growing the two
configurations during the same run for each value of N.

The data for MR(H) for N = 4,6, 8 are presented in
Fig. 1, where the squares and circles represent the inter-
leaved and separated configurations, respectively. The
peak values of MR that we obtained are typical of un-
coupled multilayers with a small number of repeats. Our
peak value of MR increased very substantially (from 20%
to 33%) in going from N = 4to N = &.

There are several characteristic features of these data.
(i) The most important feature is the striking difference
between the MR(H) curves for the two configurations,
both in shape and in magnitude. (ii) For each N, the
maximum value of MR(H) is much larger for the inter-
leaved configuration than for the separated configuration.
(iii) The MR(H) curve for the interleaved configuration
exhibits a single peak, whereas for the separated configu-
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FIG. 1. Magnetic-field dependence of the magnetoresistance

MR(H) for the interleaved gsquares) and sg‘parated (circles) mul-
tilayers containing Co (10 A) and Co (60 A) as the two magnetic
metals, for the indicated number of repeats.

ration, MR(H) is the superposition of two peaks, with the
second being much broader and less well delineated than
the first.

Regarding the magnitude of the resistivity, at saturation,
p lies in the range 4—7 w{) cm with the value for the inter-
leaved configuration being a bit higher (10%—15%) than
for the separated configuration for each N. The resistance
itself lies in the range 11-18 n{).

To ensure that the differing results for MR(H) for the
two configurations are not due to differences in their mag-
netic properties, the magnetization as a function of field
was measured for each sample. We found that the two
configurations yield the same magnetization and the mag-
nitudes of the saturation fields correspond closely to the
saturation fields of MR(H).

The key to understanding these data is the following.
Kinetic theory arguments show that the electron mean
free path is far longer than the thicknesses of the mag-
netic layers. Therefore, the potential “felt” by the elec-
tron is the combined potential of several layers. One
cannot speak of the resistivity of a single Co layer, but
rather it is a property of pairs of neighboring magnetic
layers that determines the resistivity. For such a case,
the contribution of the spin-direction-dependent resistiv-
ity depends [14] on the cosine of the angle 6;; between
the moments of neighboring (denoted i and j) magnetic
layers.

All the features of the MR(H) curves listed above can
be understood in terms of this idea.

(i) For the interleaved configuration, the neighboring
magnetic layers are Co layers of different thickness, and
hence the maximum angle 6;; is large, whereas for the
separated configuration, the neighboring magnetic layers
are Co of the same thickness (except for one boundary
layer), and hence the maximum angle 6;; is small. Since
MR(H) depends on this angle, there is no reason to expect
MR(H) to be the same for the two configurations.

(ii) It also follows that MR(H) will be larger for inter-
leaved multilayers than for separated multilayers, because
the angle 6;; is larger for the former configuration.

(iii) For the interleaved configuration, there is only one
angle ¢;; that is relevant, namely, the angle between the
moments of the different (10 and 60 A) neighboring mag-
netic layers. Therefore, there will be only one peak, as the
angle 0;; becomes progressively larger, passes through a
maximum at the saturation field of the Co (60 A) layer and
then becomes smaller as the Co (10 A) layer also saturates.
By contrast, for the separated configuration, there are two
angles 0;; that are relevant, namely, the angle between
neighboring moments for each of the two sets of mag-
netic layers. As each of these two angles passes through
its maximum, a peak will be obtained for MR(H), leading
to two overlapping peaks, with each maximum occurring
at the value of the magnetic field that corresponds to the
appropriate coercive field.

If the spin-diffusion length is very long, it is known [8]
that a simple expression is obtained for MR(H). Applying
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the phenomenological theory of Wiser [15] readily yields
that the magnetoresistance due to an ij pair of neighboring
magnetic layers is

MR;j(H) = ¢;j[1 = cos6;(H)F. M

For our samples, there are three parameters c;; corre-
sponding to the three different types of neighboring pairs
of magnetic layers: i = j = 1;i = j=2;i =1, = 2,
where 1 refers to Co (60 A) layers and 2 refers to Co
(10 A) layers. We determined the values of the parame-
ters c;; by fitting to the MR(H ) data.

For the interleaved configuration, the magnetic field de-
pendence of the angle 6, is determined as follows. The
magnetization increases linearly with field, and the magne-
tization is proportional to the cosine of the angle between
the magnetic moment and the field. Therefore, cos@; and
cosf, are each linear in the field, but with different co-
efficients. Equation (1) contains cosf;, = cos(6; — 6,).
Expanding the cosine gives the required field dependence.

For the field dependence of the separated samples the
MR passes through maxima at the coercive field of each
thickness of Co. We assumed a parabolic form for the
field dependence of each of the angles 6, ; and 6, whose
maximum was taken as a fitting parameter.

The calculated results for the interleaved and separated
configurations for N = 8§, together with the data, are pre-
sented in Figs. 2a and 2b. The agreement between the
calculated curves and the data is evident.

Calculations of the conductance have been performed
using the Kubo formula [16] within a real space approach
[17] which is convenient for layered systems. In this ap-
proach we consider a disordered Co/Cu(001) multilayer
consisting of four layers of Co and three layers of Cu,
each layer being of 10 monolayer (ML) thickness, and
connected to the two perfect semi-infinite Cu(001) leads.
The electronic structure of the multilayer and the leads is
treated using a realistic multiband tight-binding model ac-
counting for s, p, and d orbitals with their full hybridiza-
tion and spin polarization [18]. First, we find the matrix
elements of the surface Green’s function for the semi-
infinite leads, which can be expressed in terms of the
Green’s function for the bulk metal [19]. Then, the Co/Cu
multilayer is constructed by adding disordered layers onto
the left lead. The disorder is introduced as a random varia-
tion of the on-site atomic energies of the Co and Cu atoms
with a uniform distribution of standard deviation 0.6 eV
[18]. This gives the bulk resistivity of 4.64.6 w{} cm for
Cu and 14.3 uQ cm for Co, which are reasonable. We

J =
h ijaB

where n is a unit vector in the direction perpendicular to
the planes, | @, i, 1) is the a orbital of the atom which lies
within the layer [ at the in-plane site i and which has co-
ordinate r;;, and h4j; gji+1 are tight-binding hopping in-
tegrals between planes / and / + 1. The conductance is
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FIG. 2. Comparison between the calculated curves and the data
points (squares) for MR(H) for N = 8 for the interleaved con-
figuration (a) and for the separated configuration (b).

note that the model takes into account interface scattering
due to disorder introduced at the potential step between
the Co and Cu layers. As was shown recently [20], this
model explains quantitatively both the bulk and interface
resistance of Co/Cu spin valves measured in sifu during
deposition. The Green’s function of the added layers is re-
calculated at each step recursively by solving numerically
the respective Dyson equation [17]. Once the sample has
been fully constructed, the last layer is bonded to the right
lead in order to obtain the Green’s function G(Ep) of the
full system, which enters the expression for the conduc-
tance:
h

r = — (Tf[ImG (Ep)J ImG (Ex)JT]).

2

Here (---) denotes averaging over disorder configura-
tions, a is the distance between the individual layers, and
the local current operator J takes the form

1><a9i’l|_hail,ﬂjl+1|a’i9l><ﬁ7j’l + 1|:|9 (3)

calculated using a grid of four k-points in the full Bril-
louin zone and is averaged over six random configurations
of disorder. Figure 3 shows the resistance versus thick-
ness of the Co/Cu multilayer: the resistance of the full
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FIG. 3. Calculated resistance of the Co/Cu(001) multilayer

which contains 10 ML of Co and 10 ML of Cu within each
layer. The graph is plotted as a function of total thickness of
the multilayer for the parallel magnetizations (open symbols)
and for the antiparallel magnetizations (full symbols) within the
interleaved (squares) and separated (circles) configurations.

structure is determined by the rightmost points in this
figure. As is obvious from the figure, the result is in
agreement with the experiments: giant magnetoresistance
(GMR) for the interleaved configuration is higher than
GMR for the separated configuration.

There are a few important points which follow from our
modeling. (i) With increasing disorder in the Co/Cu mul-
tilayer the difference in GMR between the interleaved and
separated configurations becomes smaller and eventually
disappears when the mean free path becomes much less
than the layer thicknesses. This is due to the fact that
in this limit the series resistor model becomes justified.
(i1) We find no difference in GMR between the interleaved
and separated configurations within a single band tight-
binding model with spin- and layer-dependent disorder,
which determines different scattering rates for the ma-
jority and minority spin channels and for various layers.
This is in agreement with the model which is based on
a free-electron band structure for all layers [8]. (iii) The
difference in GMR for the interleaved and separated con-
figurations appears, however, when separate layers within
the multilayer have different band structures like those in
the Co/Cu multilayer. In this case, because of the change
in the electron potential at the interfaces and the repeating
Co and Cu layers quantum-well states are created within
the multilayer. As was shown in Ref. [21], at film thick-
nesses comparable to or less than the mean free path, the
series resistor model breaks down due to the reduced num-
ber of conducting channels within the potential-well struc-
ture. (iv) The calculation reproduces the important feature
of the experiments, namely, an increase in the difference
GMR between the interleaved and separated configurations
with increasing the number of the Co/Cu bilayers.

In conclusion, we have shown that the CPP-mode
MR(H) curves can be explained quantitatively, for both
the interleaved and the separated configurations, by taking
into account that the electron mean free path is much
longer than the thickness of a layer. Previously it was
thought that the spin-diffusion length was the only relevant
length scale in CPP GMR.
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