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Anisotropic electron diffusion and weak localization in Cu/Al multilayers
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Weak localization (WL) was investigated in a series of sputtered Cu/Al multilayers by measuring
their transverse magnetoresistance for temperatures between 2.5 and 20 K in fields up to 8 T.
Samples of diferent resistivities were obtained by varying the individual thicknesses of Al and
Cu layers, and some were doped with tungsten in order to enhance the spin-orbit scattering. In
each case the magnetoresistance was measured for two orientations of the magnetic field —parallel
and perpendicular to the plane of the 61m. The data were analyzed using Kawabata's theory for
the magnetoresistance due to WL, and modi6ed to account for anisotropy following the work of
Bhatt, Wolfe, and Ramakrishnan. We also found it necessary to include a conventional (w r)
contribution in order to account for the data at high fields. Application of this theory to the
observed magnetoresistance for the two orientations of the 6eld yielded a measure of the transport
aiiisotropy ratio b = (D „/D ). For the samples studied, b ranged from 1 to more than 2, with
anisotropy being largest for the highest conductivity sample.

I. INTRODUCTION

Metallic multilayers have attracted a large amount of
interest lately due to their unique x-ray scattering prop-
erties, and their ability to combine contrasting materials
properties on very fine length scales. Such materials
also provide a powerful tool for the study of metallic in-
terfaces due to the large concentration of interfaces which
they contain. The question of how electrons are scattered
at interfaces is one of both fundamental and technolog-
ical interest. A number of authors have discussed how
the scattering of electrons at interfaces may be stud-
ied indirectly, by measuring the resistivities of a series
of multilayers as a function of modulation wavelength
(A) and temperature. Interpretation of such experi-
ments is, however, complicated considerably by possible
changes in the material properties of the individual lay-
ers as the A is changed (i.e. , the distribution of disorder
within the bilayers is not fixed as A changes). The mea-
surement of anisotropy in transport coefBcients offers an
additional probe which can help distinguish disorder con-
centrated at the interfaces from disorder distributed. more
uniformly through the multilayer. For example, Trivedi
and Ashcroft have examined the transport anisotropy
using a semiclassical model in which disorder is con6ned
to lamellar regions periodically repeated in an otherwise
clean host metal. Their results indicate that the out-of-
plane component of resistivity in a multilayer can be as
much as two times larger than the in-plane component
for samples in which scattering is restricted to periodi-

cally arranged lamellar regions. Some workers have tried
to measure the ratio of the in- and out-of-plane compo-
nents of the resistivity in metallic multilayers directly by
making the current How parallel and perpendicular to
the plane of the film, respectively. However, the very
small values of resistance in the direction perpendicular
to the Glm, interference from the resistance of the contact
interface, and ill-defined current geometries make these
measurements very difBcult.

In this paper we report on measurements of the mag-
netoresistance due to weak localization (WL) in a series
of Cu/Al multilayers and we demonstrate that such mea-
surements are sensitive to the anisotropy of the electron
diffusivity. Such measurements therefore hold promise
as an alternative means through which the anisotropy of
transport in multilayered systems may be measured.

WL induces a small change in the resistivity of disor-
dered conductors due to interference between alternative
electron diffusion paths (in particular, paths which self-
intersect) through the material. ' Applying a magnetic
field changes the sample's resistance by introducing to
this interference additional phase shifts proportional to
the fl.ux enclosed by the interfering paths. Thus, the
measured magnetoresistance depends on the area over
which electrons can diffuse in directions perpendicular
to the applied Beld, during times over which they main-
tain phase coherence. The WL correction to the resis-
tivity depends on two length scales; Ly = /Dry and
L, = /Dr, . Roughly speaking, these are the distances
an electron diffuses between inelastic and spin-orbit scat-
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tering events, respectively. When a magnetic field is ap-
plied, the magnetoresistance is determined by the Aux
passing through closed loop electron paths, and thus
these length scales appear as characteristic field scales
(B~ = ~ and B, =

4 ~ ) in the measurement.
Viewed another way, the resistance of the sample de-
pends on the relative size of three lengths, Ly, L, , and
l~ = gh/4eB O.f these three lengths, Ly depends pri-
marily on temperature, L, depends primarily on the av-
erage atomic number of the constituents in the sample,
and l~, of course, depends on the applied magnetic field.
Over the last several years this result has been used to
measure a variety of solid state phenomena, ranging from
spin-spin scattering rates in Kondo systems to interfa-
cial uniformity in semiconductor inversion layers, and
the resistivity of quasicrystals.

We exploit the phenomenon to determine the
anisotropy of the electron diffusivity in a multilayer by
measuring the magnetoresistance for two different orien-
tations of the magnetic field, namely, parallel and per-
pendicular to the plane of the film. Anisotropy in the
diffusivity appears as different values for the character-
istic field scales, B@ and B, , for the two field orienta-
tions. The essential physics behind the experiment is
represented in schematic form in Fig. 1. A number of
groups have considered the WL phenomenon in multi-
layers and other anisotropic media recently; how-
ever, for the most part these studies have considered only
the relative size of the WL correction for different orien-
tations of the current, and a Bxed orientation for the
magnetic Geld. Szott, 3edrezejek, and Kirk were the
first to use WL to investigate anisotropy in such systems,
through careful consideration of the size of the magne-
toresistance measured in a GaAs/Al Gai As superlat-
tice in a perpendicular field. We go beyond this earlier
work by using two different orientations of the magnetic
Geld, thereby increasing our sensitivity to the point where

the anisotropy in a metallic multilayer may be measured.
Cherradi et al. 4 have studied the 2D-3D (where 2D de-
notes two dimensional) crossover in Au/Si multilayers
with diminishing Si layer thicknesses, by measuring their
magnetoresistance for two different orientations of mag-
netic field. Their results, as expected, indicate that in
cases where the Au layers are strongly coupled by tunnel-
ing through thin Si layers (the 3D case), the anisotropy
is much smaller than it is when the Au layers are isolated
by thick Si layers (the 2D case). Using these experiments,
therefore, it was possible to obtain a qualitative picture
of the crossover &om 2D to 3D. However, these authors
did not obtain any quantitative measure of anisotropy in
3D systems.

Details of the WL theory used to analyze our data
are presented in the Appendix. We use a theory which
is appropriate to anisotropic systems, but which takes
no explicit account of the layered nature of our sam-
ples. A theory of WL suitable for superlattices has been
developed; however, in limits which apply to our sam-
ples this theory essentially reduces to the more straight-
forward anisotropic theory presented in the Appendix. In
our experiment the overall current Bow is always along
the Blm, which simplifies the experiment compared to
a more direct measurement of anisotropy. For both
Beld orientations we keep the current direction transverse
to the field in order to avoid interference &om possi-
ble differences between the longitudinal and transverse
magnetoresistance.

The Cu/Al interface is one that has been studied quite
extensively due to its potential importance for device
applications. ' 9 For our purposes the Cu/Al system has
the added advantage that both constituents are readily
available in suKciently pure form for our measurements.
A concentration of magnetic impurities as low as 20 parts
per million is sufBcient to alter significantly the magne-
toresistance, so this is a prime consideration. It is our
hope that the technique will be found applicable to other
systems as well, thereby providing a probe for studying
the scattering of electrons at interfaces.

II. EXPERIMENT

A

FIG. 1. Schematic representation showing the relative ori-
entation of the magnetic Geld with the sample and the current
direction. Here H and J denote the magnetic field and the
current density, respectively. Note that J is always in the
plane of the film, and perpendicular to H. For a given value
of the applied Geld, the anisotropy of the electron diffusivity
causes the average Hux enclosed by the diffusion paths con-
tributing to WL to be different for different Geld orientations.
This results in an orientation dependence of the field scales
B, and By.

The samples were made by planar magnetron sput-
tering onto kapton or sapphire substrates in a deposi-
tion chamber with a base pressure (with the high vac-
uum pump throttled, and a liquid nitrogen trap filled) of
5 x 10 Torr. The substrates were held on a carousel
which could sequentially position the substrates over
the Cu and Al sputtering guns. Using a third source,
mounted between the Cu and Al sources, some samples
were doped with very small amounts of W (less than a
monolayer) at the Al-Cu interfaces in order to enhance
spin-orbit scattering. When doping, the deposition se-
quence was such that only one of the two pairs of samples
made in the run was exposed to the W gun, and therefore
had W at the interfaces. The samples in the other pair
received the same Cu and Al exposures but no W, and
therefore served as low spin-orbit controls. The targets
were purchased commercially and had a specified purity
of Cu 99.999%, Al 99.999%, and W 99.95%. The target
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to substrate distance was roughly 15 cm and the sput-
tering pressure was 6.4 mTorr of Ar (5N5 purity). The
Cu and Al sputtering guns were powered by regulated
RF power supplies whereas W was sputtered using dc
power. During deposition, rates were controlled by ap-
plying constant power to the sources and were monitored
with quartz crystal oscillators.

Prior to deposition of the samples, all sputtering guns
were thoroughly calibrated for dependence of deposi-
tion rates on geometry, sputtering-pressure, and vari-
ous power-supply parameters. This was done using x-
ray interferometric measurements on elemental Blms and
diffraction measurements on multilayers; both made un-
der identical conditions and with less pure targets. Re-
sults of these measurements were used to estimate the in-
dividual thicknesses of the Cu and Al in the multilayered
systems. Samples with two different modulation wave-
lengths were produced in each multilayer deposition run
(with the exception of the W-doped samples and their
undoped counterparts) by varying the speed of rotation
during deposition of each bilayer. Measurements of the
two modulation wavelengths thus obtained provide a sec-
ond check on the individual material thicknesses. In most
cases, the results of these two determinations agree with
each other to within 6'5 or better.

The modulation wavelength and quality of the struc-
ture were determined by x-ray diffraction at both small
and large angles. Figures 2(a) and 2(b) show typical x-
ray diffraction patterns observed in our samples at high
and law angles, respectively. Each of the masks on the
substrate holders was designed to produce two samples
of different geometries side-by-side —one with circular
shape for the x-ray measurements and the other one with
geometry suitable for the four-probe resistance measure-
ment. Deposition geometry was such that both samples

ere expected to have identical structural characteristics.
X-ray samples were deposited on 0.75 in. dia. , 0.25 mm
thick sapphire substrates whereas the samples used for re-
sistance measurements were deposited on either sapphire
or kapton. The aspect ratio for the resistance samples
was approximately 12, and a representation of the sam-
ple geometry is given in the insert of Fig. 3. Contacts to
the samples were made with either silver paint or Indium
solder.

Magnetoresistance was measured with a high precision,
four-terminal, ac bridge. Measurements were carried
out in a superconducting magnet with a field homogene-
ity of 0.5% over 1 cm dia. volume. The sample was
Brst mounted perpendicular to the field and magnetore-
sistance was measured for temperatures &om 2.5 K to 20
K, following which the sample was mounted parallel to
the field and the steps were repeated. The sample po-
sition for the two orientations was the same to within 2
mm. For each temperature, the Beld was swept from 0 T
to about 8 T and back. The field was determined by mea-
suring the current flowing through the superconducting
solenoid, with no correction made for the small (about
1.5 mT) residual trapped flux. In each case, a negative
field sweep was carried out for at least one temperature
to ensure that there was no Hall effect contribution due
to sample inhomogeneity. Temperature was measured

with a carbon glass thermometer and controlled with
a He pressure regulator below 4.2 K and a Lake Shore
DRC91C electronic controller above 4.2 K. Typical tem-
perature variation during a Beld sweep was less than 30
mK, and in the worst case, the relative error in the sam-
ple resistance caused by this temperature variation was
on the order of 6 ppm or less.

Characteristics of the samples studied are summarized
in Table I. They are referred to by numbers 1 through
6 and are arranged in order of increasing conductiv-
ity, except for samples 3W and 6W. These two samples
are doped with W (less than a monolayer) at the inter-
faces, but otherwise have the same nominal structure as
samples 3 and 6, respectively. Resistivity and modula-
tion wavelength are measured quantities. The individ-
ual thicknesses of Cu and Al layers are deduced using
the procedures discussed earlier. The average electron
concentration (n „s)is calculated as a weighted average
of free electron concentrations of bulk Cu and Al, the
weights being the respective ratios of individual thick-
ness to modulation wavelength. All other quantities are
calculated from n g and the measured p, assuming the
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FIG. 2. (a) and (b) are the x-ray difFraction patterns of
the samples studied at high and low angles, respectively. Data
were taken with Cu Kn radiation. These data indicate strong
structural anisotropy in these samples, although the width of
the diff'raction peaks in (a) indicates significant disorder in
the growth direction.
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FIG. 3. The normalized change in resistance is plotted as
a function of temperature for the highest and the lowest re-
sistivity samples between 2 and 20 K. The open circles rep-
resent the sample with the highest resistivity (sample 1) and
the solid circles the one with the lowest resistivity (sample
6). In both cases the effects of the quantum corrections to
the conductivity are clearly seen in the data below 10 K. The
insert shows the geometry of a typical sample used for the
magnetoresistance measurements.

III. RESULTS AND DISCUSSION

We Brst wish to consider what may be learned from
looking at our data directly, without detailed comparison

&ee electron gas model.
Some transmission electron microscopy studies on thin

Blm cross sections were performed to obtain a direct visu-
alization of the microstructure in representative samples.
The TEM study was done using a Hitachi H-9000 scan-
ning transmission microscope operated at 300 kV. The
samples were prepared by embedding pieces of films de-
posited on kapton in an epoxy resin. Once cured, the
piece was cut by ultramicrometry using a diamond knife
operated at room temperature. The average thickness of
the TEM specimens was around 300 A.

to theoretical predictions. Transport in metallic multi-
layers with small modulation wavelengths is similar to
that seen in amorphous metals. For instance, Fig. 3
shows the temperature dependence of the resistivity for
two representative samples. All other samples show a
similar negative temperature coeKcient below roughly 10
K, behavior which is qualitatively consistent with the
quantum corrections to the conductivity seen in sim-
ple metallic glasses such as Mg-Cu. Since WL eKects
have been studied in amorphous metals for some time
now, ' it is reasonable to expect the same eÃects to be
measurable in multilayers. Figures 4—7 show the mag-
netoresistance data for the Cu/Al multilayers studied.
In all cases, the circles represent the data with magnetic
Beld in the plane of the film, the plus signs with Beld per-
pendicular to the Blm, and the solid lines the fits using
the WL theory discussed in the Appendix. .

Again the data looks qualitatively similar to that seen
in experiments on simple metallic glasses. Figure 4 com-
pares data over the entire range of field and temperature
with fits to the anisotropic 3D WL theory (see the Ap-
pendix) for two representative samples. In this case the
fits were performed over only a restricted range of Beld
but the result is extrapolated to cover the entire Beld
range in the figure. Qualitative agreement between the
experimental data and the Bt is seen on this scale, except
at the lowest temperatures or the highest fields. More-
over the data obtained for the two orientations of the
magnetic Beld are almost identical, again except for the
highest values of the applied Beld. This is a strong indi-
cation that the dominant contribution to the data comes
&om three-dimensional weak localization. A further con-
Brmation of this is found in a comparison of data &om
samples 3 and 6 with that &om their tungsten doped
counterparts 3W and 6W [Figs. 5(c) compared to 6(a),
and 5(f) to 6(b) respectively]. In WL the position of the
maximum in the normalized magnetoresistance is related
to the strength of the spin-orbit (so) scattering in the
sample; this position appearing at larger Beld for a sam-
ple with stronger so scattering. The presence of even a
small amount of tungsten is expected to greatly increase
so scattering in these samples, so the observations are in
keeping with the predictions of WL. The presence of such
a small amount of tungsten would be expected to have
only a negligible efFect on other possible contributions to

TABLE I. Physical parameters for the samples studied. Errors are for resistivity (p), +5%%uo',

modulation wavelength (A), +3k.; individual layer thickness (do &&), +5 A. Other parameters are
the average electron concentration n g, the average electron elastic scattering time and mean free
path (v 4 I,), the average in-plane electron diffusivity (D), and the cyclotron frequency (&u, ).

1
2
3

5
6
3W
6W

Sample d
(A)
4185
4620
3555
5225
3650
3720
3555
3720

A

(A)
91
84
79
95
73
93
79
93

dc~/d+j
(A. /A. )
54/37
43/41
39/40
70/25
62/11
79/14
39/40
79/14

p(4.2K)
(pO, cm)
58.6
48.8
35.2
21.5
12.3
9.3
41.9
13.3

+avg
(10' /m )
12.4
13.2
13.4
11.0
9.9
9.9
13.4
9 9

7

(10 sec)
4.9
5.5
7.5
15.0
29.1
38.3
6.3
26.9

l

(A)
8.7
10.1
13.9
25.8
48.6
64.0
11.6
44.9

D
(cm /s)
15.7
18.5
25.5
44 4
81.2
107
21.4
75.0

(dc 7

(at 1 T)
8.6e-5
9.7e-5
1.3e-4
2.6e-4
5.1e-4
6.7e-4
1.1e-4
4.7e-4
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the low temperature magnetoresistance.
Looking at Fig. 5, and comparing the data for the two

different Beld orientations in each case, we note that the
normalized magnetoresistance is essentially independent
of the Beld orientation for high resistivity samples but de-
pends strongly on orientation for more conductive sam-
ples. The experiments thus give a direct indication of
anisotropic transport in these more conductive samples.
We show below that the observed anisotropy can be re-
lated quantitatively to anisotropy in the electron diffu-
sivity of these materials. Finally, we note that as the
more conductive samples are considered. the anisotropy
first appears in the high-Beld data, with anisotropy at
low fields apparent only for the most conductive samples.

The discrepancies seen in Fig. 4 between the data and
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FIG. 4. (a) and (b) are the magnetoresistance data from
2.5 K to 20 K, for a representative sample and its W-doped
counterpart, respectively. In both cases the circles represent
the situation where the applied field is in the plane of the film,
the pluses the field perpendicular to the film, and the solid
lines the theoretical fits using Eq. (3.1) with the classical cor-
rection term (PB ) set to zero. Comparison of (a) with (b)
shows that the latter has an increased positive magnetoresis-
tance, as expected for weak antilocalization in the presence of
the strong spin-orbit scattering introduced by the W doping.
The fits are performed over a restricted field range [B ( 2 T
for (a), B ( 4 T for (b)] and are extrapolated to higher values
of the field as described in the text. For clarity only one data
point in four appears in the figure.

the solid line Bt to theory appear at high field and low
temperature, but are otherwise unlike those normally
seen in previous WL studies. We believe these discrep-
ancies to be related to particular features of our multilay-
ered samples. The high-Beld discrepancy is qualitatively
consistent with the presence of a positive quadratic mag-
netoresistance in addition to the WL contribution. In
our subsequent analysis we interpret this as reflecting a
conventional (u, w) contribution, arising &om relatively
high conductivity material in the middle of the individ-
ual layers. We also note that for temperatures below 6.5
K the data falls consistently above theory in the region
of the positive MR hump near 100 mT. This behavior
is consistent with that seen in systems which undergo
a superconducting transition at lower temperatures. It
is possible that, particularly in those samples with rela-
tively thick Al layers, a contribution from superconduct-
ing fluctuations is being seen for temperatures below 6.5
K. Although we do not see any evidence of superconduct-
ing fluctuations in the temperature dependence of these
samples down to about 2 K (see Fig. 3), such 8uctuations
have been known to influence the magnetoresistance at
temperatures well above those at which they change the
temperature dependence. Measurements at lower tem-
peratures will be needed to determine whether the dis-
crepancies at low temperatures are due to fluctuations,
or an inadequacy of the simple anisotropic theory of WL
we use to analyze our data. In the absence of such experi-
ments (not to mention the absence of an adequate theory
of the MR due to fluctuation conductivity in supercon-
ductor/normal metal multilayers) we are unable to an-
alyze the data in this temperature range quantitatively.
Consequently we do not include data &om temperatures
below 6.5 K in our subsequent analysis. However, in all
cases the data below 6.5 K is qualitatively consistent with
the analysis obtained from the data at 6.5 K and above.

A more quantitative analysis of the data at higher tern-
peratures is possible through the study of the parameters
obtained from Btting a modification of the standard 3D
WL theory for anisotropic systems (see the Appendix)
to our data. Application of this theory to a multilayer
system is valid, provided that the shorter of the length
scales, L~ and l~, is large compared to A (which en-
sures a homogeneous sample) but small compared to the
thickness of the film, d (which ensures that the sample
will be three dimensional). As can be seen from Table
I, the thickness of each of the Cu/Al multilayer films
studied is greater than 3500 A. ; therefore the condition
d )) min(L4„t~) is well satisfied for the values of the
magnetic Beld larger than about 2 mT. Previous struc-
tural studies by other workers have shown that the Cu/Al
interface is not abrupt and is quite disordered, even in the
as-deposited state. Evidence for diffuse interfaces in our
samples is evident from Fig. 2(b), where we see only the
Brst few orders of superlattice peaks. This disorder in-
troduces scattering on a length scale much shorter than
the modulation wavelength A. Therefore, in analyzing
our data, we may relax the condition L~ )& A to a con-
siderable extent, and apply directly the theory discussed
in the Appendix.

Equations (A12) and (A14) are expected to describe
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our data for the magnetic field oriented perpendicular
to, and in the plane of the sample, respectively. As
mentioned earlier, in all the samples studied we also see
evidence for a positive conventional contribution to the
magnetoresistance at high fields. Since the u w values of
our samples are much smaller than uni. ty in the entire
field range, this conventional contribution is expected to
follow (~,r) behavior and can thus be accounted for
by adding a term proportional to B to Eqs. (A12) and
(A14). The similarity of these two equations allows us to
fit our data to the single expression

& [B-]JJ & t' [By]JJ ~

EIB-L) &[B~] )
(3.2)

and

D.„r[~b &
' i [&1

4 [~]// ) ( [~]// )
(3.3)

applied magnetic field. These quantities are related to
the components of the electron diffusivity tensor in the
following way:

(Apl e'

q p ) 27r2h

eB 1 t'B)
2 I B~)

3 f B
2 l,By+ 4/3B, )

(3.1)

where the prefactors involving the components of dift'u-

sivity [in Eqs. (A12) and (A14)] have been absorbed in
the quantity o., and all four of the quantities o., B, ,

By, and P are now dependent on the orientation of the

Here, the subscripts ll
and J indicate the orientation

of the magnetic field (parallel and perpendicular to the
plane of the film, respectively), D

„

is the difFusivity for
electrons moving in the sample plane, and D is the dif-
fusivity for electrons moving along the growth direction.

While 6tting to our data using Eq. (3.1), we treat the
quantities n, B, , B~, and P as adjustable parameters,
and Eqs. (3.2) and (3.3) are then used to obtain a mea-
sure of the anisotropy ratio h = D „/D,. The result in
the second part of Eq. (3.3) comes from the linear de-
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FIG. 5. (a) to (f) are the magnetoresistance data for samples 1 to 6, respectively. In all cases the data for temperatures below
6.5 K are excluded. The data have been decimated for clarity, as was the case in Fig. 4. The circles represent the data with
magnetic field in the plane of the film, the pluses the field perpendicular to the film, and the lines the fits, with the classical
correction (PB ) included. Comparison of 5(c) and 4(a) shows that including the classical correction improves the fits at high
fields.
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pendence of the diffusivity on the elastic scattering time
(D = v&w/3), and the quadratic dependence of the con-
ventional magnetoresistance on r. The equations in (3.2)
are valid if we assume that the inelastic and spin-orbit
scattering rates (7; and w& ) themselves are isotropic,
even when the elastic scattering rate (7 ) is not. Previ-
ous work has shown that v is relatively independent
of the strength of disorder (i.e. , w ) and hence this as-
sumption should be valid for the ratio [By]~~/[By]~. The
disorder dependence of ~, has not been studied pre-
viously; however, we obtain a rough estimate for this
dependence, in the discussion below, using the values
of B, obtained &om the fits, and find that it is simi-
larly insensitive to w. Note that since n, B, , and P are
all temperature independent, fitting to data at different
temperatures simultaneously allows us to keep the effec-
tive number of adjustable parameters per temperature
to less than two for most of the data. An unfortunate
exception to this is found in the case of sample 5, which
was destroyed before we were able to collect data at 15
and 20 K. We would like to point out, however, that the
B, value, in particular, is determined primarily by the
data below 15 K, so the analysis of the data for sample
5 does not suffer too much &om this loss.
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FIG. 6. The magnetoresistance data for the W-doped sam-
ples. The data for temperatures below 6.5 K are excluded.
The circles are the data with the field in the plane of the film,
the pluses the field perpendicular to the film, and the lines the
theoretical fits with the classical correction (PB ) included.
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We begin our quantitative analysis with a sample of
intermediate resistivity (sample 3 p = 35.2 pO cm). Fig-
ure 4(a) shows the data for this sample for temperatures
from 2.5 K to 20 K, and Fig. 4(b) for the correspond-
ing W doped sample. The theoretical Gts in both these
Ggures are obtained by setting the conventional contribu-
tion in Eq. (3.1) to zero. For each orientation of the field,
the values of B, and P are adjusted for the data from 2.5
K to 20 K simultaneously, whereas, individual B@ values
are adjusted for each temperature. For Fig. 4(a), only
data up to 2 T is used for the Gt, since beyond about
2.5 T the magnetic length(lii) becomes comparable to
the modulation wavelength of this sample. For Fig. 4(b)
however, data up to 4 T is used. This is because, in order
to get a meaningful value of B, , the spin-orbit scatter-
ing peak must be included in the fitting range. In both
cases the fit is then extrapolated to higher values of the
Geld. As mentioned. above, our quantitative analysis will
concentrate on the the temperatures from 6.5 K to 20
K. Over this range the fits in Fig. 4 agree well with the
data on the displayed scale except at high fields, where
the extrapolated theory curves are seen to lie below the
experimental data.

In subsequent Ggures the data for 2.5 K and 4.2 K are
excluded, and the conventional contribution is included
in the fitting procedure. For each sample, we first esti-
mate the value of the field (BA) at which /ii equals the
modulation wavelength. We fit to data up to this value of
B, for all temperatures above 4.2 K using the anisotropic
WL theory with single values for o. and B, and one value
of B@ for each temperature. This procedure yields values

FIG. 7. Representative low-field magnetoresistance data
plotted on a log-log scale. The circles represent the data with
the field in the plane of the film, the pluses the field perpen-
dicular to the film, and the lines are the theoretical fits. For
both the field orientations the data are seen to deviate from
the theory as one goes towards smaller values of the field.
This suggests that the simple anisotropic 3D WL theory used
here may not be completely accurate at long length scales.
Residual contributions from superconducting Huctuations or
Hux cancellation effects may be responsible for the observed
discrepancies.
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for the adjusted parameters n, B, , and By(T)'s with
minimal interference from the classical term, which is
only important at larger fields. This cannot be done for
samples 6W and 3W, since for these samples accurate
measurements of B, require fitting to data up to field
values considerably greater than B~. Next, using these
values for n, B, , By(T)'s, and fitting to the entire field
range, we adjust P for temperatures from 6.5 K to 20 K si-
multaneously. Comparison of Fig. 4(a) with Fig. 5(c) [or
4(b) with 6(a)] shows that inclusion of the conventional
contribution improves the agreement between theory and
data at high fields. The uncertainties listed for the opti-
mal values of the fitting parameters in Table II indicate
the range of values obtained for these parameters from
variations of the above procedure, such as changing the
range over which the initial WL fit was performed.

In principle, Eqs. (3.2) and (3.3) provide us with
four different avenues to obtain the anisotropy ratio,

(D „/D,), using the parameters obtained from fit-
ting to our data. Our results indicate that the anisotropy
ratios obtained from a, B, , and P are reasonably con-
sistent with one another. On the other hand, consis-
tent agreement between these and the anisotropy ratios
obtained from the By values at different temperatures
seems to be an exception rather than the rule.

It is not surprising, however, that the ratio of the By
values should turn out to be the least well defined of the
four ratios discussed in Eqs. (3.2) and (3.3). This is the
only one of the four which is not based on an average
over several temperatures, and previous work on WL in
3D systems typically found the scatter in B4, values to be
rather large. ' In the present study the B@ values are
often small enough to be comparable to our uncertainty
in the field measurement, and indeed small enough to
make I@ comparable to the thickness of the film. More-
over, a close look at the low field region for some typical
data from Fig. 5 reveals small but systematic depar-
tures from the theoretical prediction (see Fig. 7), casting
further suspicion on the reliability of the values of B'y ob-
tained from the fit. Such deviations at low fields could be
caused by superconducting fIuctuations, sample geomet-
ric constraints (expected when I~ is comparable to d),
or perhaps even a fIux cancellation effect such as is seen

Sample [B, ]~~ [B, ]~
(mT) (mT)
114+6 113+6
107 + 2 103 + 3
80 + 0.6 75 + 0.5
50 + 0.5 47 + 0.3
31+2 25+3
7.3 + 1 4.5 + 2
810 + 60 730 + 100
750 + 100 400 + 70

1
2
3
4
5
6
3W
6W

[ -1)(/[ -]i [ -]ii
(10 T sec)
5.6
5.9
6.0
7.5
9.0
2.8
50
200

1.02 + 0.05
1.08 + 0.05
1.14 + 0.03
1.13 + 0.1
1.5 + 0.2
2.6 + 1.0
1.23 + 0.05
3.5 + 1.0

TABLE II. Values of the characteristic spin-orbit field ob-
tained from the fits of an anisotropic 3D WL theory to our
data for parallel (~~) and perpendicular (J ) orientations of
the applied field. As described in the text, ~ is the elastic
scattering time.

in 2D WL measurements on "clean" thin films. Fur-
ther experiments on other systems will be necessary to
determine the importance of each of these contributions
to the observed discrepancies. Given these difIiculties
in obtaining reliable numbers for the ratio [By]~~/[By]~,
we concentrate below on the three other determinations
of the anisotropy ratio. It is worth emphasizing at this
point, however, that on the scale of Fig. 7 anisotropy is
again seen directly in the data; as a different magnitude
and position for the spin-orbit maximum in the MR in
the two different field orientations. Thus, even in a sam-
ple with small anisotropy such as 3, the anisotropy is
revealed directly in the data, independent of the details
of any complicated fitting procedure.

Values of B, , n, and P obtained from the fits, for each
orientation of the field, are plotted against the sample re-
sistivity in Fig. 8. The ratios which enter into Eqs. (3.2)
and (3.3) are plotted against the sample resistivity in
Fig. 9. We notice that, particularly when considering the
ratio of B, values, small anisotropies are revealed even
in cases where the eye cannot see it immediately from the
data in Figs. 5(a)—5(h). In carrying out the fitting proce-
dure for various field ranges, we noticed that the scatter
in the B, values is very small. Furthermore, when varia-
tions in the fitting procedure are considered, the values of
B,

~~

and B, ~ are found to be correlated making the un-
certainty in the ratio somewhat smaller than the sum of
the relative uncertainties for each direction in most cases.
The scatter in the values of n and P obtained from the
fits is somewhat larger than that of B, . For o. this is
expected because this parameter is the most sensitive to
drifts in the bridge, or shifts in its gain. On the other
hand, the accuracy of the P value is limited since it de-
pends on an extrapolation of the expression for the WL
contribution to high fields, where other phenomena (such
as electron-electron interactions) may interfere with the
measurement. The ratio b~ = [B, ]~~/[B, ]& thus ap-
pears to be the most well defined of the four listed in Eqs.
(3.2) and (3.3). However, as noted above, the question
of whether this ratio may be directly related to the ratio
of the electron diffusivities must still be addressed.

The ratio of spin-orbit fields is tied directly to the ra-
tio of in-plane and out-of-plane diffusivities only if the
spin-orbit scattering rate itself is isotropic. In princi-
ple, anisotropy in this rate could arise from either a lay-
ered distribution of spin-orbit scattering sites (such as
the W atoms in our doped samples), or through a de-
pendence of the spin-orbit scattering rate on the elastic
scattering rate w if the latter is anisotropic. The cal-
culation of spin-orbit scattering rates is a difIicult prob-
lem even in a homogeneous system, and hence perform-
ing such calculations for these multilayers is beyond the
scope of the present work. However, in Table II we list
a quantity which is roughly proportional to this rate,
[B, ]]~r oc r, . We note that, particularly for those
systems in which the Cu and Al concentrations are ap-
proximately equal (i.e. , samples 1 through 4), this quan-
tity varies by only 30%, even though w i varies by a
factor of three. 'While it should be remembered that the
values listed for 7 in Table I are only rough estimates of
a quantity averaged over an inhomogeneous system, and



12 210 FADNIS, TRUDEAU, JOLY, AND BAXTER 48

it is possible that there may be some fortuitous cancel-
lation of the dependence of w, on w and on compo-
sition, this observation is a strong indication that 7;
is insensitive to w in our samples. The extreme value

I I I I I I I I I I I I I I

of the ratio in sample 6W no doubt rejects anisotropy
in the spin-orbit scattering rate itself due to the layered
distribution of strong spin-orbit scattering centers in this
sample. Hence for this sample b~ undoubtedly overes-
timates the diffusion anisotropy to a considerable degree.
In sample 3W the layers of tungsten atoms are not so well
separated as they are in sample 6W, and hence the spin-
orbit scattering rate itself appears to be less anisotropic
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FIG. 8. The B, , n, and P values obtained from the fits, for
both the field orientations, are plotted against the measured
sample resistivity. The squares denote the values for the case
of the magnetic field in the plane of the film and the crosses
the case with the field perpendicular to the film. The solid
squares distinguish the W-doped samples from the undoped
ones.
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FIG. 9. The ratios 6n. = [B. ]~~/[B o]~, & = [o']z/[o]II~

[p]
~ /[p]I obtained from the fits are plotted

against the measured sample resistivity. The solid squares
distinguish the W-doped samples from the undoped ones.
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in this case. On the other hand, the rate is likely to be
more anisotropic in this sample than in any of the un-
doped samples, since the dominant sites (the W atoms)
are arranged in layers. The centers responsible for spin-
orbit scattering in the undoped samples are not known,
but they are most certainly more uniformly distributed
than are the W atoms in sample 3W. Given the small
difFerence between the values of b~ in samples 3W and
3, an assumption that anisotropy in v; makes only a
negligible contribution to b~ for the undoped samples
is certainly reasonable. Thus we believe that the ratio
[B, ]~~/[B, ]& represents our best estimate for the diffu-
sion anisotropy in our samples, at least those which are
not doped with tungsten. Based on the above analy-
sis, this ratio overestimates the difFusion anisotropy by
less than 20%, even for the largest anisotropy we observe
(sample 6), and the uncertainty in the ratio itself is sub-
stantially larger than this.

We now turn our discussion to the question of whether
the anisotropy we observe in the above MR experiments
is consistent with what might be expected on the basis
of the other information we have regarding the structure
of our samples. Trivedi and Ashcroft have used a semi-
classical approach to consider the anisotropy of transport
expected in a multilayer where disorder was modeled by
scattering centers restricted within slabs which are peri-
odically repeated in an otherwise clean host metal. In the
"thick slab" limit of their calculation, when the thickness
of the slab of disorder approaches the modulation wave-
length, the resistivity becomes isotropic. At the other
extreme, anisotropies as large as b = 2 were seen in cases
in which the slab thickness was roughly 20% of the repeat
distance.

We attempt to make contact with this model by ana-
lyzing the sample to sample variation in resistivity seen in
Table I. Note that samples in which the individual thick-
nesses of Cu and Al layers are comparable have higher
resistivities than the ones in which the Al layer is much
thinner than the Cu layer. This resistivity variation can
be explained using a simple model in which a multilayer
is made of alternating layers of pure Cu and pure Al
with a "disordered" phase (characterized by thickness t
and resistivity pz) occupying a part of each layer near
the interface, and assuming that the layers act as inde-
pendent resistors, connected in parallel. We treat the
Cu and Al layers as free electron metals with bulk val-
ues for A:~ and a mean &ee path limited by scattering at
the boundaries between the "pure" layer and the disor-
dered layers surrounding it. In applying such a model
to our samples, we notice that for those samples where
the Al layer thickness is much smaller than the Cu layer
thickness, and any reasonable value of p&, the disorder is
almost entirely conGned to the Al layer, leaving the thick
Cu layer almost completely clean. In these samples this
distribution of disorder is not surprising since the Al lay-
ers would be expected to be more susceptible to inclusion
of oxygen and other impurities &om the residual gases in
the chamber. The resulting stratified nature of the disor-
der accounts for the low resistivity of these samples, and
leads one to expect anisotropic electron transport. On
the other hand, for the samples in which the Cu and Al
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FIG. 10. The ratio of the thickness of the disordered phase
to the modulation wavelength (t/A), calculated using a simple
transport model for the multilayer as described in the text,
is plotted as a function of the measured sample resistivity.
The solid squares distinguish the W-doped samples from the
undoped ones.

layer thicknesses are comparable, the extent of the dis-
ordered region required to explain their higher resistivi-
ties is on the order of the modulation wavelength, which
would suggest more isotropic transport for these cases.

The thickness predicted by this simple model for the
disordered layer, expressed as a &action of the mod-
ulation wavelength, is shown in Fig. 10 as a function
of sample resistivity. This figure indicates that in the
sample which shows the greatest anisotropy (sample 6,
8 = 2.6 + 1), the disordered layer thickness is between
15% and 30%%uo of the modulation wavelength. This is
similar to the calculations of Trivedi and Ashcroft (h 2
at t/A = 0.2) in which parameters were chosen to model
a layered distribution of Si scattering centers within an
Al matrix.

The x-ray scattering results shown in Fig. 2 also sup-
port the above model for the structure of these multi-
layers. The absence of a distinct peak near 38.5' [Al
(111)] in the envelope function of the high angle reHec-
tions in Fig. 2(a) argues in favor of a large amount of
structural disorder within the Al layers. This is particu-
larly true for the most conductive sample which shows a
rather sharp diffraction peak at high angle but no coher-
ent scattering near the (ill) peak of Al. In sample 6 the
disappearance of the satellite lines indicates that the Al
layers have lost coherence with the Cu layers, and possi-
bly even become discontinuous [suggested by the sharp-
ness of the peak at Cu (ill)]. It is somewhat surprising
that samples 1 through 4 exhibit as many satellite reflec-
tions at high angle as they do, given the disorder which
is evident &om both the widths of the reflections, and
the size of these samples' resistivities. It is important to
remember, however, that the widths of these reflections
indicate the quality of the superlattice in the growth di-
rection, whereas the resistivity is sensitive to departures
from perfect periodicity within the bilayers themselves.
The observed behavior could indicate a large concentra-
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tion of strain relieving defects within the bilayers for sam-
ples 1 through 4. Such disorder would lead to a large
resistivity and could reduce the coherence in the growth
direction to a degree necessary to widen the satellite re-
flections, while maintaining enough coherence to produce
satellite reflections in the first place.

The above discussion is supported, at least qualita-
tively, by the structures seen in the cross sectional TEM
images shown in Fig. 11. This figure shows images at
two difFerent magni6cations for samples 1 and 6. The
samples were prepared for TEM by ultramicrotome sec-
tioning which makes quantitative analysis of the images
somewhat doubtful due to the large distortions of the
sample which may result from such treatment. In par-
ticular, it is not possible to clearly identify the manner
in which disorder is distributed within the bilayers. The
TEM is consistent with Fig. 2(b) in that both samples
show evidence of layering, but without a well ordered su-
perlattice structure. However, in comparing ll(a) with
11(b), sample 6 indeed appears to be less homogeneous
than sample 1. Thus it is not surprising that sample
6 displays more anisotropy in the transport. At higher

magnification, sample 1 reveals lattice kinges throughout
the multilayer [Fig. 11(c)j, and it is possible to measure
the fringe spacing for both layers. The values obtained
(around 2.1 and 2.3 A) indicate that these fringes cor-
respond to the (111) planes of Cu and Al, suggesting
some epitaxial growth in this case. There is substantial
lattice mismatch (12%%uj) between Cu and Al and hence a
large concentration of misfit dislocations can be expected
within the layers of this sample. On the other hand, sam-
ple 6 shows no such long range coherence [Fig. 11(d)].
For this sample diferent regions of the sample exhibit
fringe patterns indicative of difFerent crystal orientations.
This accounts for the absence of satellites in the high an-
gle x-ray difFraction measurements, and the associated
reduced defect density can account for the lower resistiv-
ity.

IV. CONCLUSIONS

We have measured the magnetoresistance in a series
of Cu/Al multilayers for two difFerent orientations of the
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FIG. 11. Cross sectional TEM images of sample 1 [(a) and (c)] and sample 6 [(b) and (d)]. At lower magnification [(a) and
(b)] we see that the structure in sample 6 is more stratified than is the case with sample 1, as expected for a sample showing
greater anisotropy in its transport properties. In the higher magnification images greater coherence at the atomic level in
sample 1 [figure (c)] is evident in the appearance of lattice fringes throughout the sample. In contrast to this, the lattice fringes
observed in sample 6 [figure (d)] indicate some variation in the orientation of the crystals, revealing a lack of orientational
coherence in this sample. This is consistent with the high angle x-ray diKraction results in 2(a).
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magnetic field. The multilayers considered exhibit a rela-
tively large amount of disorder within the bilayers, lead-
ing to relatively high resistivities and weak localization
eKects. The dominant contribution to the magnetoresis-
tance comes from weak localization, with another contri-
bution from the conventional (w, r) magnetoresistance
visible at high fields. We have shown that it is possi-
ble to analyze these data in such a way as to provide a
measurement of the anisotropy of electron transport in
metallic multilayers. As one looks at samples with thin-
ner Al layers, the disorder becomes more concentrated in
the Al layers leaving relatively clean copper layers. This
stratified arrangement of disorder leads to a measurable
anisotropy in the electron difFusivity for these materi-
als (D „/D, as large as 2.6 k 1.0), and the size of this
anisotropy is similar to that predicted by Trivedi and
Ashcroft. These results indicate that magnetoresistance
measurements oÃer a tool with which the anisotropy of
the electron di8'usivity in multilayers may be measured.
This, in turn, may provide a probe of the way in which
disorder is distributed in such materials. However, ad-
ditional experiments on other samples will be needed in
order to establish the reliability of this probe. Such tests
are currently under way using Cu/Si multilayers, where
the disorder and spin-orbit scattering rates are such that
it may be possible to obtain reliable values for both B,
and By, thereby providing a consistency check on the
various assumptions underlying the method.
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APPENDIX

1. Basic WL theory

Using Green function techniques and Kubo's linear
response theory, one can calculate the quantum inter-

ference induced correction to Boltzmann conductivity
due to WL by solving the so-called maximally crossed
diagrams. Typically, one first calculates the frequency
(u) dependent conductivity correction in the limit cu —+0
and then —iu is replaced by 1/v@ to take into account the
loss of phase coherence for the time scales )) 7., where w is
elastic scattering time. The result for frequency depen-
dent correction in homogeneous, isotropic, 3D systems
can be conveniently written as

4vrv(ep) ~ e2

~h
"',r(, ). (A1)

(2n. )

where, the quantity I' (q, ~) is the so-called Cooperon, D
is the electron diffusion constant, and v(e~) is the density
of states at Fermi energy.

In the presence of spin-orbit scattering characterized
by spin-orbit scattering time w, , I' has the following
structure:

3 1
I'(q, ur) =

2+v (e~) r 2 Dq w —iar + s

1 1

2 Dq2& —zu7
(A2)

The expressions (Al) and (A2) may be used to cal-
culate the magnetoresistance for the magnetic fields
satisfying ~ v &(1 and l~))l„simply by making the
replacement

' 4Dla (N + 1/2) + Dq~~ (A3)

and summing over N. Here, u, = eB/m is the cyclotron
frequency, l~ = gh/4eB is the magnetic length, l is
the elastic mean free path, N is the quantum number
representing the Landau level, and

q~~
is the component

of q in the direction of magnetic field. Thus 1', in the
presence of spin-orbit scattering and external magnetic
field B, is given by

I'(q, (u, B) = 3 1

2~v(ep) ~ - 2 4Dl~ (N+ 1/2) r+ Dq~~2~ —i~r + s

1 1
2 4Dl~ (N+ 1/2) 7 + Dqll2~ icu7

(A4)

Substituting I' from Eq. (A4) into Eq. (Al), performing the integral, and replacing —ice by 1/wy yields the final
result for magnetoconductivity due to WL. It is more convenient, however, to express it as a normalized change in
resistivity; since that is the quantity usually measured in experiments. We present here the result valid for systems
with high electron diffusivity (D ) 2 cm /sec) and no magnetic impurities: '

«(B)
WL

2

2Vr26

eB 1 f'B) 3 (
B~) 2

' &Be+4/3B (A5)

By and B, are the dephasing field and the spin-orbit scattering field, respectively, and are defined by

Bp, 4eD~@,
(A6)
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The function fs is given by

(A7)

2. WL in multilayered systems

So far we have talked only about isotropic systems.
Now, we discuss the modifications necessary in the above
formalism, in order to apply it to a multilayered system,
which is inherently anisotropic. The superlattice WL the-
ory of Szott, Jodrezejek, and Kirk has been developed
for such a situation. However, this theory considered
only one direction for the applied field, and its major dif-
ference from a simple anisotropic medium approach was
to be found in the prefactor, n [see Eq. (3.1)], which
was found to depend on the miniband width. Given
the amount of disorder in our multilayers, the mini-
band width is not something that we can easily estimate.
Therefore in analyzing our data we have followed the
treatment by Bhatt, WolfIe, and Ramakrishnan, who
have solved the problem for systems which are homoge-
neous on the length scale of WL, but have an anisotropy

I

on the microscopic scale which may be completely de-
scribed by anisotropic diffusion tensor D~ . Their result
(with no external magnetic field or spin-orbit scattering)
for (ho»)wi, is the same as Eq. (Al), except that the
diffusion constant D in the prefactor is replaced by
D» and the Dq2 term in I' is replaced by P D„„q2.
Their result for 3D systems can be extended to include
the effects of spin-orbit scattering in the same way as
Al, and when an external magnetic field is present, once
again, one has to invoke the Landau quantization. Here,
appropriate replacement for Dq is

Dq : 4D~lii (K+ 1/2) + D((q(), (A8)

where D~l is the component of diffusivity in the field
direction and D~ is the effective diffusivity in the plane
perpendicular to the field. Hence, I for anisotropic sys-
tems is

h 3 1I' (q, (u, B) =
2xi (eg) r 2 4Dzla (X + 1/2) r + D)~q~~27 —iver + s

1 j.

2 4Dil& ' (X + 1/2) r + Dll q
(A9)

and the change in conductivity due to WL is given by

(A10)

d )) min(L4„l~) )& A, (A11)

where d is the smallest of the physical dimensions of the
sample and A is the modulation wavelength of the mul-

Note that Eqs. (A8) and (A9) have the same form as
Eqs. (Al) and (A4), respectively, except that the difFu-

sion constant D is replaced by components of diffusivity
tensor D~ and D~~. However, in this case, since D~ and

Dit depend upon the orientation of magnetic field with
respect to the sample, I' and bo are functions of field
orientation as well.

The foregoing analysis can be applied to a multilayer
system provided L~ (the dephasing length) and l~ (the
magnetic length) satisfy the condition,

]

tilayer structure. The first inequality ensures the three-
dimensionality of the sample and the second one implies
homogeneity on the length scale of WL.

The final result is once again obtained by substituting
I' from Eq. (A9) into Eq. (A10), integrating and replacing

iw by —1/ry. Our measurements involve two difFerent
orientations of the magnetic field in the plane of and
perpendicular to the multilayer film. We present here
the results of the calculation for these two cases. In our
setup, the current direction is held fixed (in the plane
of the film in both cases) and the quantity measured is
always [bp (B)/p ]. However, in the following we have
dropped the subscript on p to simplify the notation.
Note also that we have written the diffusivity tensor in
terms of its component perpendicular to the film plane
(D, ) and a component in plane (D „).

Case 1: B perpendicular to the film. In this case the
component of D along the field direction is D, the ef-
fective diffusivity in the plane perpendicular to the field
is D „,and the normalized change in resistivity is given
by

bp(B i film)

WL

(D ) i/2

D*")I 2~2n
eB 1 (B t 3 f B

2 qB&y 2 (B~+4/3B. )
(A12)
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with

Bp,
4&Day +p, so

(A13)

Case 2: B in the plane of the film. In this case the component of D along the 6eld direction is D „,the effective
diffusivity in the plane perpendicular to the Beld is gD „D,, and the normalized change in resistivity is given by

with

6p(B II film)

WL
=I~D )I

eB 1 &B'l 3 ( B
2

fs I B~)l
—

2
fs IEB~+ 4/3B )

(A14)

B@,so- s/24e(D yD, )
(A15)

Expressions (A14) and (A15) have the same form as
(A5) except for the prefactors involving the ratios of com-
ponents of diffusivity and the definitions of B@ and B,
given by (A13) and (A15). In summary, the main con-
sequence of the anisotropy is a dependence of field scales
for the magnetoresistance, By, and B, , on the orienta-
tion of magnetic field with respect to the sample film. A
similar dependence of the prefactor in front of the right-
hand sides of Eqs. (A12) and (A14) on the orientation
of the field is also seen.

As noted previously, the use of a full superlattice the-
ory for the WL magnetoresistance in multilayers is ex-
pected to give results very similar to these, but with
prefactors which include factors other than the compo-
nents of the diffusion tensor. Measurements on multi-
layers whose quality is superior to those studied here
will be needed to discern the efFects associated with the
miniband structure which are responsible for these dif-
ferences.
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