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Resistance of multilayers with long length scale interfacial roughness
Jason Aliceaa) and Selman Hershfieldb)

Department of Physics and National High Magnetic Field Laboratory, University of Florida, Gainesville,
Florida 32611-8440

~Presented on 14 November 2002!

The resistance of multilayers with interfacial roughness on a length scale large compared to the layer
spacing is obtained using the Boltzmann equation. Both the current-perpendicular-to-plane~CPP!
and current-in-plane~CIP! geometries are considered in the limits where the mean-free paths are
short and long compared to the atomic spacing. In the short mean-free path limit, the resistance
decreases in the CPP geometry and increases in the CIP geometry. In the long mean-free path limit,
the resistance increases in both configurations due to enhanced surface scattering. The giant
magnetoresistance can either be enhanced or reduced by roughness depending on the sample
parameters. Estimates of the short and long mean-free path effects in Fe/Cr multilayers are obtained
using experimentally determined parameters. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1555799#

I. INTRODUCTION

One of the controversial questions about the giant mag-
netoresistance~GMR! is how its magnitude is effected by the
presence of long length scale interface disorder, i.e., interfa-
cial roughness on a length scale which is large compared to
the atomic spacing. Several experiments have studied the
effects of this type of disorder in both the geometries where
the current flows perpendicular to the layers~CPP
geometry!1–4 and in the plane of the layers~CIP
geometry!.5–10 Although current theories are consistent with
the CIP experiments,11,12 there are several unexplained ex-
periments in the CPP geometry which yield apparently con-
tradictory results.

Chiang et al.2 studied the role of interface disorder in
Co/Ag multilayers and found that the CPP magnetoresistance
was reduced by increasing interfacial roughness while the
CIP magnetoresistance was enhanced. In a set of experiments
on Fe/Cr multilayers, Cyrilleet al.1 found that both the CPP
and CIP magnetoresistances were enhanced by interfacial
roughness. In the CPP case, the enhancement of the magne-
toresistance was due to the zero-field resistivity,rAP , in-
creasing with roughness while the high-field resistivity,rP ,
remained roughly constant. Still, more recent experiments by
Zambanoet al.4 see no change in the CPP resistivities or the
magnetoresistance of Fe/Cr multilayers with increasing
roughness.

The effect of interfacial roughness on the CPP GMR is
therefore unclear, with some work pointing to an enhance-
ment of the GMR, some a reduction, and others no change at
all. In this article, we examine theoretically the effects of
long length scale interface disorder in both the CIP and CPP
geometries using the Boltzmann equation.13,14

II. THEORETICAL FRAMEWORK

The multilayers we studied are shown in Fig. 1. The
layers are separated by sinusoidal interfaces with amplitude
A and periodj, and within each layer the relaxation time,t i ,
is constant. For numerical purposes, our calculations are per-
formed in two dimensions, although we nonetheless expect
the results to remain qualitatively the same when generalized
to three dimensions.

The Boltzmann equation we used represents elastic
s-wave scattering within a current-conserving right-hand
side:

v•¹r f 2eE•¹pf 52S f 2 f̄

t
D , ~1!

where f 5 f (r ,p) is the distribution function,f̄ 5 f̄ (r ,upu) is
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FIG. 1. Geometry of the multilayers studied. The interfaces are modeled as
sine waves with amplitudeA and periodj. Layer i has a thicknessDyi and
uniform relaxation timet i , and the total thickness of the sample isDy. The
current flows in they direction in the CPP configuration and thex direction
in the CIP configuration.
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the spherical average off in momentum space, andt5t(r )
is the relaxation time. For flat interfaces, the linear response
solution to this Boltzmann equation can be obtained analyti-
cally. Such a solution is not possible when long length scale
interfacial disorder is present; however, there are two limit-
ing cases for which one can obtain an essentially exact linear
response solution for Eq.~1!: The short and long mean-free
path limits.15 These correspond to the cases where the elec-
tronic mean-free paths are much smaller and much larger
than the layer thicknesses, respectively. In the short mean-
free path limit, the layers behave as macroscopic pieces of
metal and can essentially be regarded as resistors in series
~CPP geometry! or parallel~CIP geometry!. Here, the resis-
tance of the multilayer is governed by classical transport
equations, and the Boltzmann equation reduces to a Laplace
equation for the electrochemical potential within each layer.
In the long mean-free path limit, variations across the sample
are smeared out, and the multilayer behaves as a homoge-
neous, isotropic metal. In this case, the gradient of the elec-
trochemical potential can be approximated by its average
value, and the Boltzmann equation may be integrated
directly.15

In order to compare with experiments, it is crucial to
include surface scattering in these calculations. In the short
mean-free path limit, we model surface scattering by insert-
ing a thin layer of a higher-resistivity material between the
bulk layers. In the long mean-free path limit, surface scatter-
ing is included on the right-hand side of Eq.~1! in addition to
the bulk scattering term, 1/tb , by writing

1

t~r !
5

1

tb~r !
1G(

i
E d,d2~r2Ri~, !!, ~2!

where the integration runs along thei th interface,Ri(,) is
the position of thei th boundary, andG is a parameter char-
acterizing the surface scattering rate. Equation~2! can be
derived by modeling the interfaces as infinitesimal layers of
a higher-resistivity material.

III. RESULTS

The solution of the Boltzmann equation in the short
mean-free path limit shows that the effective CPP conductiv-
ity increases with roughness while the CIP conductivity de-
creases. These effects can be understood in terms of the cur-
rent. In the CPP geometry, roughness allows the current to
traverse a less-resistive, nonlinear path through the sample
that reduces the distance traveled through the low conductiv-
ity layers. In the CIP geometry, where the layers behave
essentially as parallel resistors, most of the current short cir-
cuits through the low resistance layers. Due to interfacial
roughness, some of the current flowing through these layers
will be forced to impinge on more resistive layers near the
interfaces. This reduces the short-circuit effect of the high
conductivity layers, leading to a decrease in the effective
conductivity.

Quantitatively, in both geometries the fractional change
in the conductivity due to roughness is proportional to
(A/j)2, where the proportionality constant has a different
magnitude in the CPP and CIP configurations and depends

on the layer conductivities and sample geometry. Estimates
for these proportionality constants can be obtained by ap-
proximating the interfaces as grooved rather than
sinusoidal:12,15

dsCIP/CPP

sCIP/CPP
'616S sCPP

sCIP
21D S A

j D 2

, ~3!

wheresCPPandsCIP are the CPP and CIP conductivities for
flat interfaces. Equation~3! only roughly approximates the
exact proportionality constants computed numerically, but it
is useful for comparing to experiments.15

In the long mean-free path limit, we find that the con-
ductivity decreases with roughness due entirely to enhanced
surface scattering. When surface scattering is ignored, the
conductivity is independent of roughness. To find how the
surface scattering is effected quantitatively by roughness, we
extract the interface conductivity,s* , by treating the bulk
and interface resistances as resistors in series. To a good
approximation, the fractional decrease in the interface con-
ductivity is equal to the fractional change in the interface
length resulting from roughness, independent of the model
parameters. For the sinusoidal boundaries we consider, the
fractional change in the interface conductivity is

ds*

s*
'2p2S A

j D 2

. ~4!

Note that in the long mean-free path limit the conductivity is
isotropic, and the CPP and CIP conductivities are the same.

To get the GMR, the difference of the resistivities in the
antiparallel (rAP) and parallel (rP) configurations is com-
puted: GMR5(rAP2rP)/rP . In the short mean-free path
limit, when the resistance of each channel is computed nu-
merically, we find that roughness can either enhance or re-
duce the CPP GMR depending on the sample parameters,
while in the CIP geometry, roughness induces a positive
GMR that vanishes when the interfaces are flat. In the long
mean-free path limit, we also find that the GMR can be ei-
ther enhanced or reduced by roughness depending on the
parameters.

In an actual experiment, the effects in the two limits
discussed herein will both be present to some extent, as the
mean-free paths will be in neither limit, but somewhere in
between. To see if we can account for the measurements of
Cyrille et al.1 and Zambanoet al.,4 we now estimate the size
of these two effects by computing the high-field and zero-
field resistivities in Fe~3 nm!/Cr~1.2 nm! multilayers as a
function of the number of bilayersN using experimentally
determined parameters. The roughness parametersA andj in
our model were determined experimentally by Cyrille
et al.1,3 They found thatA increased within the multilayer
while j remained constant at 10 nm. Thus, the interfaces in
their samples become more disordered as the sample size is
increased. We used for our calculations the average value of
(A/j)2 across the multilayer. The bulk and interface resis-
tances have been determined by Zambanoet al.4 We used
their measurements for the estimates because the resistances
in the two sets of experiments are roughly the same magni-
tude even though the trends are different.
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The results of these estimates in the CPP geometry,
along with the corresponding measurements obtained by
Cyrille et al.,1 are shown in Fig. 2. The resistivity measure-
ments obtained by Zambanoet al.4 are similar in magnitude
but do not depend onN. Because the changes in the resistiv-
ities predicted in the long and short mean-free path limits are
opposite in sign and of roughly the same magnitude, these
estimates show that the resistivities can either increase, de-
crease, or remain constant with roughness depending on
which effect is dominant. If the long mean-free path effect is
more important, one would expect trends similar to those
measured by Cyrilleet al.1 in the intermediate mean-free
path case becauserAP increases more thanrP in the long

mean free path limit. If the long and short mean-free path
effects cancel, however, one would expect to see the negli-
gible changes in the resistivities observed by Zambanoet al.4

Thus, the effects described here are of the correct size to
explain what is seen experimentally, but a theory which ac-
counts for an arbitrary mean-free path is needed in order to
make a detailed quantitative comparison to experiment.
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FIG. 2. Long and short mean-free path estimates of the parallel and antipar-
allel resistivities for Fe~3 nm!/Cr~1.2 nm! multilayers as a function of the
number of bilayersN. For comparison, measurements@obtained by Cyrille
et al. ~Ref. 1!# are also shown. Since the changes in the resistivities pre-
dicted in the two limits are opposite in sign, there can be significant cance-
lation of the two effects in samples with intermediate mean-free paths. Thus,
depending on the mean-free paths, these results may account for either the
trends@seen by Cyrilleet al. ~Ref. 1!# shown in the figure or the negligible
changes in the resistivities@observed by Zambanoet al. ~Ref. 4!# in the
same type of samples.
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