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Crystallographic texture and interface structure in Co/Cu multilayer films
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This paper reports on the apparent relationship between giant magnetoresistance~GMR! and crystallo-
graphic texture in sputter-deposited polycrystalline Co/Cu multilayers. In agreement with previous work, we
find that GMR decreases from a typical literature value in a randomly oriented multilayer to a very low value
of less than 2% in multilayers with a strongly defined^111& fiber texture. The change in orientation and the
retained integrity of the multilayer is followed by x-ray diffraction and reflectivity, and high-resolution electron
microscopy and electron diffraction. Modeling of the x-ray reflectivity data suggests that there is no significant
change in the interface roughness of the multilayers with change in texture. To complement the magnetic
hysteresis and GMR measurements, the transition from partially antiferromagnetic coupling to ferromagnetic
coupling has been followed by polarized neutron reflectivity within situ magnetization measurements.
@S0163-1829~98!05733-6#
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I. INTRODUCTION

Over the last several years there has been a lively de
on the origin of the giant magnetoresistance~GMR! effect in
metallic multilayers. Since its discovery in 1988~Ref. 1!
evidence has mounted that the effect arises in multilayer
a result of differences in the scattering cross sections w
respect to magnetization in the two spin polarized elect
populations. In antiferromagnetically coupled multilaye
spin-up and spin-down electrons ares-d scattered in alter-
nate layers into states in the splitd band2 resulting in a high
resistance. In ferromagnetically coupled regions the sca
ing cross section for spin-up electrons is reduced causin
decrease in resistance. It has been shown3 that the magnitude
of the effect has an oscillatory dependence on the thickn
of the nonmagnetic spacer layer corresponding to oscillat
from ferromagnetic to antiferromagnetic coupling betwe
the magnetic layers. Theoretical studies4 explained this oscil-
latory dependence in terms of Fermi surface effects and
gested that, in the Co/Cu system, the effect should be st
ger for $100% and$110% oriented films than for$111% oriented
films. However, studies since then have both supported5 and
contradicted6 this view, with particularly strong argument
coming from the disparity between some molecular-be
epitaxy~MBE! grown and sputter-deposited samples. In t
difference, the second antiferromagnetic maximum has o
not been observed in MBE deposited samples. It has b
suggested7 that the areal fraction coupling ferromagnetica
could increase with the order of the antiferromagnetic ma
mum and may completely mask the higher order maxim
The relative importance of the contribution of interface sc
tering to GMR has also been a subject of much debate8,9 and
is thought to be very important in some cases such as F
multilayer structures10 in which Friedel-type scattering oc
curs at Cr impurity atoms in the Fe layer at the interface

In this study, we have examined the effect of substr
etching on the magnetic, crystalline, and interfacial prop
PRB 580163-1829/98/58~9!/5594~8!/$15.00
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ties of modified polycrystalline sputter-deposited Co/C
multilayers. In previous work11 we have shown that substra
etching is a very effective way of controlling the crystallin
orientation of sputter-deposited multilayers grown on silico
We also showed that in those samples there was a st
apparent correlation between GMR and crystalline textu
with well developed$111% mosaic textures being associate
with very low GMR. However, questions still remained as
the influence of the interfaces between the layers. In
work, with its emphasis on microstructural investigations,
show from detailed x-ray reflectivity measurements and ca
ful modeling that, although there is a slight increase in
film roughness with etching, the change in GMR in o
samples appears, again, to be largely driven by the chang
preferred crystal orientation in the multilayer. In the limite
range of roughness in our samples there does not appe
be an obvious correlation between interlayer roughness
GMR. These findings are corroborated by transmission e
tron microscopy of cross sections from the multilayers a
complemented by neutron reflectivity, x-ray diffraction, a
magnetization measurements.

II. EXPERIMENTAL

Films with a nominal structure of 163$1 nm Co/
X nm Cu%11 nm Pt, with X51 nm ~type A! or X52 nm
~type B!, were grown on ion beam etched silicon~100! wa-
fers by dc magnetron sputter deposition. In this paper
mostly concentrate on type-B multilayers which, with thick
copper spacer layers, can be prepared more reproducib
the second maximum in the GMR vs spacer layer thickn
curve.3,11 The base pressure of the process chamber was
low 1025 Pa. Deposition rates at room temperature under
argon pressure of 0.4 Pa were 0.04, 0.07, and 0.08 nm
second for Co, Cu, and Pt, respectively. Before deposi
the substrates were etched for 2 min using a Kaufman-t
ion beam source under a 0.1 Pa pressure of argon an
5594 © 1998 The American Physical Society
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PRB 58 5595CRYSTALLOGRAPHIC TEXTURE AND INTERFACE . . .
beam voltages up to 1 kV. For convenience we desc
samples grown on the native SiO2 covered Si wafers as ‘‘un
etched’’ samples and those grown on substrates etched
the ion beam as ‘‘etched.’’

GMR was measured at room temperature using the s
dard dc four point probe method with the current and m
netic field orthogonal and in the plane of the film. The ma
nitude of the effect was calculated in the usual way (GM
5100* DR/Rf , where Rf is the measured resistance in
saturation field andDR is the absolute difference betwee
the zero field resistance andRf). Magnetic hysteresis loop
of the multilayers were measured on a laboratory AGF
~alternating gradient field magnetometer! at room tempera-
ture. Care was taken to minimize the effect of the alternat
gradient field on the magnetic state of the sample. Howe
measurements near zero field remain inherently unreliab

High angle x-ray diffraction measurements~HXRD! were
carried out on a Siemens D5000 diffractometer system
copperKa radiation wavelengths. The system allows ind
pendent computer control of both the source and dete
angles thus opening up the possibility of plotting full reci
rocal space maps for each sample. High-resolution trans
sion electron microscope~TEM! and diffraction ~TED!
analyses were carried out on a JEOL 3010 microscope w
point to point resolution of 0.17 nm.

The layer and interfacial structure of the Cu/Co multila
ers was investigated using grazing incidence x-ray reflec
ity ~GIXR!. Both specular and diffuse x-ray measureme
were carried out on a Bede GXR1 laboratory reflectomet12

and at station 2.3 of the Synchrotron Radiation Source~SRS!
at the CLRC Daresbury Laboratory.13 The SRS produces
brilliant x-ray beam with the wavelength being selected
ing a water cooled double bounce Si~111! monochromator.
Typical count rates of 108 counts/s were achieved in the in
cident beam. A large projected lateral coherence length, t
cally 100 mm, was produced due to the large distance
tween the sample and the source.

Polarized neutron reflectivity~PNR! measurements durin
magnetization were carried out at the CLRC Rutherfo
Appleton Laboratory’s pulsed neutron source, ISIS, using
polarized neutron mode of the time of flight reflectome
CRISP. A detailed description of the CRISP instrumentat
and a discussion of the theory may be found elsewhere.14

III. RESULTS AND DISCUSSION

Figure 1 shows some of the GMR values and associa
magnetic hysteresis loops of a series of type-B multilay
grown on ion beam etched silicon substrates. The drop in
magnitude of the GMR with increasing etching voltages
striking. The most obvious explanation is that errors in
deposition process are causing a variation in the nonm
netic spacer thickness. This would tend to shift t
multilayer system off the antiferromagnetic peak in the
cillatory coupling curve thus reducing the magnitude of t
resistance change. In order that this possibility might
tested a large number of samples were prepared in se
series and their magnetoresistance measured. In Fig. 1
show GMR values for three samples at each etching volta
In all cases the magnitude of the GMR was found to fall
or beneath an envelope of maximum change indicating
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the trend has its origins in a source other than spacer th
ness variation. Although significant variations from th
nominal value of the copper spacer thickness at the sec
maximum are unlikely, these measurements would allow
and accommodate such a condition. It should also be no
that similar trends in the loss of GMR with substrate etch
were observed in this work for type-A multilayers grown o
~100! silicon, and also for types A and B grown on~111!
silicon. These latter findings also corroborate the results
Pollardet al.11 The hysteresis loop from the multilayer pre
pared on the unetched substrate, and giving a credit
GMR of about 20% fortCu52 nm in Fig. 1, shows that the
multilayer is clearly not completely antiferromagnetical
coupled. However, careful examination of the other hyst
esis loops in Fig. 1, shows that, as the ion beam etch
energy is increased, the loops become more upright and
romagnetic in form and lose the contribution from the r
gions of antiferromagnetic coupling in the multilayer. Th
remanence changes little as the antiferromagnetic compo
is lost, the change being masked by the regions of ferrom
netic coupling. The coercivity and, importantly, the satu
tion field both clearly decrease with increasing etching
ergy reflecting the easier switching of the magnetization
the antiferromagnetic component reduces. As shown be
PNR confirms this change in magnetic coupling. The GM
seems to saturate, on average, at a minimum value of a
2%. Having established the apparent correlation betw
GMR and etching voltage in our samples it is necessary
question the origin of the effect. This report is mainly co
cerned with a detailed structural investigation of the
samples since the two most obvious mechanisms for the
in GMR are~i! changes to any interfacial scattering cont
bution depending on interface roughness, and~ii ! changes to
any volume contribution depending on the crystal orientat
of the layered structure.

Since the refractive index for materials at x-ray and ne
tron wavelengths is less than unity, total external reflect
occurs at low incidence angles. At incidence wave vect
above some critical value the radiation penetrates deeper
the sample as the angle is increased. Measurement o

FIG. 1. Variation in GMR and magnetic hysteresis behav
caused by substrate etching in 163~1 nm Co/2 nm Cu!11 nm Pt
sputter-deposited multilayers.
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5596 PRB 58D. E. JOYCEet al.
critical angle and of the falloff rate in the intensity yield
information on the surface density and roughness. If one
more layers are present in the film near the surface, inter
ence oscillations may be observed in the reflectivity profi
The reflectivity profile is a function of the refractive inde
roughness, and thickness of each of the layers in the film
obeys Fresnel’s laws.

Neutron reflectivity measurements have two major adv
tages over x rays. First, neutron scattering amplitudes are
a monotonic function of the atomic number, they vary erra
cally from element to element. The other is the fact that th
is a magnetic contribution to the refractive index in additi
to the nuclear one. For materials magnetized in the plan
the sample, neutrons polarized parallel~1! or antiparallel
~2! to the applied field have a spin-dependent refractive
dex. Thus neutron reflectivity is a sensitive probe of t
variation in magnetization with depth. Since one would e
pect to see evidence of antiferromagnetic coupling betw
the magnetic layers in these films, and the magnetic pro
will change on applying a saturation field, the reflectiv
curve should exhibit a definite dependence on applied fi
Therefore, reflectivity data were taken for each film at 3 m
~guide field only! and at 300 mT~saturation!.

Figure 2~a! shows PNR data for an unetched type
sample taken in a 3 mTguide field. Type-B samples wer
chosen for the PNR experiments because of their low s
ration fields ~;200 mT! as compared to those of type-
samples~;1 T!. Although it is an extremely bright spallatio
neutron source, the beam intensity at ISIS is orders of m
nitude less than that from x-ray sources. Intensity is a p
ticular problem with the CRISP instrument where much
the intensity is lost in the beam refinement and polarizat
process. For this reason, the sample must have as gr
surface area as possible, thus improving the counting st
tics. As a consequence of the large sample size, the
between the pole pieces of the magnet is greater than 80
restricting the maximum field obtainable with a convention
water cooled magnet to about 300 mT.

There are a number of features in the PNR curves wh
attest to the birefringent nature of these magnetic multil
ers. The most obvious is the change in the critical reflect
scattering vectorQc seen most clearly in the inset of Fig
2~a!, where, sinceQc is a function of the refractive index an
the refractive index is related to the relative orientations
the sample and neutron magnetizations, irradiating
sample alternately with oppositely polarized neutrons w
result in a birefringent splitting at the critical edge. Also,
the multilayer Bragg peakqBragg where the reflectivity is due
to constructive interference of reflections from the bilaye
the intensity is related to the scattering potential between
bilayers. Since, because of the magnetic birefringence,
refractive index of cobalt for spin-up neutrons approac
that of copper, the scattering potential will drop causing
reduction in the Bragg peak intensity for spin-up neutron

A number of changes become apparent on the applica
of a saturation field. First, there is a greater difference
tweenQc

↑ andQc
↓ in Fig. 2~a! and, secondly, there is a great

difference in the intensities at the Bragg peak, both of wh
may be understood in terms of an increase in the magne
tion. However, the most relevant change is that seen atqmag
which is a half order peak corresponding to a structure w
or
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a period of double that of the chemical structure. This
indicative of significant antiferromagnetic coupling betwe
the magnetic layers. The magnetic nature of this peak is c
firmed when, on changing the magnetic structure from a
ferromagnetic to ferromagnetic on application of the 300 m
field, the peak atqmagdisappears and the intensity atqBragg is
increased. Similar examination of the etched sample, F
2~b!, shows no such changes in the reflectivity profile w
applied field except for the slight increase in the Bragg pe
which may be attributed to the improvement in magne
order between the remanent and saturated states. Ther
some differences, however, between the profiles of etc
and unetched samples, which may be attributed to an
crease in interfacial roughness and a slight disordering of
layer structure.

In specular x-ray reflectivity scans (df52du), where the
detector is scanned at twice the rate of the sample,Q(5ks
2ki) is directed normal to the surface and has a magnit
qz5(4p/l)sinu. The scattering vectorQ is the vector sum
of the orthogonal vector componentsqx , qy , andqz , and in
the specular conditionqx5qy50. The true specular reflec
tivity, with a d function cross section in theq directions
normal to the specular ridge is distinct from the diffuse s

FIG. 2. Specular PNR data for~a! an unetched and~b! an etched
type-B sample. The inset shows the divergence of the curves a
critical edge.
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PRB 58 5597CRYSTALLOGRAPHIC TEXTURE AND INTERFACE . . .
nal which has an intrinsic width in reciprocal space but a
peaks at the specular ridge. Off-specular longitudinal diffu
scans (df52du1D) were used to record the intensity o
the diffuse scatter just below the specular ridge. The s
takes the same form as the normal specular scan but w
slight offset, typically 0.1°, in the sample angle. Transve
(qy) scans in reciprocal space were recorded in which
detector angle was fixed and the specimen scanned.

The tunability of x-ray synchrotron radiation allows sca
tering from interfaces between elements close in the Peri
Table to be enhanced using anomalous dispersion.
anomalous dispersion correction to the scattering fa
changes rapidly with wavelength so it was therefore esse
to locate accurately the wavelength with respect to the
and Co absorption edges and for this to be reproducible. T
was achieved by measuring the fluorescence yield for s
dard samples as a function of the incident wavelength. Sc
were recorded at the Co absorption edge~1.608 Å! and away
from it ~1.48 Å!. Tuning the wavelength to the Co edg
considerably enhances the intensity of the first order Br
peak for systems in which the interfacial roughness is co
lated in nature.

Roughness with spatial frequencies copied from low
layers is said to be conformal or correlated. Conform
roughness which is only replicated over a few of the lay
will result in an increase of the diffuse scatter around
specular Bragg peak. However, if this roughness is replica
through the whole sample, the diffuse scatter will show
riodicity in qz equal to that of the Kiessig fringes. The e
tension of the periodicity intoqy , depends on the frequenc
of the roughness that is being replicated.15 As low-frequency
roughness is the most easily replicated, off-setu/2u scans
with a smallqy component will detect the presence of a
correlated roughness. Specular and off-specular scans
type-A sample etched at 100 V are shown in Fig. 3 and sh
notable fringes at low angle in the off-specular scan. This
mentioned above, can be explained by the presence of a
degree of conformal roughness in the multilayer propaga
from the substrate upwards. Without the presence of a h
degree of conformal roughness these off specular frin

FIG. 3. Specular and off-specular x-ray scan for a 100 V e
type-A sample (tCu;1 nm) showing the presence of correlat
roughness, indicated by off specular fringes. The dashed line is
simulated fit to the specular curve.
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would not be present. Detailed simulations were carried
on the specular and transverse diffuse scans using the B
Scientific GIXS code.16 The simulations are based on calc
lating the scattering from model fractal surfaces using
distorted-wave Born approximation.16–18 Simulation of
specular scans allows layer thickness, near-surface de
and an effective roughness to be quantified. Transverse
fuse simulations allow this effective roughness to be dis
guished from the true roughness, which itself can be sub
vided into correlated and uncorrelated componen
Additionally the lateral coherence lengthj and fractal param-
eterh which characterize the in-plane structure of the int
faces, can be determined.19

Figure 4 shows the anomalous scattering data recorde
and away from the cobalt absorption edge~1.608 Å! taken
through the first order Bragg peak. There is a change b
factor of 1.5 in the diffuse scatter intensity with waveleng
Transverse scans taken away from the Bragg peak show
tually no increase in intensity. The observation that t
Bragg peak diffuse scan intensity increases by tuning
x-ray wavelength to the Co absorption edge is another in
cation of the highly conformal nature of the interfaci
roughness. Diffuse scans taken at the Bragg angle are
dominantly sensitive to conformal roughness rather th
nonconformal roughness. The enhancement of the diffuse
tensity at the Bragg condition, using anomalous dispers
but not at any other angle infers that the majority of t
interfacial roughness is conformal throughout the Cu/Co
perlattice.

Specular simulations similar to that shown in Fig. 3 we
carried out for a number of type-A samples in order to
tablish the interfacial characteristics across the series.
ures 5~a! and 5~b! show examples of transverse diffuse sca
~rocking curves! and simulated fits. In all cases the simulat
data was in good agreement to the recorded data. The s
lations show that both the interfacial roughness and bila
thickness remain relatively constant, within the limit of th
errors, across the series independent of the etching volt
The relevant simulation results are given in Table I. The l
ratio of uncorrelated to conformal roughness shows

h

he
FIG. 4. Transverse diffuse x-ray scans, from the sample of F

3, taken through the first Bragg peak close to and away from
cobalt absorption edge.
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5598 PRB 58D. E. JOYCEet al.
roughness to be predominantly correlated~conformal!
throughout the stack and again this does not change ac
the series. The correlation length is consistently short ac
the series which means that care must be taken in interp
ing any roughness calculations made using the Born w
approximation as it is likely that a substantial fraction of t
diffuse scatter will be missed due to the need to probe la
qy in reciprocal space. However, the simulation code u
here is based on the distorted-wave Born approxima
~DWBA! which takes this into account and therefore,

FIG. 5. Transverse diffuse x-ray scans for the 100 V etch typ
sample taken~a! at l51.48 Å, through a Kiessig minimum 2u
52.713° and~b! at l51.608 Å, through a Kiessig maximum 2u
52.802°. Scans shows experimental data~triangles! and simulated
fit ~solid line!.
ss
ss
et-
e

e
d
n

fitting both diffuse and specular scatter measured in
transverse scans, provides the reliable roughness va
shown in Table I.

TEM cross-section micrographs provide a more intuitiv
if localized, view of the interfacial structures. Figures 6~a!
and 6~b! show a pair of defocused micrographs of an u
etched and a heavily etched type-A sample (tCu;1 nm), re-
spectively. The microscope is defocused to enhance
phase contrast between the Co and Cu layers, thus reve
the layered structure. The Si substrate is below the multila
and at the bottom of the two micrographs. The natural S2
layer between the unetched Si and the superimpo
multilayer is clearly visible in Fig. 6~a!. The substrate has
been etched in Fig. 6~b! but there still appears to be som
form of amorphous layer between the Si and the Co/
structure. The similarity between the multilayer images
the two micrographs is striking and in agreement with t
x-ray modeling results, although direct comparisons are
ficult because of the increased strain contrast in the hea
‘‘etched’’ film. They, and Fig. 7 below, show the latera

A

FIG. 6. Defocused TEM cross-sectional micrographs of~a! an
unetched type-A sample and~b! a heavily etched type-A sample.
l

TABLE I. X-ray modeling parameters for sputtered Cu/Co multilayers.

Etching
energy~V!

Cu spacer
thickness

~nm!
Roughness,

s ~nm!

Correlation
length ž ~nm!

Fractal
parameter h

uncorrelated/conforma
roughness

0 1.0560.05 0.5460.05 8.560.5 0.960.1 0.2960.02
100 1.0760.05 0.5260.05 8.560.5 0.960.1 0.2960.02
300 1.0260.05 0.5460.05 10.060.5 0.960.1 0.2960.02
500 1.0560.05 0.5160.05 11.860.5 1.060.1 0.2960.02
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PRB 58 5599CRYSTALLOGRAPHIC TEXTURE AND INTERFACE . . .
correlation length of the surface roughness and quantita
measurements confirm it to be of the order of that found
the x-ray simulations. The images also show that the in
faces between the Co and Cu layers are quite sharp sug
ing that it is the long length scale rippling of the layers whi
contributes to the rms roughness values. This illustrates
importance of conformality in the multilayer stack. As lon
as the roughness is conformal through the stack, the sep
tion between magnetic and nonmagnetic spacers is prese
thus maintaining one of the principal prerequisites for GM

Focused TEM cross-sectional micrographs and TED p
terns for the type-A films are shown in Fig. 7. Since t
scattering factors for Co and Cu are similar, it is not possi
to see any layer contrast in either of the images. Howe
the changes in bulk texture with substrate etching are v
clear. Figure 7~a! shows an unetched type-A sample whe
the diffraction pattern contains the silicon spots~on the@110#
zone axis! from the substrate and the first diffraction orde
from a random polycrystalline fcc microstructure in th

FIG. 7. Cross-sectional TEM micrograph of~a! an unetched and
~b! an etched type-A film with the inset showing the TED patte
containing reflections~spots! from the Si substrate and diffractio
features from the multilayer.
e
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multilayer. The rings are not completely continuous becau
with the small diffraction aperture used, there is a restric
number of grains being sampled by the electron beam.
Si substrate with its native oxide is visible in the microgra
as are the resolved Si$111% lattice fringes. The etched
sample, Fig. 7~b!, is very different. Here the diffraction by
the film is limited to short$111% arcs along the@001# Si
direction ~i.e., diffraction from$111% Co/Cu planes paralle
to the film plane of the multilayer!. Examination of the lat-
tice fringe contrast from the multilayer in the micrograp
shows that, although the texture does not correspond ex
sively to $111% grains oriented parallel to the substrate a
the interfaces of the multilayer, a significant fraction of t
film is growing with a stronĝ 111& fiber axis. In-plane mi-
crographs with most of the substrate removed, Figs. 8~a! and
8~b!, show the grain size in the multilayer to be about 20–
nm, and roughly the same in both the unetched and etc
samples. They also show the transition from a random po
crystalline structure in Fig. 8~a! to a mosaic structure with a
preferred growth along thê111& direction in Fig. 8~b!. The
intensities of the rings in the inset diffraction pattern in F
8~a! are typical of a randomly oriented fcc microstructu
while the strong$220% ring, and the much reduced intensitie
or absence of the other reflections in Fig. 8~b!, is consistent
with a very stronĝ 111& fiber texture.

This change in texture is confirmed by HXRD in Fig.
which shows patterns from unetched and etched B-t
samples. For the etched sample there is a clear increase i
intensity of the compromise$111% Co/Cu peak over that for
the unetched sample by a factor of between 20 and 30. T
is also a concurrent disappearance of the small$200% peak at
2u'51°. The presence of the multilayer satellite maxim

FIG. 8. In-plane TEM micrograph and associated TED patt
from ~a! an unetched and~b! an etched type-B multilayer.
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5600 PRB 58D. E. JOYCEet al.
clearly visible around the stronger$111% reflection are a fur-
ther indication that the layer integrity is strongly maintain
in the etched sample. The inset shows rocking curves ta
at the$111% Co/Cu peak for the same two samples with t
full width at half maximum decreasing with increasing etc
ing energy. The sharp reduction in half width, correspond
to a reduced mosaic spread out of the film plane with
crease in etching voltage, further supports the argument
the etching process encourages the formation of a stro
textured^111& fiber axis microstructure in the multilayers.

IV. CONCLUSION

We have shown that ion beam etching of the substrate
a major effect on the magnitude of the GMR in Co/Cu m
tilayers sputter-deposited on silicon substrates@in this paper
~100!Si and in Ref. 11~111!Si#. In our previous work, and in
this report, we have shown that this change is associated
a transformation of the crystalline texture of the Co/C
multilayer thin films. HXRD and high-resolution TEM an
TED investigations have shown conclusively that as
etching energy is increased the texture is transformed fro
randomly oriented polycrystalline film into a well oriente
^111& polycrystalline film. This is accompanied by a decrea
in the volume fraction of grains otherwise oriented, partic
larly in ^100&. The presence of this relatively small fractio
of ^100& oriented grains may be crucial for the appearance
a significant GMR. Their presence can be easily missed

FIG. 9. HXRD data from an etched and an unetched typ
multilayer. The inset shows rocking curves taken about the com
mise $111% Co/Cu peak.
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less careful diffraction experiments are performed.20 In the
change to the oriented microstructure, magnetic, and P
measurements show a concomitant loss of the fraction
antiferromagnetic coupling in the multilayers as the etch
voltage increases. GIXR investigations, matched with care
and detailed modeling calculations, show no significa
change in interfacial roughness with etching. In agreem
with the TEM observations, they show that this roughnes
conformal and is largely correlated throughout the thickn
of the multilayer.

It would seem therefore that the likely loss of GMR in o
samples is related to crystallographic orientation changes
bulk scattering, i.e., spin-dependents-d scattering into the
split d band in the ferromagnetic layers, rather than chan
in interfacial roughness and interfacial scattering. A simi
conclusion as to the relative importance ofs-d scattering in
the Co/Cu system has recently been published.21 Many pre-
vious investigations, e.g., Ref. 22, have shown that enhan
GMR is obtained in Co/Cu multilayers sputter-deposited
Fe underlayers. This promotes a^200/220& texture and a
large GMR, whereas fcc underlayers encourage^111& growth
and a low GMR. The substrate etching experiments repo
here clearly provide the required interfacial energy match
the growth of a very stronĝ111& texture.

It is obvious that we cannot comment, from the resu
presented in this report, on any effect that changed interfa
roughness would have on GMR, since the interfacial rou
ness of our samples is relatively constant across the se
However, as mentioned in the Introduction, GMR measu
ments on Co/Cu multilayers with interfaces roughened
sputtering at different argon pressures8 do show a correlation
with this roughness, estimated from broadening of the fi
Bragg multilayer diffraction maximum. Minimum roughnes
srms;1.6 nm corresponded to maximum GMR. There is a
an inferred dependence on texture with a^200/220& texture
giving the best GMR. Recent measurements23 on sputter-
deposited and relatively randomly oriented Co/Cu multila
ers with extremely flat interfaces atsrms;0.1 nm, show dra-
matically large GMR.
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