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Effect of Interface Roughness on GMR in Fe/Cr Multilayers
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Effect of interfacial roughness on Giant Magnetoresistance (GMR) in Fe/Cr multilayers has
been studied by simultaneously depositing multilayers on a set of float glass substrates prepared
with varying rms surface roughness. Morphological and other microstructural features of different
multilayers similar except for the interfacial roughness, thus allowing one to separate out the
effect of interface roughness. GMR measurements on these multilayers show that increasing
interfacial roughness causes GMR to decrease nonlinearly. GMR tends to saturate to a constant
value for higher interfacial roughnesses because of the fact that different multilayers differ mainly
in the correlated part of interfacial roughness.
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§1. Introduction

Giant magnetoresistance (GMR) in metallic multilay-
ers1) continues to be a topic of great current interest.
Extensive studies are being done in order to elucidate
the origin of the underlying processes, e.g., interlayer
coupling and spin dependent scattering. The qualitative
features of the interlayer coupling like the oscillatory be-
havior,2, 3) coexistence of a long and a short period of os-
cillations4) and dependence of the oscillation period on
the crystallographic orientation of the spacer layer4, 5)

have been explained in terms of the RKKY
type of interaction,6) or in terms of quantum interfer-
ences due to confinement in ultrathin layers.7) The spin
dependence of electron scattering is understood in terms
of the spin dependent electron states and the spin de-
pendence of the scattering potential.8, 9) However, one
of the aspects of the GMR phenomenon which are still
not understood properly is the role of the interface struc-
ture in determining the GMR. Numerous experimental
as well as theoretical studies have been done with an
aim to elucidate the effect of the interface quality on
GMR. Early theoretical studies predicted an increase
in GMR with increase in interface roughness,10, 11) while
some other calculations showed the existence of an opti-
mal interface roughness.12) A finite interface roughness
can either enhance or decrease the GMR effect depending
upon whether the spin-asymmetry for the interface and
for the bulk scattering is of the same kind or not.9) The
effect of interface roughness is also expected to depend
upon whether the roughness is perfectly random or there
exist a correlation in the x-y plane.8) More recently, ab
initio calculations by Kudrnovský et al.,13) for interlayer
coupling in the presence of i) uncorrelated interfacial
roughness and ii) interfacial interdiffusion, predicted a

satisfactorily

decrease in interlayer coupling and hence in GMR in the
presence of both the types of imperfections. Experimen-
tal results on the effect of interface roughness on GMR
are also conflicting. Fullerton et al. studied GMR in
a number of Fe/Cr multilayers prepared under different
sputtering pressures and power.3) A substantial increase
in GMR was observed in multilayers prepared at higher
sputtering pressure which also showed a higher interface
roughness as determined from X-ray reflectivity (XRR)
measurements. Similar results were also obtained in a
number of other studies in Fe/Cr system.14, 15) On the
contrary, in the studies by Takanashi et al.,16) and N. M.
Rensing et al.,17) on sputtered Fe/Cr multilayers it was
concluded that smoother interfaces are necessary in order
to increase GMR. Beliën et al.,18) and Schad et al.,19)

varied the substrate temperature during deposition in or-
der to vary the quality of the interfaces in MBE grown
polycrystalline Fe/Cr multilayers. Besides effecting the
interface quality the substrate temperature also effected
other characteristics like the saturation resistivity ρs at
4.2 K and the residual resistance ratio ρ300/ρs. However,
they found a clear correlation between GMR and the in-
terface quality. It was suggested that although interface
roughness strongly suppresses the GMR, moderate step
density at the interfaces can enhance the GMR. D. M.
Kelly et al.,20) studied the GMR in sputtered Fe/Cr
multilayers as a function of the changes in interfacial
roughness created by irradiation with 500 keV Xe ions.
They argued that since GMR varies considerably with Cr
layer thickness, much more reliable information can be
obtained if the effect of interfacial roughness is studied
in a single sample when its structure is modified by ion
irradiation. They concluded that increased interfacial
roughness enhances the GMR. However it may be noted
that they also found a significant increase in structural
coherence length of grains normal to the film plane with
increasing irradiation dose, which may also influence the
GMR. Increase in interfacial roughness as a result of
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thermal annealing in multilayers also resulted in a de-
crease in GMR21, 22) More recently, studies have been
done to get some quantitative information about the in-
terface roughness dependence of GMR. Schad et al.23, 24)

determined the rms interface roughness and the in-plane
correlation length from the XRR ts done us-
ing anomalous scattering on a number of Fe/Cr multilay-
ers. Multilayers with different interface roughness were
prepared either by varying the substrate temperature23)

or by post deposition annealing treatment.24) Effect of
variation in antiferromagnetic coupling fraction (AFF)
with substrate temperature was corrected for by mea-
suring the saturation and remanent magnetizations Ms

and Mr and taking AFF = 1−Mr/Ms. They concluded
that the GMR decreases almost linearly with increas-
ing interface roughness.23) In a more careful study with
epitaxial Fe/Cr(001) superlattices with negligible bulk
scattering24) they concluded that GMR effect increases
with decreasing lateral correlation length and increasing
vertical correlation length. On the other hand, Velez et
al.25) varied the interface roughness by varying the sput-
tering pressure. They also corrected for the variation in
AFF in a manner similar to that of Schad et al.23) In
contradiction to the work of Schad et al.,23) in their case
the GMR corrected for the variation in AFF was found
to increase with interface roughness. It may be pointed
out here that, it is somewhat ambiguous to use the value
of Mr to correct for AFF, since a variation in the inter-
nal stresses as a result of the variations in the deposition
conditions may affect Mr via stress induced anisotropy.
Further, effects of any biquadratic coupling26) can not
be taken into account in this manner.

In the above studies, variations in the interfacial
roughness are obtained either by varying the deposition
conditions (sputtering gas pressure, sputtering power,
substrate temperature) or by post deposition treatments
(ion irradiation, thermal annealing). It may be noted
that these parameters, besides affecting the interface
quality, are also expected to effect other film proper-
ties like grain size and morphology, grain texture, in-
ternal stresses and defect concentration in the bulk of
the layers etc. For example, Parkin et al. found that the
deposition temperature effects the structural coherence
length of grains ξ along the film normal, as well as the
grain texture.27) The GMR was found to increase with
ξ. Grain texture is also known to effect GMR in Fe/Cr
multilayers significantly.28, 29) Modak et 30) specifically
studied the effect of grain size on GMR in Co/Cu multi-
layers. Variation of ξ was achieved by introducing a Cu
underlayer. GMR was found to increase with increase in
ξ. The sputtering pressure has been found to effect the
internal stresses in the film as evidenced by a decrease
in lattice spacing normal to the film plane with sputter-
ing pressure.25) Variation in the density of defects in the
bulk of the layers as a result of variation in sputtering
rate or due to thermal annealing is also expected to ef-
fect the GMR through variation in the spin dependent
scattering from the impurities in the bulk.31) The con-
tradictory results obtained in the above studies3, 14-25)

for the effect of interface roughness on GMR may largely
be attributed to the neglect of the effects of associated

changes in the morphological and other microstructural
features of the films on GMR. Therefore, in the present
work we have studied GMR in a set of multilayers pre-
pared by simultaneous electron beam evaporation in an
UHV environment on a number of float glass substrates
having different surface roughnesses. Characterization
of the multilayers using X-ray reflectivity (XRR), x-ray
diffraction (XRD), conversion electron Mössbauer spec-
troscopy (CEMS) and Atomic Force Microscopy (AFM)
shows that except for the interface roughnesses, other mi-
crostructural features of the multilayer (ML) like grain
size, coherence length, grain texture, intermixing at the
interface, internal stresses etc. are identical, thus allow-
ing one to selectively study the effect of interface struc-
ture on the GMR.

§2. Experimental

Float glass was used as substrate for depositing mul-
tilayers. Substrates with varying surface roughness were
prepared by etching the float glass substrates in di-
lute HF for varying periods of time. Six substrares
with etching times of 0 s, 15 s, 60 s, 300 s, 600 s and
1200 s, designated as specimens 1 to 6 respectively, were
taken. XRR measurements showed that the rms sur-
face roughness varied non-monotonically with etching
time. For comparison a substrate of ordinary micro-
scopic slide glass (SG) was also used which has a sig-
nificantly higher surface roughness as compared to float
glass. Multilayers were deposited on these substrates si-
multaneously in a UHV chamber using two e-beam guns
(TELEMARK Model No. 528). The base pressure in
the chamber was 8.0 × 10−10 mbar. A residual gas ana-
lyzer (LEDAMASS Model LM501) attached to the sys-
tem gave the partial pressures of Oxygen and hydrocar-
bons below 10−10 mbar. Fe and Cr layers (starting ma-
terial 99.95% and 99.99% purity respectively) were de-
posited at a rate of .01 nm/s. The source to substrate
distance was kept at 60 cm, in order to ensure unifor-
mity of layer thickness (within 0.5%) on different sub-
strates. Thicknesses of individual layers were controlled
during deposition using a standard quartz crystal oscil-
lator. Multilayers consisted of the following deposition
sequence: substrate/Cr(10.0)/[Fe(3.0)/Cr(1.2)]×20/Fe
(5.0), where the numbers in brackets give the layer thick-
ness in nm. Cr spacer layer thickness of 1.2 nm corre-
sponds to the first peak in the antiferromagnetic coupling
between Fe layers.3)

XRR and AFM were used to characterize the substrate
as well as the multilayers. XRD was used to determine
the grain texture and size of the multilayers. CEMS was
used to get information about the intermixing at the in-
terface. For XRR a powder X-ray diffractometer model
D5000 of Siemens with Cu Kα radiation was used. In
order to limit divergence of the X-ray beam, a 50µm
slit was introduced in the path of incident X-rays and a
knife edge was kept touching the surface of the specimen.
The micron sized gap between the film surface and the
knife edge acts as a narrow slit. The reflectivity pattern
was measured in the 2θ range of 0.2◦ to 4.0◦, where θ
is the angle of incidence of X-rays on the sample. AFM
measurements were done in contact mode using Digital

measuremen
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Instruments Nanoscope-II. CEMS measurements were
done using a gas flow proportional counter and a 50 mCi
57Co source in Rh matrix. Since the multilayers were
prepared with natural iron, each CEMS spectrum took
about 5 days of data accumulation. Magnetoresistance
at room temperatures was measured using standard four-
probe-technique with a constant current source and a
nanovoltmeter in an external field upto 1 Tesla. The field
was applied parallel to the plane of the film and perpen-
dicular to the electrical current which was also in the
same plane.

§3. Results

Figure 1 shows the XRR pattern of the float glass sub-
strates subjected to different etching treatments. The
continuous curves represent the theoretical fit to the
data obtained using the dynamical diffraction theory of
Parrat.32) In order to obtain a good theoretical fit it was
found necessary to incorporate a thin surface layer with
somewhat higher electron density, e.g., in the case of
unetched float glass, this surface layer was 3.0 nm thick
with electron density 10% higher than that of the bulk:
It is known that during the preparation of float glass dif-
fusion of Sn takes place at the glass surface in contact
with the bath, which would cause the electron density
of the top surface layer to increase. The surface rough-
ness as obtained from the fitting of the reflectivity data is
given in column of Table I. One may note that the sur-
face roughness exhibits a non-monotonous variation with
etching time: after reaching a maximum value of 1.25 nm
for etching time of 300 s, it again decreases with further
etching. This reflects some sort of layer by layer removal
of the surface during etching: when a fractional atomic
layer is removed by etching the roughness will increase,
however when a complete atomic layer is removed the
roughness will come down. This behavior of roughness
was confirmed by repeating the etching experiment sev-
eral times. It was found that the maximum obtainable
roughness increases with the concentration of HF.

Figure 2 shows the reflectivity pattern of the multi-
layers deposited on different substrates. The first Bragg
peak due to multilayer periodicity is clearly visible. How-
ever beyond the first Bragg peak the reflectivity pattern
becomes obscure due to strong diffuse scattering. Pres-
ence of the Cr seed layer, an electron density gradient

3

flection was used to determine the structural coherence

in the substrate and a possible oxidation of the Fe cap-
ping layer made it difficult to obtain a good theoretical
fit to the experimental data. However, the following in-
formation could be obtained: i) from the position of the
Bragg peak one can find that the bilayer periodicity is
4.4 nm instead of the designed value of 4.2 nm. This dif-
ference may be due to some error in tooling factor of the
thickness monitor. ii) height of the Bragg peak which is
related to the average interface roughness, decreases with
the increasing substrate roughness, confirming that the
roughness of the substrate is at least partly transferred
to the successive layers.

Figure 3 gives a representative XRD pattern of speci-
men 1. XRD measurements showed that the films have a
texture along (110) direction. However the texture does
not vary from sample to sample. The width of (110) re-

Fig. 1. X-ray reflectivity scans of float glass (FG) substrates with
different etching times. The continuous curves represent the the-
oretical fits to the data. For clarity, various curves are shifted
relative to each other along the y-axis.

Table I. Microstructural parameters of Fe/Cr multilayers on float glass (FG) substrates with different etching times and on microscopic

slide glass (SG) as determined from XRR, XRD and AFM and CEMS measurements. σ is the rms roughness of the glass substrates
after etching for different periods of time. The relative area under the broad hyperfine field component in the CEMS gives the fraction
of total iron atoms located at the interfaces and is a measure of the thickness of the intermixed layer. The last coloumn gives the
saturation magnetoresistance of the multilayer.

Sample Time of RMS roughness d-spacing of Structural coherence Average grain size
Fraction of the

GMR (%)
No. etching (s) σ (nm) (110) planes (nm) length ξ (nm) in x-y plane (nm)

total iron atoms at
the interfaces (%)

1 0 0.67± 0.05 .2025± 0.0005 16.3± 1.0 248 26 3.52± 0.01
2 15 0.77 .2026 15.3 290 — 3.08
3 60 0.92 .2025 15.6 295 — 2.94
4 300 1.25 .2025 15.5 291 26 2.83
5 600 0.95 .2028 15.9 266 25 3.19
6 1200 0.85 .2029 16.1 261 — 3.22

SG — 3.50 .2028 16.0 225 — 2.39
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length ξ of grains along the momentum transfer vector
q using the Scherrer method, and is reported in Table I.
Since in the present case an asymmetric Bragg-Brentano
geometry was used for XRD measurements, the momen-
tum transfer vector for the (110) reflection made an angle
∼22.5◦ from the film normal. From Table I it may be
noted that ξ is several times the thickness of individ-
ual layers indicating a high degree of coherency between
adjacent Fe and Cr layers. Further, one finds that ξ
does not vary with substrate roughness. The d-spacing
of (110) planes as calculated from the position of (110)
reflection is also reported in Table I. The d-value and
hence the internal stresses in the film also do not vary
from sample to sample.

Figure 4 gives some representative AFM pictures of
the multilayers. The polycrystalline nature of the films
is clearly visible. For each sample ten different frames of
1µm×1µm were taken and the average grain size in the
film plane was calculated. The results are reported in
Table I. CEMS measurements were done in specimens

1, 4 and 6. Figure 5 gives a representative Mössbauer
spectrum of specimen 1. All the Mössbauer spectra were
fitted with two distributions of hyperfine magnetic fields
and the results of fitting are also shown in Fig. 5. The
distribution in the range 28 T < Bhf < 36 T onds
to the bulk of the iron layers while the broad distribution
in the range 0 T < Bhf < 30 T corresponds to the iron
atoms at the interfaces. The fraction of total iron atoms
located at the interfaces, which is proportional to the
relative area under the broad sextet, is a measure of the
thickness of the intermixed layer at the interface and is

corresp

Fig. 2. X-ray reflectivity scans of Fe/Cr multilayers on float glass
(FG) substrates with different etching times and on microscopic
glass slide (SG). For clarity, various curves are shifted relative
to each other along the y-axis.

Fig. 3. X-ray diffractogram of the specimen 1 taken in an asym-
metric Bragg-Brentano geometry with the angle of incidence kept
fixed at 0.5◦.

Fig. 4. AFM micrographs of two representative Fe/Cr multilay-
ers on a) an unetched float glass substrate (sample 1) and (b)
on a float glass etched for 600 seconds (sample 5).

Fig. 5. Conversion electron Mössbauer spectrum of the specimen
1. The continuous curve represent theoretical fit to the spectrum
with two hyperfine field distributions. The narrow distribution
corresponds to the Fe atoms in the bulk of a layer, while the
broad distribution corresponds to the iron atoms at the interface.
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reported in Table I. Fig. 6 gives the field dependence of
the magnetoresistance of some of the samples. The t
magnetoresistance defined as Ro−Rs

Rs
× 100 with Ro and

Rs being respectively the resistance values at zero and
saturating fields, is also reported in Table I.

§4. Discussions

Perusal of Table I shows that grain size, grain tex-
ture, structural coherence length ξ, internal stresses and
the thicknesses of the interface layers are similar for all
the multilayers grown on different substrates. Further-
more, since all the films were deposited simultaneously,
the deposition conditions like deposition rate and sub-
strate temperature are identical for all the specimens.
Therefore, the individual layer thicknesses as well as the
density of defects in the bulk of the layers is expected
to be similar. Thus, the only difference between var-
ious multilayers deposited on different substrates is in
their interface roughness, and the observed variation in
GMR can solely be attributed to variation in the inter-
face roughness. In Fig. 7 are plotted the variations of
the roughness and GMR as a function of the etching
time. GMR decreases with increasing roughness. It is
interesting to note that with increase in etching time, as
the substrate roughness decreases for etching time be-
yond 300 s, the GMR of the corresponding multilayers
also shows an increase. Thus, the variation in GMR is
highly correlated with that in the roughness. From Fig. 8
one finds that, although the GMR decreases monotoni-

gian

cally with increase in roughness, its dependence on the
roughness is not Initially GMR decreases at a
faster rate with increase in the roughness and for higher
roughness tends to saturate to a constant value. This
point is further supported by the observed value of GMR
in the specimen prepared on microscopic slide glass: al-
though in this specimen the roughness is so large that
the multilayer Bragg peak is almost totally washed off,
the decrease in GMR is not so large.

From Fig. 8 it may be noted that the GMR of the

linear. the multilayers prepared on the substrate etched for longer
period of time a little higher than that in the multilay-
ers on substrates with similar roughness but etched for a
shorter duration of time. This difference in GMR may be
related to a difference in their growth morphology as seen
from AFM pictures (Fig. 4). One finds that for specimen
5 and 6 the films show island type of growth, in contrast
to the films 1–4 where the growth is more uniform. The
cause of this difference in the growth morphology is not

is

Fig. 6. Resistivity versus in-plane magnetic field curves at RT
for some representative Fe/Cr multilayers e.g. on unetched float
glass substrate (sample 1), on float glass etched for 300 seconds

(sample 4), on float glass etched for 600 seconds (sample 5) and
on microscopic glass slide (SG).

Fig. 7. Variation of a) surface roughness σ, and b) percentage
GMR with the etching time.

Fig. 8. The percentage GMR of Fe/Cr multilayers as a function
of rms surface roughness of the substrates. The filled circles
represent the data of specimens 1–4. The open circles represent
the data of specimens 5 and 6 in which the growth morphology
of the layers differs from that in specimens 1–4. Filled triangle
represents the data point of the multilayer on slide glass.
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clear, however, it should be related to the variation in
the surface topology of the substrate with etching.

The difference in the interfacial roughness in differ-
ent multilayers is essentially due to the difference in the
roughness of their substrate which is transmitted to the
successive layers. Thus, the difference among various
multilayers is expected to be in their correlated part of
the interfacial roughness. The uncorrelated roughness in
all the multilayers is expected to be similar in magnitude
because of the identical conditions of deposition. The
saturation behavior in GMR with interface roughness is
expected to be due to this correlated nature of the inter-
facial roughness. Otherwise, for a spacer layer thickness
of 1.2 nm, an uncorrelated roughness of 3.5 nm (in the
microscopic slide glass substrate) would have completely
destroyed the multilayer structure and no GMR would
have been observed in this multilayer.

§5. Conclusions

In conclusion, the effect of interface roughness on
GMR in Fe/Cr multilayers has been determined by mea-
suring GMR in a set of samples prepared in a controlled
manner, so as to keep all the morphological and other
characteristics similar except for the interface roughness.
GMR decreases with interfacial roughness in a nonlinear
manner and tends to saturate for higher values of rough-
nesses. This saturation behavior of GMR with roughness
is expected to be due to the fact that different multilay-
ers differ mainly in their correlated part of the interfacial
roughness.
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