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Interfacially dominated giant magnetoresistance in FeÕCr superlattices
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We have performed an extensive comparative study of growth, structure, magnetization, and magnetotransport in Fe/Cr superlattices. A simple analysis of the experimental data shows that the giant magnetoresistance
originates from interfacial scattering in the Fe/Cr system. The saturation resistivity is determined by the
roughness lateral correlation length whereas the giant magnetoresistance is determined by the interface width.
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Studies of giant magnetoresistance 共GMR兲 in metallic superlattices have produced much new physics since its
discovery.1–3 Most studies of magnetotransport in metallic
superlattices are performed with the current parallel to the
interfaces 关current in the plane 共CIP兲兴 geometry. However,
the geometry in which the current flows perpendicular to the
interfaces 关current perpendicular to the plane 共CPP兲兴 共Refs.
4 –10兲 is much more amenable to theoretical studies, and has
recently produced important applications.11 To the best of
our knowledge there are no experimental studies that connect
in a quantitative fashion well-defined structural parameters
and magnetotransport. The reasons for this are as follows:
CPP measurements are notoriously difficult experimentally,
the structural complexity of a superlattice requires detailedquantitative structural measurements, sample characteristics
are delicately dependent on preparation conditions, and the
magnetic properties are strikingly affected by small changes
in preparation conditions and structural parameters. To address all these issues we have performed a detailed experimental study to investigate the connection between CPPGMR and structure. To do this we brought together two wellestablished quantitative structural analysis techniques with a
lithography-based CPP measurement technique and magnetization on a large set of samples. We find evidence that in
Fe/Cr superlattices both the CPP resistivity and the CPPGMR originate mainly from the interfaces. These results provide well-defined quantitative results that should be key ingredients in theories dealing with GMR in metallic
superlattices.
Studies of transport in metallic superlattices are affected
by many inherent complexities of the material. Many possible complications arise in these types of artificial materials:
a兲 interfacial roughness and/or interdiffusion at various lateral length scales,12–14 共b兲 bulk defects, 共c兲 structural
changes as a function of individual layer and/or overall
thickness, 共d兲 different length scales affecting the structure,
magnetism, and transport, and 共e兲 differences in the magnetotransport along the different directions in the superlattices.
Moreover, theoretical treatments of the problem are much
more amenable if the current flow is perpendicular to the
interfaces of the layers 共CPP兲. It is, therefore, desirable to
have a study in which the CPP-GMR is directly related to
structural parameters independently measured using quantitative structural probes. The quantitative determination of all
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structural parameters in a superlattice is rather difficult since
different techniques give information with varying accuracy
along different directions 共perpendicular or parallel to the
interfaces兲. In order to obtain a quantitative description of
the superlattice it is useful to cross correlate various measurement techniques on samples made under different conditions. The measurement of the magnetoresistance is also
complicated by the fact that it is desirable to measure independently the resistivity and the magnetoresistance. The reason for this is that these two quantities may be affected in
different ways by structural parameters and, therefore, a
measurement solely of the ratio of the two quantities may not
be sufficient. Moreover, the GMR depends also on the degree
of antiferromagnetic 共AF兲 alignment in the superlattice and,
therefore, measurements of the magnetization are also a key
ingredient in order to obtain a clear cut answer.
A key issue in the mechanism of GMR is the relative
importance of bulk and interfacial scattering. This is particularly difficult to clarify since in many cases both the bulk and
interfacial scattering are affected when layer or overall thicknesses of the superlattice are varied. Moreover, in the CPP
measurements the roughness and interdiffusion are also affected by the initial roughness of the electrodes underlying
the sample. Due to this, whether the GMR is mostly interfacial or bulk in origin is quite controversial. Measurements as
a function of layer thickness, analyzed within a particular
model have claimed that the GMR originates from the bulk
and that interfacial roughness does not play a crucial role.15
Other measurements in which the interfaces were modified
by the addition of small amounts of interfacial impurities,
claim that the interfacial scattering plays a dominant role.16 It
may even be possible that the exact mechanism is materials
system dependent. It seems that no experiments are available
where the role played by ‘‘long-wavelength’’ roughness
共larger than atomic兲 was investigated.
Here we have tackled this problem in a comprehensive
fashion. We have made two different types of superlattices
by sputtering, where we vary: a兲 the number of bilayers, and
b兲 sputtering pressure with a fixed number of bilayers. We
have characterized the structure of the superlattices using
quantitative x-ray diffraction and quantitative energy-filtered
transmission electron microscopy 共EFTEM兲 spectra. We
measured the magnetization in order to obtain a quantitative
measure of the antiferromagnetically aligned fraction. This is
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FIG. 1. Sketch of a rough surface with the various characteristic
length scales. The dotted line is the averaged height with respect to
the height deviation z. The dashed window of size L is the region
over which the standard deviation of heights is calculated to obtain
the size-dependent roughness. The lateral correlation length  储 is
roughly the distance between surface ‘‘bumps.’’

particularly important when roughness is present because it
can cause local changes of the coupling or magnetic shorts.
In addition we have measured independently the CPP resistivity and magnetoresistance in photolithographically prepared samples of a well-defined geometry. We spent considerable effort to ascertain that the measurement of the
resistivity is free of nontrivial measurement artifacts16,17 that
are particularly important for CPP measurements.
To avoid many of these difficulties, in the present experiment we have fixed the individual layer thicknesses of Fe共30
Å兲/Cr共12 Å兲 共this Cr thickness corresponds to a peak in AF
coupling兲, and varied other structural parameters such as the
overall thickness 共i.e., number of bilayers N) and the sputtering pressure P. The conclusions obtained here are based
on a comprehensive analysis of more than 40 samples.
Nb-(Fe/Cr) N -Nb multilayers were prepared using high-rate
magnetron sputtering with the detailed preparation conditions described elsewhere.17,18 We have conducted this experiment with two different sets of samples: set A consists of
fixed-low-pressure samples 共5 mTorr兲 in which the number
of bilayers has been changed between 17 and 40; and set B
with samples with a constant number of 20 bilayers, grown
at pressures between 5 and 10 mTorr. Superconducting Nb
electrodes serve as electrodes for the CPP measurements. A
structural characterization was performed using quantitative
analysis of specular x-ray diffraction 共XRD兲 using the SUPREX 共Ref. 19兲 model and quantitative EFTEM. Magnetization measurements were performed using a superconducting
quantum interference device magnetometer. The magnetotransport measurements were performed in photolitographically prepared samples of well-defined geometry. This
allows independent measurement of the resistivity and the
magnetoresistance. The details of all measurement and
preparation techniques were described elsewhere together
with a detailed discussion of possible measurement
artifacts.17,18
To quantify the roughness we describe the single-interface
profile 关 h(x) 兴 in terms of the height deviation 关 z(x) 兴 with
respect to an averaged value 关 具 h(x) 典 兴 共see Fig. 1兲. The rms
roughness 共also termed interface width兲 for an in-plane system of size L is defined as  (L)⫽ 关 具 兩 z(x)⫺z a v (L) 兩 2 典 L 兴 1/2
where z a v (L) is z(x) averaged over L, and the average is
done over all points x within L.

FIG. 2. Size-dependent roughness for the individual bilayers
of a 20-bilayer Fe/Cr superlattice grown at 8 mTorr. Roughness
increases from lower to upper bilayer index 共bottom to top in the
figure兲. The key specifies the bilayer index from bottom to top. The
lateral correlation length  储 is extracted by fitting the roughness
for each bilayer to  (L)⫽  sat 关 1⫺exp(⫺L/储)2␣兴1/2 with ␣⫽0.7
⫾0.05 共see line兲. Inset: digitized Cr EFTEM profile of the same
sample.

The inset of Fig. 2 shows a digitized EFTEM map using
the Cr L 3,2 edge of a 20 bilayers Fe/Cr superlattice grown at
8 mTorr. Similar maps were also obtained using the Fe L 3,2
edge but no substantial difference was observed between the
Fe and Cr profiles. Hence, a representative profile of the
layers constructed with the maxima of the intensities of the
Cr L 3,2 edge is shown. These profiles show the bilayer modulation in cross section and can be assumed to represent the
bilayer roughness, i.e., we do not account for the difference
in roughness between both layers. A substantial replication of
the long-scale roughness can be readily observed 共correlated
roughness兲. The study of the lateral correlation of the roughness is done locally by averaging the roughness over different window sizes.19 For each bilayer, the local roughness for
window size L, at a point x 0 , is obtained as  L (x 0 )
⫽ 关 具 兩 z(x)⫺z a v (L) 兩 2 典 L 兴 1/2 averaging over L. The sizedependent roughness  (L) is then obtained averaging over
each bilayer as  (L)⫽ 具  L (x 0 ) 典 x 共see Fig. 1兲. Figure 2
shows the size 共L兲 dependence of the roughness of an 8
mTorr sample for several bilayers. For each interface, roughness increases as a power law and then saturates 共roughness
cutoff兲. The characteristic length scale over which roughness
saturates is the lateral correlation length (  储 ), i.e., the distance over which interface heights ‘‘know about each other.’’
Many numerical simulations have shown that this corresponds to the average distance between surface ‘‘bumps,’’
and in polycrystalline samples  储 coincides with grain size.20
The correlation length is extracted for each bilayer, fitting the
lateral dependence of the roughness to  (L)⫽  sat 关 1
⫺exp(⫺L/  储 ) 2 ␣ 兴 1/2 with ␣ ⫽0.7⫾0.05 共line in the figure兲.
We note that the roughness length scale in all samples
共10–20 nm兲 is comparable or larger than that of the crosssection thickness used in the EFTEM measurements. Consequently this evaluation is free of artifacts due to the projection of the two-dimensional 共2D兲 roughness pattern on the
1D bilayer profiles. It is also worth noting that the lateral
correlation length, in the range 10–20 nm, obtained here is in
agreement with previous reports on similar samples using
diffuse x-ray scattering.21,22
Specular low-angle XRD patterns were refined using the
19
SUPREX software using a model in which roughness in-
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FIG. 3. 共a兲 Saturation resistivity  P as a function of roughness
lateral correlation length  储 for set A 共circles兲 and set B 共squares兲.
Set A shows almost constant  储 values and six data points are overlapping 共marked with arrow兲. For set B 共squares兲  储 increases with
pressure. Inset: saturation resistivity vs the number of bilayers for
set A. 共b兲 ⌬  as a function of roughness for set A 共circles兲 and set B
共squares兲. Inset: ⌬  as a function of roughness corrected for the
AF-aligned fraction. The AF-aligned fraction 1⫺M R /M S was 0.6
for set A samples, and 1⫺M R /M S ⬇0.3 for set B.

creases cumulatively as a power law of the bilayer index.17,18
The roughness values obtained from x-ray fitting were in
very good agreement 共within 10%兲 with the averaged value
of the roughness at saturation obtained from EFTEM.
Structurally, the two sets show a markedly different behavior. For set A, the roughness lateral correlation length
(  储 ) is independent of bilayer index 共or on the number of
bilayers兲, i.e., constant at a value of 10 nm. For set B,  储
increased with the number of bilayers and with pressure,
attaining a value close to 20 nm for the 10 mTorr sample.
The roughness increased with the bilayer index in both sets
of samples and also with pressure in set B. The interface
width 共hereafter referred as ‘‘roughness’’兲 at saturation averaged over the different bilayers was in the range 0.5–1 nm
for set A, and in the range 0.7–2.4 nm for set B. The level of
AF alignment was also different for both kinds of samples:
while set A showed an almost constant AF aligned fraction
1⫺M R /M S ⬇0.6, in set B it attained values close to 0.3, also
changing only slightly from sample to sample.17,18
As far as the giant magnetoresistance measurements are
concerned, set A showed a saturation resistivity  P independent of the number of bilayers 关see inset of Fig. 3共a兲 and
circles in main panel兴, while it increased with pressure for set
B 关see squares in Fig. 3共a兲兴. The roughness increased
smoothly with bilayer index, and also with pressure, as stated
above. We have found that the saturation resistivity scales
with the roughness lateral correlation length (  储 ) as illustrated in Fig. 3共a兲. It is worth noting that set A, with constant
 储 , also shows constant  P 共open circles in Fig. 3共a兲兴. ⌬ 

共defined as  A P ⫺  P , with  A P being the zero-field resistivity兲 increased with roughness for both sets of samples. This
roughness value was obtained averaging the saturation values obtained by EFTEM over the different bilayers, and was
in very good agreement with the roughness values obtained
from low-angle x-ray fitting. The main panel of Fig. 3共b兲
displays ⌬  for both sets of samples showing clear dependences of GMR with interface roughness. Note that data
points from different sets fall into straight lines extrapolating
close to zero. It seems that the slope is determined by the
degree of ferromagnetic alignment: set A with 1⫺M R /M S
⬇0.6 has larger slope than set B with 1⫺M R /M S ⬇0.3. Interestingly enough, if ⌬  is corrected for the AF-aligned
fraction for both sets of samples dividing by 1⫺M R /M S , all
data points fall into a straight line 关see inset of Fig. 3共b兲兴.
This suggests not only a clear dependence of GMR with
interface roughness, but also, since this line extrapolates
through zero, that roughness is a key ingredient of GMR. It
is important to remark that this correction assumes that the
main contribution to GMR comes from the AF-aligned portion of the sample. Although this is probably the case in the
strong coupling limit of thin Cr layers 共like ours兲, it is worth
noting that significant GMR is known to originate from randomly oriented magnetization in weakly coupled layers with
thicker nonmagnetic spacers 共5– 6 nm兲.23 Additionally this
correction also does not account for possible inhomogeneities in the current distribution due to the lower resistance
ferromagnetically aligned portions of the sample.24
We have found a clear dependence of resistivity and GMR
with long length-scale 共10–20 nm兲 roughness . This result
should provide a feedback for theoretical calculations assuming perfect layers.25 A long-scale roughness may be relevant
not only for its contribution to scattering, but also for its
influence on the magnetic properties at the interfaces. In fact
it has been previously shown from structural probes that
magnetic roughness follows the long scale interface
roughness.26 –28 It is possible that the roughness lateral correlation length is limited by grain size, which is determined
by differences in the growth mechanism at high and low
pressures.29 However, this does not necessarily imply that the
saturation resistivity originates from bulk scattering. It is
known that the resistivity of individual Fe and Cr layers is in
the range 5–15  ⍀ cm. These values are significantly
smaller than the saturation resistivities of our samples 共in the
range 35–55  ⍀ cm), clearly pointing to the interfacial origin of the saturation resistivity.
The fact that both ⌬  and  are determined by interface
morphology (⌬  by interface width and  by  储 ) provides an
explanation for the CIP magnetoresistance 共with a reduced
interface contribution兲 being smaller than the CPP in Fe/Cr
superlattices. This is in agreement with previous theoretical
studies30 that propose waveguiding through the paramagnetic
layer as a source of reduced GMR in the CIP configuration.
In addition, it is worthwhile noting that both roughness parameters affect differently the ratio ⌬  /  , customarily used
to describe GMR.
In summary, a detailed comparison of structure, magne-
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tism, and transport shows that in Fe/Cr superlattices the resistivity is mostly dominated by the roughness lateral correlation length, whereas the magnetoresistance is determined
by interface width in the Fe/Cr system. These results should
provide the quantitative connection between structural measurements and transport for the development of a quantitative theory of GMR.
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