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Detailed structural, magnetotransport, magnetization and Mossbauer measurements of sputtered
Fe/Cr superlattices are presented. The interfacial roughness of the superlattice can be controlled
systematically and reproducibly by sputtering at different Ar pressures. Conversion electron
Mdsshauer spectroscopy results indicate that the amount of interdiffusion remains constant in
the films as the interfacial roughness increases. The results show that roughness enhances the
magnetoresistance for all Cr thickness in the range of 10 10 40A.

The observation of giant magnetoresistance (GMR) in Fe/Cr superlattices! has
stimulated a great deal of experimental and theoretical work.2-11 The GMR has been attributed
to spin dependent scattering of the conduction electrons3:6-11 in the antiferromagnetically
coupled layers.!2 It has been experimentally determined that the spin dependent scattering is
indeed occuring at the magnetic-nonmagnetic interface of Fe/Cr.!3 Other work suggests that
spin dependent scattering also occurs in the bulk for Ni, Co and NiFe/Cu exchange biased
trilayers.!¥ The exchange biased wrilayers directly demonstrated that the angle between the
magnetizations in adjacent magnetic layers is the important controlling parameter of the GMR
effect,’S and GMR has even observed in heterogeneous Co-Cu alloys indicating that a
superlattice is not necessary.16.17 Petroff et al.!$ have demonstrated that there is an optimal
amount of intermixing of Fe and Cr at the interfaces for which the maximum GMR develops,
and increasing the interdiffusion throughout these multilayers increases the resistivity and
decreases the GMR. The nature of the interface, interdiffusion between the Fe and Cr layers
and the way in which the GMR is affected by these changes are therefore of great interest.

In this work, we have systematically varied the roughness of the interfaces in sputtered
Fe/Cr superlattices by changing the Ar sputtering gas pressure. These structural changes are
clearly evident in the low angle x-ray spectra, showing that films sputtered at high pressure are
considerably rougher than those sputtered at low pressure. We present conversion electron
M@ssbauer spectroscopy (CEMS) data which indicates that roughening the interfaces in this
fashion leads to no significant changes in the amount of interdiffusion present in the films. In
contrast to the work done on MBE grown samples,!8 we have not intermixed the Fe and Cr at
the interface, we have simply made the position of the interface more random. Magnetization
data show that the remanent magnetization increases in the rougher films, indicating that the
ferromagnetically coupled regions increase with roughness, as expected. In spite of this, the
GMR increases substantially with increasing interfacial roughness. Interfacial roughness is
therefore a crucial parameter controlling the GMR, must be included in any theoretical treatment
of GMR, and must be critically examined in any experimental work on Fe/Cr superlattices

Fe/Cr superlattices were prepared by dc magnetron sputtering system at a base pressure
less than 5x10-7 Torr on ambient temperature Si and sapphire substrates using a computer
controlled rotating platform.!9 The Fe and Cr guns were carefully shielded to avoid cross talk,
and we chose not to use shutters which may lead to instabilities in the plasma giving rise to
fluctuations in the growth rate on the substrates. All films in this study were grown at the same
rate, as measured by quartz crystal rate monitors located near the substrates. Only the
Sputtering pressure was varied, minimizing the effects due to changes in other deposition
parameters. In this fashion, we are able to systematically control the interfacial roughness of
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the films. We have shown that many other deposition parameters affect the interfaciy

roughness,?0 however we will discuss only the effect of changing the Ar pressure.
The structure of the films was characterized by both low and high angle X-Tay

diffraction with a Rigaku RU200 diffractometer using CuKa radiation. The low angle spectry
contain information on the interfacial structure of the superlattice, and the high angle spectra
provide information about the disorder in the superlattice on the atomic scale. Examination of
the low angle spectra clearly show the differences in roughness in samples of the same
thickness and modulation. High angle data, on the other hand, can be used to identify changes
in the grain size and mosaic spread of the superlattices. Structural refinement techniques have
proved successful at fitting high angle x-ray spectra in a variety of metallic superlattices,21
however Fe/Cr poses sgme difficulties. Fe and Cr are nearly identical in lattice spacing and
scattering power which conspire to give a high angle spectra with few features. Thus, we will
not present any high angle x-ray refinements for this system.

The magnetotransport data were taken in a superconducting magnet system designed for
low temperature transport measurement. For this work, all data were taken at 4.2K on
photolithographically patterned films using standard 4-probe DC methods. The 10K
magnetization was measured with a Quantum Design SQUID magnetometer in fields up to 5
Tesla.

Additionally, the local environment of the Fe atoms was probed by CEMS. Fits to the
CEMS spectra yield a distribution of the hyperfine fields P(Hy) at the Fe nuclei. Since the
hyperfine field of the Fe nuclei is sensitive to the number of Cr nearest and next nearest
neighbors, this technique allows for a measure of the interdiffusion of Cr and Fe. This
technique has proven quite successful in other systemns,22
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Figure 1: (a) Low angle x-ray scans for [Fe(30A)/Cr(184)]10 superlattices sputtered at 4 and 12 mTorr
(spectra were offset for clarity), (b) rocking curves, (c) magnetoresistance at 4.2K, and (d) hysteresis loops at 10K for
the same samples.
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Fig. 1a shows typical 8-268 low angle x-ray spectra for [Fc(30A)fCr(]8A)]m films
grown at 4 and 12 mTorr. The intensities have been offset for clarity. These films were grown
consecutively, thus minimizing the possibility of other sputtering parameters changing from
sample to sample. The spectra are made up of two parts, a high frequency component arising
from the finite thickness of the multilayer ("finite size peaks"), the other lower frequency part
from the periodicity of the superlattice ("Bragg peaks"). The 4 mTorr sample shows Bragg
peaks up to fourth order, the third order peak being suppressed as the ratio of Fe to Cr is almost
2:1. The 12 mTorr sample shows broader Bragg peaks of lower intensity, and exhibits almost
no fourth order peak. In addition, the 4 mTorr sample exhibits clear finite size peaks beyond
the third Bragg peak, whereas the 12 mTorr sample has no finite size peaks evident beyond the
second order Bragg peak. The broadening of the Bragg peaks and loss of finite size peaks have

been seen in other systems and are characteristic of rougher interfaces.23.24

Fig. 1b shows the low angle rocking curves taken at the 28 position of the first order
Bragg peak for the samples in fig. 1a. The central peak, resulting from the specular reflectivity,
is only slightly broadened, however the intensity is significantly reduced. The intensity lost to
the specular beam appears out in the wings of the pattern as increased diffuse scattering. This

is clear evidence of increasing roughness.25 The conclusion that can be drawn from figs. la,b
is that with increasing sputtering pressure, the interfacial roughness of the superlattices
increases. Similar results have been observed in systems studied for application as x-ray
mirrors where increased sputtering pressure also gives rougher layers.26

Fig. lc shows the magnetoresistance of the same films measured at 4.2K. The films
were saturated at 10kG, then the field was swept to -10kG. The GMR is defined in the usual

fashion, where AR/R (or, equivalently, Ap/p where p is the resistivity) equals the resistance at
an applied field H minus the resistance of the film when saturated (the resistance at 10 kG for
all the films in this study), divided by the saturation resistance. As the films become rougher,
the AR/R increases dramatically. The saturation resistivities are almost unaffected by the
increasing roughness for the 10 bilayer films, therefore it is clear that the saturation resistivity
of these films is is not dominated by interfacial scattering and that the changes in AR/R are due

to changes in Ap. This is in agreement with results from MBE grown samples!8 in which
smoother samples had smaller magnetoresistance.

Shown in fig. 1d are hysteresis loops for the 4 and 12 mTorr samples. The data are
normalized to the saturation magnetization values, which were both about 1550 emu/cm3, The
rougher sample shows some increase in the remanent moment and coercivity, but little change
in the saturation field or moment. The larger remanent moment would be expected to decrease
the GMR, yet the GMR is much larger in the rougher film. This indicates that the changes in
AR/R are not simply due to changes in the fraction of the film coupled antiferromagnetically.
On the contrary, the increase in AR/R is so robust as to win out over the decrease in
antiferromagnetically coupled regions.

High angle x-ray scans show the films to be bec [110] oriented, with no other
orientations detectable. The peak widths gave typical grain sizes of 100-120A, and typical
rocking curves yielded mosaic spreads of 8-10 degrees. The high angle spectra were only
slightly affected by sputtering pressure in agreement with the experimental claims of Takanashi,
et al.27 We would like to stress, however, that large effects are observed in the low angle
spectra, and only very small changes in the high angle spectra.

Figure Ja shows the CEMS spectra for two [Fe(154)/Cr(15A))40, one sputtered at 3
mTorr and the other at 12 mTorr. The Fe was chosen to be thinner for the CEMS study to
increase the relative contribution of the interfaces. The solid lines are results of fitting the
CEMS spectra to a distribution of hyperfine fields. The fit shows that the Fe moments are in-
P!ane. as expected. Fig. 2b shows the hyperfine field distribution for the two samples. The
Fllstribmion is normalized such that the sum of all the P(Hy) equals one. They are almost
identical. The hyperfine field distribution is strongly peaked at the bulk Fe hyperfine field of
330kG and has a tail at lower fields resulting from Fe atoms with Cr atoms in its local
environment. For an atomically smooth interface, the two atomic planes closest to the interface
will have Cr nearest and next nearest neighbors and thus a reduced hyperfine field. The Fe
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layer thicknesses are = 7 monolayers, so only = 3/7" or 43% of the Fe atoms should have the
bulk hyperfine field. This is consistent with the height of the P(Hy=330kG) peak heights of
41% and 36% for the 3 and 12 mTorr samples respectively. It is expected that for a rougher
interface, there should be a slightly reduced contribution of Fe atoms with the bulk hyperfine
field as seen in Fig. 2b. The relatively small changes in the spectra indicate that there is limiteq
interdiffusion which does not change with sputtering gas pressure. The interfacial roughness ig
increased without appreciably affecting the chemical sharpness of the interface.
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Figure 2: (a) CEMS spectra (solid circles) and fits (lines) for [Fe(15e‘!'.);"(.?r(ISA)]_,{I films sputtered at 3 mTorr and 12
mTorr. (b) Distribution of hyperfine fields P(Hy ) vs. hyperfine field Hy for spectra shown in (a).

Fig. 3a shows saturation resistivity, pgst, for a series of [Fe(?-OA)!Cr(tc,)].m films.
For each argon pressure, the films were grown consecutively to minimize variations in other
parameters from sample to sample. The resistivity increases steadily with increasing argon
sputtering gas pressure at all Cr thicknesses. Also, the resistivity increases with increasing Cr
thickness for all argon pressures, indicating that scattering in the bulk is still the dominant
scattering mechanism. In contrast to the 10 bilayer films, the saturation resistivities of the
higher pressure films are significantly larger than the low pressure films. Disorder in the films,
both interfacial and crystalline, is clearly increasing with increasing number of layers. We
would like to stress that the increase of resistance is not due to increases in alloying of Fe and
Cr in the bulk or at the interface. This possibility was conclusively ruled out from the CEMS
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data presented above. From the x-ray data, the interfaces are clearly becoming much rougher
and the crystalline disorder is increasing when the pressure is increased . Interdiffusion in the
bulk and at the interface, however, is remaining much the same.

Fig. 3b shows the change in resistivity, Ap, in the same films. This change in
resistivity is due to spin dependent scattering of electrons in the material, and it is of great

interest to separate it from the resistivity. Generally, the rougher films show an increased Ap at
all Cr thicknesses, and this trend seems strongest at Cr thicknesses above 18 A. At the lower
Cr thicknesses it is expected that some regions in the Fe layers would occasionally
ferromagnetically short if the films are rough enough. Therefore, rough films at lower Cr
thicknesses would be expected to have less regions of AF coupling and hence smaller

enhancement of Ap. This is, in fact, what is observed.
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Figure 3: (a) Satwration resistivity Py (D) change in resistivity Ap, and (¢) AR/R for several series of
IF=(30A).-'Cr(tC')] ap films vs. te, sputtered at different pressures. All measurements at 4.2K.

Fig 3c shows the magnetoresistance AR/R for the same films. The AR/R value in
general is enhanced with increasing argon pressure. In the roughest samples, AR/R is lower

than in the smoother samples at low Cr thicknesses. As mentioned above, a reduced Ap is
¢xpected for the thinner Cr interlayers. Additionally, the saturation resistivity is significantly
greater than in the films sputtered at low pressure. These facts both lower the AR/R value. Itis
Important to note that an inspection of AR/R is not sufficient to make comparisons between
different samples for this reason. The absolute resistivities are essential in order to obtain
complete characterization of the phenomena of giant magnetoresistance.
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In conclusion, we have performed a systematic study of the structure an
magnetotransport properties of sputtered Fe/Cr superlattices. By increasing the Ar sputterin
pressure, we are able to systematically increase the interfacial roughness of the multilayer.
Missbauer results indicate interdiffusion in the samples is remaining constant with increasin

roughness. The spin dependent scattering, Ap, increases with increasing interfacial roughness
however the saturation resistivity may also be enhanced by increasing roughness. Thus, th

AR/R is not always enhanced by the increase in the Ap. This implies that both pgaT and Ag
must be determined separately in order to characterize the magnetotransport properties of Fe/C'
multilayers. Our results demonstrate that interfacial roughness must be a crucial element in any
theoretical treatment of giant magnetoresistance in Fe/Cr, and is of great importance tc
experimentalists in the interpretation of their results.
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