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Temperature dependence of the magnetoresistance of sputtered Fe/Cr superlattices

J. E. Mattson, Mary E. Brubaker, C. H. Sowers, M. Conover, Z. Qiu, and S. D. Bader
Materials Science Division, Argonne National Laboratory, Argonne, Ilinios 60439
(Received 19 April 1991)

The temperature dependence of the resistivity of three sputtered Fe/Cr superlattices was analyzed.
Two are antiferromagnetic and one is ferromagnetic. Also, a series of Fe/Cr superlattices was character-
ized as a function of Cr thickness by means of resistivity, Kerr-rotation, and x-ray-diffraction measure-
ments. Magnetoresistance measurements for films with 32-A Fe layers confirm the presence of three os-
cillations with peaks at ~11, 27, and 42 A Cr. The Kerr-rotation measurements for fixed Fe thicknesses
of 15, 25, 32 and 40 A indicate that the first antiferromagnetic region is always between ~6 and 17 AcCr
thickness. The low-angle x-ray results show that the structure is not ideal, based on comparison to
dynamical simulation or to the quality of similarly prepared Fe/Mo superlattices. The magnetoresistivi-
ty of the antiferromagnetic films decays from its maximum value at low temperature with a 7?2 behavior
below ~ 100 K, while a ferromagnetic film could be similarly approximated by a 7372 behavior. These
power laws are a consequence of the thermal excitation of magnons in these anisotropic antiferromag-
netic and ferromagnetic superlattices, respectively. The resistivities due to sd-interband scattering p,,
are approximated by a T2 behavior and roughly a T behavior, respectively. This indicates that for the
antiferromagnetic films the dominant contributions to p,; come from processes mediated by magnons as
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well as phonons.

I. INTRODUCTION

The properties of Fe/Cr superlattices are of great
current interest because they exhibit exotic magnetic cou-
pling and magnetoresistive behavior. In 1986 Griinberg,
et al.! discovered that ferromagnetic Fe layers can cou-
ple antiferromagnetically across intervening, ultrathin Cr
layers. Subsequently a giant magnetoresistance was
discovered.? It has also been observed that the coupling
in sputtered films oscillates between ferromagnetic and
antiferromagnetic (AF) with increasing thickness of the
intervening Cr layers.> these developments have stimu-
lated widespread experimental and theoretical interest.
The essential issues are to understand the nature of both
the AF ground state and the spin-dependent scattering
mechanisms which give rise to the giant magnetoresis-
tance (MR). The systems that show oscillatory magnetic
coupling now include Fe/Cr, Co/Ru, Co/Cr (Ref. 3),
Fe/Cu (Refs. 4 and 5), Co/Cu (Ref. 6), and Fe/Mo (Ref.
7), and the list is growing. RKKY-type interactions
(Rudeman-Kittel-Kasuya-Yosida) have been explored
theoretically to understand the oscillatory magnetic be-
havior,® and the transport properties have been modeled
microscopically and macroscopically.”!® Camley and
Barnas® suggested that the temperature dependence of
the MR could be attributed to the variation of the mean
free path. In the present work, we study the temperature
dependence of the MR experimentally and find strong
correlation between the MR and the excitation of mag-
nons. We also confirm the findings of Parkin, More, and
Roche® that the magnitude of the MR oscillates as a
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function of the Cr thickness for sputtered Fe/Cr superlat-
tices.

The paper is organized as follows: In Sec. II we pro-
vide experimental background material, including an x-
ray structural characterization of representative Fe/Cr
superlattices. In Sec. III A we present magneto-optic
Kerr-rotation results to demonstrate that the films are
well behaved and that the sign of the magnetic coupling
varies as a function of Cr thickness. In the remainder of
Sec. III we map out a methodology for analyzing the
MR. Section III B contains MR results versus Cr thick-
ness, and Sec. III C contains MR results versus tempera-
ture for two AF films and one ferromagnetic film. In Sec.
IV the temperature-dependent results are discussed in
terms of the thermal population of magnons. Also, the
remaining contributions to the resistivity are found to be
amenable to conventional analysis. Finally, Sec. V sum-
marizes the main observations and conclusions of the
work.

II. EXPERIMENTAL BACKGROUND

The films were grown in a Microscience chamber using
dc magnetron sputtering from two diode guns. The
chamber was turbo-pumped to an ultimate base pressure
of 2X 107° Torr after a mild bake out at 90°C. The ar-
gon pressure during evaporation was 3 m Torr, and depo-
sition rates of 5 A/s were monitored by quartz-crystal os-
cillators mounted above each gun. Polished sapphire
substrates were cleaned, then loaded through a load-lock
into the evaporation chamber. The deposition process
utilized a computer-controlled stepping motor to move
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the sample alternately over each sputtering target. Tar-
get materials of 99.9% nominal purity were used.

The samples consisted of a series of films, each with a
constant Fe-layer thickness but varying Cr thicknesses.
Films with an Fe thickness of 32 A all contained 30 bi-
layeors. However, films with Fe thicknesses of 15, 25, and
40 A contained 20 bilayers for the thinnest bilayer films,
15 bilayers for thicker films, and 10 bilayers for the thick-
est films. This was to keep the total film thickness nomi-
nally greater than about 500 A so that substrate effects in
the optical measurements are negligible.

Low-angle and high-angle x-ray-diffraction measure-
ments were performed on these films with a Rigaku 6-26
diffractometer using 1 kW of Cu Ka radiation. The
high-angle scans show that the films are [110]-textured,
and the rocking curves are very broad. The low-angle
measurements [Figs. 1(a) and 1(c)] show the characteris-
tic peaks associated with the layering in the films and al-
low for a direct measurement of the bilayer thickness.
Comparison of the experimental data in Fig. 1(a) with the
dynamical simulation'! in Fig. 1(b) suggests that the in-
terfaces are intermixed over a number of atomic layers.
We draw this conclusion by noting that the higher-order
diffraction peaks do not appear for the thinnest Cr layers.
Also note that one can see in Fig. 1(b) the expected des-
tructive interference in the second and third peaks as the
ratio of the Cr-to-Fe thickness changes. The x-ray data
show that though there may be considerable variation in
the crystallographic orientation, as indicated by the
broad, high-angle rocking curves, the films are, nonethe-
less, layered, as indicated by the low-angle data. By con-
trast, results for Fe/Mo (Ref. 7) superlattices grown simi-
larly in the same apparatus show the full richness of
diffraction peaks anticipated from simulation.

The longitudinal Kerr rotation is measured using p-
polarized light by monitoring the change in intensity of
the reflected light due to the polarization rotation caused
by the magneto-optic interaction. There are no mechani-
cal adjustments of the optical components during mea-
surements. The difference in the measured light intensity
AT upon magnetic-field reversal, normalized to the aver-
age intensity is |AI /T|=4® /8, where § is the angle of
the analyzer polarization axis from extinction (typically
set to =1°). The ¥y values are obtained from the AJ
values taken from the hysteresis loops in either the rem-
nant state or the saturation state.

Longitudinal MR measurements (with applied magnet-
ic field H parallel to the current) have been made both as
a function of Cr-layer thickness (for constant Fe thick-
ness) and as a function of temperature T for selected
films. The samples were first masked (using photolithog-
raphy and chemical etching in concentrated H,SO,) into
a standard, four-terminal, bar geometry. Since the films
are polycrystalline in the plane of the film, no care was
taken to orient the direction of the current (or mask) with
respect to the substrate. The temperature-dependent
measurements were performed using ac (20 Hz) tech-
niques, and the Cr-thickness-dependent measurements
were dc. The measurements were taken by incrementing
H from +20 kG to —20 kG then back to +20 kG, as
shown in Fig. 2.
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FIG. 1. Low-angle, Cu K a x-ray-diffraction results for Fe/Cr
superlattices. (a) is experimental and (b) is a dynamical simula-
tion for Fe (15 A)/Cr(x). Results for each film are shifted verti-
cally for clarity. In the unlabeled spectra the thickness x is in-
cremented by 2 A or Cr for successive films. As many as five or-
ders of diffraction peaks appear in (b), while fewer are observed
in (a) due Lto interfacial mixing. (c) shows experimental results
for Fe(32 A)/Cr(x) superlattices.
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FIG. 2. Resistivity of [Fe(15 A)/cr(11 ;\)]20 at 4.2 K show-
ing the giant magnetoresistivity contribution denoted p,,.

III. RESULTS

A. Magneto-optic Kerr rotation

The longitudinal Kerr-rotation ®g results at room
temperature are shown in Fig. 3. The bold curve is calcu-
lated from the formalism of Zak et al.'? utilizing the tab-
ulated optical constants!® for bulk Fe and Cr, and pub-
lished magneto-optical constants for Fe.!* (The scale fac-
tor of 0.7 in the calculations is similar to that found in
other studies.!”) It is apparent from the data in Fig. 3
that the rotation agrees with the calculated values in the
saturation state for the ferromagnetically aligned films.
Unfortunately, the saturation values of ®, for the AF-
coupled films are not accessible because of the low fields
available for Kerr-rotation measurements (~2 kG) com-
pared to the high saturation field H,, (~5 kG) needed.
Measurements of the Kerr rotation as determined from
the remnant state show quite clearly that the AF films
have a large departure from the calculated trend. Thus,
we use this departure to delineate the region of anti-
parallel coupling between the layers. The higher-order
AF oscillations are not apparent, although they are clear-
ly present in the MR at 77 K, as we will see in the next
section. This is partially because it is more favorable to
observe weak oscillations in the MR due to the enhanced
sensitivity and the lower temperature of the transport
measurements. The higher-order oscillations dampen in
the MR measurements because of the mean free path of
the conduction electrons. In the Kerr-rotation results the
origin of the dampening of the higher-order oscillations is
different. The characteristic length scale is the depth
penetration of the light compared to the bilayer thick-
ness. As the bilayer thickens the light eventually will
enter only the top ferromagnetic layer in the stack, but
that limit (~200 A) is not reached in our films. The
washing out of the higher-order oscillations in the Kerr-
rotation measurements may be due to structural imper-
fections.

B. Magnetoresistivity versus Cr thickness

Figure 2 shows the resistivity versus H at 4.2 K for a
representative AF film. The definition of py; appears in
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the figure as:
pm( T, H)=p(T, H=0)—p(T,H) ,

where the p(T,H) are measured quantities. The
definition applies to any sample, regardless of the cou-
pling, at any 7. The magnitude of the MR ratio, tradi-
tionally reported as a percentage value, is the normalized
quantity p,(T,Hg,,)/p(T,H,), which we will abbreviate
simply as p,; /ps,;. The MR ratio at 77 K appears plotted
in Fig. 4 as a function of Cr thickness, and it shows the
same oscillations that were observed by Parkin, More,
and Roche.? The oscillations in Fig. 4 are directly related
to the type of coupling between the Fe layers; large
values of the MR ratio are associated with AF-couplin

between Fe layers and are centered at ~ 12, 27, and 42 A
Cr thickness. The straight line through the AF peaks il-
lustrate that the dampening of the MR discussed in Sec.
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FIG. 3. Kerr rotation for Fe/Cr superlattices using p-

polarized He-Ne light. The solid curves are calculated and
scaled by a factor of 0.7; the open (closed) symbols are obtained
from remnant (saturation-) state Kerr-intensity measurements.
The measurements that agree with the calculations are for
ferromagnetically-aligned films. Most AF films between ~6
and 17 A Cr, as delineated by the straight lines, could not be sa-
turated.
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FIG. 4. Normalized magnetoresistivity of Fe(32 A)/Cr su-
perlattices at 77 K showing the exponential dampening of the
three AF peaks, which are denoted by vertical lines. The
dashed curve is a guide to the eye.

III A is exponential, as has also been reported by
Barthélémy er al.!® Figure 5 isolates the numerator and
denominator of p,, /p,, into separate panels to show that
the oscillations in Fig. 4 are due to the behavior of p,,
and not that of p,,, which is relatively constant.

It has been shown by Wang, Levy, and Fry® that appli-
cation of RKKY-coupling theory to films with perfect in-
terfaces leads to small-period oscillations (~2-4 A),
whereas the observed oscillations typically have periods
of ~10-20 A. Wang, Levy, and Fry® also have shown
that the existence of roughness at the interface gives rise
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FIG. 5. Resistivity contributions for Fe(32 Ay/cr superlat-
tices at 77 K. The numerator of the quantity plotted in Fig. 4
appears in (a) and the denominator in (b).
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to oscillations with a period of ~20 A due. Thus, such a
modified RKKY interaction is, in general, consistent
with the observed oscillations between AF and ferromag-
netic coupling in these films.

C. Temperature dependence of the magnetoresistivity

The major features of the magnetic-field behavior of
the resistivity in these films are reproduced quite well by
the theory of Camley and Barnas.” However, in order to
account for the change in the magnitude of the MR ratio
between 4 and 300 K, these authors required a change in
the mean free path of the conduction electrons of nearly
two orders of magnitude. This is in apparent disagree-
ment with the observed residual-resistance ratio (RRR),
defined as p(300 K)/p(4 K), values of which appear in
Table I. To try to understand this issue better we have
measured the MR as a function of T for two AF films.
We have also measured one ferromagnetic film on a
courser T grid for comparison purposes. The ferromag-
netic films have a much smaller MR than the AF films, as
is apparent in Fig. 4. Before discussing the results, we
need to first determine the proper way to express then so
as to separate the T-dependent effects of the MR from the
effects of the variation of the mean free path and from
impurity and grain-boundary scattering. We approxi-
mate the resistivity as'’

p(T, H)=po+p(T)+py(T,H) , (1)

where p(T,H) is the measured resistivity, p, is the con-
stant resistivity due to grain boundary and impurity
scattering (in practice this is defined as the resistivity at 4
K and above the saturation field), p,; includes the s-d in-
terband scattering mediated by both phonons and mag-
nons, and p,, is the MR as discussed above. We assume
that the magnetic-field dependence of the resistance due
to grain boundaries and standard Lorentz scattering is
negligible, which is justified since the RRR is low. In
Fig. 6 we plot pys /ps,. versus T for a representative sam-
ple and observe that it saturates to a maximum value at
low T, as has been reported previously.!® For the pur-
poses of our analysis we study the T dependence of the
magnetic scattering in this system by comparing the
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FIG. 6. Normalized magnetoresistivity of an [Fe(15

A)/cr(11 ;\)]30 superlattice as a function of temperature.
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FIG. 7. log-log plots of the quantity Ap, vs T for AF films
(open symbols) and ferromagnetic film (closed triangle symbol)
showing T, and T°/? straight-line behaviors, respectively, attri-
buted to the thermal excitation of magnons. The films are de-
scribed in Table I. The square symbols are for the 15-A Fe film,
and the circles are for the 32-A Fe film.

difference between p,,(7) and its maximum value at
T=0:

App(T)=pp(T=0)—py (T) .

Figure 7 shows a log-log plot of the quantity Ap,,
versus 7. The slope of the log-log plot yields the ex-
ponent n in the relationship Ap,, < T". If the value of n
at low T takes on an integer or half-integer value, we re-
gard this as defining a power law that serves as a hint of
the underlying scattering mechanism. Figure 7 shows
that the AF-coupled films follow a T2 behavior at low T
(over a range of a factor of 10 in temperature), and that
the ferromagnetic film can be approximated by a T3/2 be-
havior. If the resistivity decomposition depicted by Eq.
(1) is realistic, then log-log plots of the quantity
Psa =P(t)—po—pu(T,H) versus T for each sample
should also yield tractable slopes. Figure 8 shows such
plots. The ferromagnetic sample can be approximated
roughly by a T behavior, while the AF films show T2 be-
havior. The significance of the various 7 dependences
analyzed in this subsection are discussed in Sec. IV.

IV. DISCUSSION

A. Magnetoresistivity

The recent theories explaining the origin of giant MR
treat the boundary-scattering problem by invoking phe-

FIG. 8. log-log plots of py, vs T for the same films and using
the same symbols as in Fig. 7. The T2 and T straight-line be-
haviors are attributed to magnon- and phonon-assisted scatter-
ing processes, respectively.

nomenological transmission and reflection probabilities.’
The conduction electrons are scattered at the
ferromagnetic-nonferromagnetic interface with different
transmission (and reflection) coefficients depending on
whether their spin is parallel or antiparallel to the direc-
tion of the magnetization of the ferromagnetic layer. In
ferromagnetically-aligned samples, the conduction elec-
trons that are polarized parallel to the majority-spin
direction of the magnetized Fe layer shunt the current
and yield a low resistivity.? This is contrasted with AF
samples where the conduction electrons of both spin
orientations encounter alternate interfaces that have high
scattering probability. This leads to a higher resistivity
than for the ferromagnetic films and serves as a basis for
the change in resistivity observed in Fig. 2.

We assume that the observed reduction of p,, at finite
T, compared with its value at 77=0, is a consequence of
the thermal excitation of magnons which cause local spin
disordering in the magnetic layers. Then, to first-order
approximation, we can write

App(T)Y<{n)p, )

where {n ) is the magnon occupation number at a given
temperature, which is obtained from the integral of the
magnon dispersion relation with the Bose-Einstein statist-
ical factor. If our assumption is correct, the Ap,,(7T) and
{n ) should yield the same T dependence.

It is well known that the {n ) for a three-dimensional
(3D) ferromagnet obeys a T°/? law at temperatures well
below the Curie temperature T, i.e.,

(ny; «T3?%, 3)

ferro

TABLE 1. Description of the films used in the temperature-dependent studies.

Film [Fe(32 A)/Cr(20 A)ls [Fe(32 A)/Cr(11 A)ls [Fe(15 A)/Cr(11 A)ly
Coupling Ferromagnetic AF AF
po (uQcm) 21.8 22.4 48.6
RRR 1.6 1.5 21
pu(T=4 K) (uQlcm) 0.28 5.0 22.0
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Our ferromagnetic superlattice, which has a number of
quasi-2D ferromagnetic sheets coupled ferromagnetically,
is equivalent to an anisotropic 3D ferromagnet. There-
fore, a T/% law is expected for {n ) at low 7. Our mea-
surements are reported above 20 K due to sensitivity con-
siderations, however, it is possible that there is a
minimum wave-vector requirement on the scattering pro-
cess that would put a lower bound on the T range of va-
lidity of expression (2). A similar expression to (3) for the
3D AF case would be {n )TAFaT3, however, it has re-

cently been shown!® that for anisotropic AF materials the
magnon dispersion relation is modified such that, at low
T,

(n)TAF“Tz. 4)

Singh et al.'® have explored this regime theoretically;
they have also experimentally confirmed the 7' law in
Mossbauer measurements of the magnetization of the AF
insulator La,CuO, the precursor to the famous high-
temperature superconducting compound, where they sub-
stitutionally replaced a small percentage of the moment-
carrying Cu sites with an Fe Mossbauer nucleus. The
structure of the cuprate consists of weakly-coupled Cu-
O, layers, but the in-plane coupling as well as the inter-
planar coupling is AF, and the Cu-O, layers are of atomic
thickness. Our Fe/Cr superlattices also consist of weakly
coupled layers, but the in-plane coupling is ferromagnet-
ic. Qiu et al.!® have calculated (n ) at low T for weakly
AF-coupled 2D ferromagnetic sheets, based on a Heisen-
berg model, and find that the T2 law of expression (4)
persists. This is in closer analogy to the situation of our
interest, except that the ferromagnetic sheets are con-
strained in the derivation to be of atomic thickness.
Another point that should be mentioned is that it is also
possible that the integrations to yield {n ), in expres-
sions (3) and (4) should contain transport matrix elements
that assign more weight to certain magnon excitations
than to others. Zhang, Levy, and Fert?® have recently ex-
plored this possibility using a single localized mode to in-
terpret the unpublished MR data of Petroff et al.?!
Since we only are interested in the leading T dependence
of {n )y, we ignore weighting factors, but note that a
continuum spectrum is necessary, as will be amplified at
the end of this section. The agreement obtained between
the temperature dependencies of {n ) and Ap,, is quite
striking. It provides support that thermal excitation of
magnons plays an important role in governing the T
dependence of the MR.

B. s-d interband resistivity

Further support that our approach provides valuable
insights comes from the analysis of the approximate T
dependences of the p; resistivity contribution. We have
observed from the results of Fig. 8 that p for the fer-
romagnetic film can be roughly approximated by a T be-
havior. T3 is expected at low T for transition metals
from phonon scattering.?? Of course, the T range over
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which such behavior is expected to apply is reduced com-
pared to that for magnon scattering, because the charac-
teristic scale is set by the Debye temperature, which is on
the order of 3-times lower than 7. For the AF films p,
is dominated by a T2 term over a relatively broad T range
(see Fig. 8). This suggests that magnon-assisted scatter-
ing?®~2* adds to the phonon contribution to p,; for the
AF films. The phonon contribution to p,; should be
similar in both ferromagnetic and AF films.

It should be mentioned that a TZ-resistivity contribu-
tion at low T is well known to also arise from electron-
electron s<:attering26’27 (e.g., spin fluctuations, Baber
scattering, etc.). However, we interpret the T'> contribu-
tion as arising from magnon-assisted s-d interband
scattering because the T2 term in our films is uniquely as-
sociated with the AF state.

It is important to discuss the relationship of our work
to the recent study of Zhang, Levy, and Fert®® on the ¢
dependence of p,,. We are in agreement with their gen-
eral conclusion that magnetic excitations are responsible
for the behavior of p,,(7T). However, those authors made
a simplifying assumption that emphasizes the role of a
single, local excitation, while our analysis indicates that a
continuous magnon excitation spectrum underlies our re-
sults. Thus, the present work rules out the simplification
of an Einstein-type spectrum for the interfacial magnons.

V. SUMMARY

We have examined the system Fe/Cr and performed
magneto-optical and MR measurements. The magneto-
optics serves as a convenient probe of the magnetic cou-
pling of these systems. We have confirmed the oscillatory
behavior of the MR reported by Parkin, More, and
Roche® for sputtered Fe/Cr superlattices. The MR
shows three oscillations due to AF coupling. The magni-
tude of the AF MR anomaly decreases exponentially with
increasing Cr thickness. We systematically explored the
T dependence of the MR for three samples, two AF and
one ferromagnetic, and find T2 and T3/? power laws at
low T, respectively, which we attribute to the thermal ex-
citation of magnons. Thus, the thermal excitation of
magnons simultaneously decreases p,, and increases p,;
as T increases. Hence, there appears to be a spillover
from the p,, channel to the magnon-assisted p,; channel
as T increases.

From our study we can make the following two general
statements about the MR: (1) the T dependence of the
Py is primarily determined by the thermal excitation of
magnons and is not due to a mean free path of the con-
duction electrons that changes dramatically with temper-
ature, and (2) it is more illuminating to express the MR as
we have defined p,;, rather than in the conventional
manner using the normalized quantity p; /pgy.-
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