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Giant magnetoresistance and remanence in granular CoCu
codeposited films

A. D. C. Viegas,a) J. Geshev, and J. E. Schmidt
Instituto de Fı´sica-UFRGS, C.P. 15051, 91501-970, Porto Alegre, RS, Brazil

E. F. Ferrari
Instituto de Fı´sica ‘‘Gleb Wataghin’’, UNICAMP, C.P. 6165, 13083-970, Campinas, SP, Brazil

We present experimental magnetoresistance, magnetization, and remanence data for CoCu granular
films obtained by electron beam codeposition, subsequently submitted to a thermal treatment. The
magnetization measurements show coexistence of superparamagnetic and ferromagnetic~or blocked
superparamagnetic! Co grains. By modeling the experimental magnetization curves, the distribution
function of the superparamagnetic particle size, the volume fraction of the blocked part of the Co
particles, and their saturation magnetization are obtained.dM plots are constructed using the
remanence curves. A correlation between the changes of thedM parameters and those of the giant
magnetoresistance, caused by the annealing, is discussed. ©1998 American Institute of Physics.
@S0021-8979~98!46811-7#
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I. INTRODUCTION

The so-called granular ferromagnetics are composite
two materials, one of which consists of nanosized ferrom
netic particles~e.g., Fe, Co! dispersed in nonmagnetic meta
lic matrix ~e.g., Ag, Cu, Au!. Since the discovery of the
effect of giant magnetoresistance~GMR! in such systems,1,2

they have been widely investigated due to their potential
practical applications and because they can be easily
duced~usually sputtering, coevaporation, melt spinning, m
chanical alloying, or eletrodeposition!, and their microstruc-
ture can be modified by suitable thermal treatment. T
GMR in these granular systems is comparable to the o
found in multilayers. Extensive studies have been made
link the GMR response to the structural properties~e.g., in-
terface, particle shape, size and density, intergranular
tances, etc.3,4

The GMR effect in these systems is believed to be
manifestation of the conduction electron spin-depend
scattering on the local magnetic configuration. Qualitative
it is assumed that the scattering probability is proportiona
the correlation degree of the moments of adjacent pai
granuleŝ m i .m j&.

5,6 The resistance of the heterogeneous
loys is maximum in the case of random distribution, i.e., lo
correlation of magnetic moments at zero field. The appl
field aligns the magnetic moments~high correlation! thus
decreasing the resistance of the system.3

The magnetoresistive behavior of an homogeneous
perparamagnetic~SPM! system has a relatively simple inte
pretation based on a description by the Langevin function
this case it is given by@L(mH/kBT)#2, whereH is the ap-
plied field, kB the Boltzman’s constant, andT the tempera-
ture. All the theories that use this description predict a
pendence of the fractional magnetoresistance on the sq
of the reduced magnetization. However, this relation fails
some granular systems.7 Interparticle interactions8 and de-

a!Electronic mail: dcviegas@if.ufrgs.br
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pendence of the scattering process on cluster size9–11 are the
mechanisms that have been introduced to explain this
crepancy.

The effect of interactions on GMR of granular solids h
been investigated,12 using a model that obtain the mome
configuration in the presence of dipolar magnetic fields. T
GMR effect is found to be lowered by these interactions, a
connected to low-range correlation of the magnetic m
ments. In this case, a deviation from the parabolic law is a
observed. In the present work, the influence of the ther
treatment on the microstructure, magnetoresistance,
magnetic properties of CoCu codeposited films is inve
gated. The latter, along with the fact that the GMR for o
samples do not saturate for the maximum magnetic fi
available, do not allowed us to use the deviations from
parabolic law to estimate the interaction effects. We used
technique based on thedMdc plot, which has been exten
sively used recently, because it proved to be very sensitiv
small changes in the remanence produced by interaction
tween the magnetic regions of the system.

II. EXPERIMENT

The 5000-Å-thick Co–Cu films with different compos
tions were codeposited by means of electron beam gun o
~111! substrate. The nominal compositions are 10%, 20
and 30% of cobalt. Thermal treatment was performed i
rapid annealing furnace under Ar atmosphere between
and 350 °C for 1 h. The magnetization and remanence cu
were measured at room temperature using an alternating
dient magnetometer with the field applied parallel to t
sample’s plane. The magnetoresistance curves were m
sured in fields up to 6 kOe using the standard four poi
method.

III. RESULTS AND DISCUSSION

The conventional x-ray diffraction shows a pure fcc C
structure, no traces of hcp Co are observed. Due to the s
7 © 1998 American Institute of Physics
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 [This a
size of the Co particles and the high lattice coherency
tween the fcc Co phase and the Cu matrix, this Co ph
cannot be distinguished.

The experimental magnetization curves show hystere
Here, as in our previous work,13 we consider the samples a
consisting of two magnetic Co phases:~i! noninteracting
SPM particles and~ii ! ‘‘blocked’’ @interacting and/or large
ferromagnetics~FM!# grains. The sample magnetization c
be written asM (H)5MFM(H)1MSPM(H). TheMSPM term
is a weighted superposition of Langevin functions assum
the following magnetic moment distribution function14

f ~m!5
N

&p

1

m
expF2

ln2~m/m0!

2s2 G , ~1!

whereN is the volumetric SPM particle density,m0 the par-
ticle magnetic moment, ands the width of the distribution
which differs from the log-normal one by the factor 1/m. The
mean value ofm is defined aŝm&5m0 exp(s2/2).

In Figs. 1~a! and 1~b! the values of the mean SPM pa
ticle size,DSPM, ands used to fit the SPM components o
the experimental magnetization curves are displayed a
function of the annealing temperatures,Tann for the samples
with 10% and 20% Co concentrations. Due to the low SP

FIG. 1. ~a! DSPM and ~b! § vs. Tann obtained from the SPM fit of the
experimental magnetization curves for the samples with 10% and 20%
concentrations;~c! The ratio between FM component and total magneti
tion; squares: 10% Co, and triangles: 20% Co. The lines are guide to
eye.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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contribution to the total magnetization of the 30% C
sample, it was not possible to fit its SPM component. T
dependence of the FM fraction, defined asMs

FM/Ms , onTann

is shown in Fig. 1~c! ~the method of estimation ofMs
FM is

described elsewhere!.13

When the particles are sufficiently close to each oth
the magnetic interactions can induce correlation between
adjacent moments, which may be both Ruderman–Kitt
Kasuya–Yosida~RKKY ! and/or dipolar in nature. We tried
to estimate this effect by using the maxima of thedMdc

plots, defined in our recent works.13,15 The positive ampli-
tude values,dM 1

dc vs Tann are represented in Fig. 2~a! ~the
negative ones almost do not change as a function ofTann

having values of'0.2!. The inset in Fig. 2~a! shows a rep-
resentativedMdc plot ~10% Co,Tann5300 °C!. The reduced
GMR values, defined as@R(H)2R(H50)#/R(H50), ob-
tained forHmax56 kOe, are shown in Fig. 2~b!.

Tann<200 °C does not change significantly the morph
ogy, magnetic, and magnetotransport properties of
samples. Figure 1~c! shows that in thisTann range, the
samples contain mostly SPM particles, withDSPM'2 nm.
Ms values are rather smaller thanMs

Co for bulk Co, indicat-
ing that there is a large number of Co atoms dissolved in
Cu matrix.

Annealing at higher temperatures up to approximat
300 °C, results in a gradual increase ofDSPM and a decrease
of s, i.e., the SPM particles become larger and more unifo
in size. Their number increases as well, as the totalMs val-
ues increase for all samples at the expense of the atomic
diluted Co in the Cu matrix. GMR is enhanced, reaching
maximum for Tann'300 °C for all samples~for Hmax

o
-
he

FIG. 2. ~a! dM 1
dc vs. Tann constructed from the remanent magnetizati

curves; the inset in this figure is a representativedM dc plot for the sample
with 10% Co, annealed at 300 °C.~b! GMR vs. Tann for samples with dif-
ferent Co concentration. The lines are guide to the eye.
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56 kOe!. This increase could be explained, assuming t
the main contribution to the GMR comes from the rando
orientation of the SPM Co magnetic moments:2 annealing at
higher temperatures increases the number of SPM parti
changes their size, and the mean distance between them
latter would become comparable to the mean free path of
conduction electrons, and more selective scattering wo
occur, thus increasing GMR. Although the FM fraction i
creases with increasingTann, it remains relatively small and
does not influence the GMR, as observed from the mag
toresistance curves, which do not show rapid response at
fields and do not saturated at 6 kOe.

GMR of the samples annealed atTann.300 °C de-
creases, despite that theDSPM and s do not change signifi-
cantly. However, a decrease of the totalMs is observed for
all samples, which can be explained by the decrease of
number of the SPM particles, as well as the increase of
distance between them, so the scattering event become i
quent and far apart, thus GMR is small. The decrease ofMs

is not very clear, but we suggest that some Co is redisso
in the Cu matrix,16 which is expected to be present at hig
temperature.

All dMdc plots are characterized by positive peaks
low fields and a relatively shallow minima in higher field
There are two cases to be considered.

~i! the FM particles are mainly fcc Co, and weak positi
~ferromagnetic, magnetizing! interactions present. This sug
gestion is supported by the similarity of the shape of
experimentaldMdc plots to that calculated for a disordere
system of noninteracting cubic anisotropy particles with fo
easy magnetization axes,13 as well as by the statement o
Kimoto et al.17 and Anno,18 that small Co particles have
fcc structure. In this case, the increase ofdM 1

dc by increasing
Tann means that the interactions favoring parallel alignm
weaken, anddM 1

dc tends to reach the value of'0.5 of that
calculated for the noninteracting case plot.13 Thus, the maxi-
mum of the GMR, which is in the sameTann range where
dM 1

dc is maximum, can be associated with the weaker in
actions, even that the FM fraction is not very large, hav
its maximum of'20% for 10% and 20% Co.

~ii ! The samples consist of hcp~uniaxial! Co. In such
cases, positive deviations from the noninteracting zero lin19

are attributed to strong FM interactions between the adja
grains. The increase ofdM 1

dc by increasingTann suggests
increase of these interactions, and as result, GMR shoul
depressed, on the contrary of what is observed here. Th
fore, we believe that the data support the first suggestio
the Co is mainly in fcc phase.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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The reduction ofdM 1
dc for the higherTann can be attrib-

uted not to an increase of the negative interactions,
mainly to an extinction of the FM phase, as indicated in F
1~c!.

IV. CONCLUSION

Experimental magnetoresistance and magnetization
for thermally treated CoCu codeposited films were report
It was obtained that the GMR has maximum of'3% ~for
Hmax56 kOe! when the SPM particles have a specific si
range and their size distribution width is relatively narro
Assuming that the Co particles are mainly fcc, a correlat
between the changes of thedM parameters and of GMR is
observed. However, as the relative FM fraction is rather l
in our samples, one should not assume that the magn
interactions are the main, determining factor for the GM
changes.
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