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Giant magnetoresistance in Co-Ag granular films prepared
by low-energy cluster beam deposition
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In this paper, we report on structural, magnetic, and magnetoresistive properties of Co-Ag granular films
made by low-energy cluster beam depositibECBD). With this technique, we can grow granular films of
cobalt clusters embedded in silver or other matrix materials, with independent control of the size and concen-
tration of the clusters. Moreover, we show, from TEM, grazing-incidence small-angle x-ray diffraction, and
magnetic measurements, that the size of the clusters is the same, whatever the matrix. We measured the giant
magnetoresistand&MR) and magnetic properties of cobalt clusters in silver, and found them similar to those
of granular alloys made by codeposition of atoms. Then, taking advantage of the independent control on the
size and distribution of the clusters allowed with LECBD, we studied the concentration dependence of the
GMR. Its variation at low cobalt content seems to indicate that GMR in the granular geometry is intermediate
between CIP and CPPS0163-182807)05605-1]

[. INTRODUCTION here, the LECBD of cobalt clusters is combined with depo-
sition of silver atoms from a thermal evaporation cell, in
Giant magnetoresistancg&MR) has been observed in order to bury the Co clusters in a Ag film. Moreover, the
magnetic multilayersand then, recently, in granular films clusters deposited at very low energy do not fragment upon
composed of magnetic clusters embedded in a nonmagneﬂi@pact on the substrate, and the COdeOSitiOﬂ with silver lim-
metal? In both systems, multilayered and granular structuresits their diffusion and coalescence, so that narrow size distri-
the GMR is ascribed to similar processes of spin-dependerutions can be obtained. On the other hand, the cluster con-
scattering’™® The geometrical parameters defining the sys-centration in the film is adjusted independently from the ratio
tem, which are the layer thickness in multilayers, become th@f the cobalt cluster and silver deposition rates.
cluster size and intercluster distandes clusters concentra-  We have studied series of samples with approximately the
tion) in the granular systems. Zhang and L&mave shown same size of cobalt clusters—around 3 nm—and with vol-
that, at least if the spin-flip scattering can be ignored, théime concentration of cobalt varying between 3—-50 %. This
granular systems are self-averaging, which allows for derivallows us to investigate how the GMR depends on the inter-
ing re|ative|y Simp|e expressions to calculate the GMR as ;g:luster distances and, at the highest Concentrations, on the
function of the cluster size and concentration. magnetic interactions between clusters.
However, a difficult problem for the interpretation of ex-
perimentallresults in granular systems is that, gel_werally, the Il. SAMPLE PREPARATION AND STRUCTURAL
concentra_tlon(or, equivalently, the mtercluster distanges CHARACTERIZATION
and the size of the clusters cannot be chosen independently.
It is thus difficult to separate the respective influences of The cobalt clusters are produced by a laser vaporization
sizes and intercluster distances, and to compare the expegeurce. This source, described in detail elsewfarses a
mental results with theoretical predictichs. pulsed YAG laserwavelength, 532 nm, repetition rate, 30
In this paper, we present results obtained with Co-AgHz) for the ablation of an ultrahigh purity cobalt rod. Syn-
films prepared by low-energy cluster beam depositionchronized with the laser pulses, high-pressure helium gas
(LECBD). With this technique, neutral clusters are producedpulses(~5 barg are injected into the source to cool the
in an inert gas condensation source and deposited at very loplasma generated at the surface of the rod and nucleate clus-
energy on a substrafe® In addition, for the work presented ters. Those clusters are subsequently completely cooled and
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FIG. 1. TEM image of a thin film~15 nm) of cobalt clusters embedded in a Si®atrix. The film was prepared by codeposition at
room temperature on an amorphous carbon coated grid of neutral Co clusteneget size centered around 4@ produced in the laser
vaporization source and thermally evaporated,SiThe atomic concentration of cobalt is about 10%. In this concentration repiehew
the percolation threshold, measured around 25 at. % cobalt, see seftiva dbserve isolated Co nanograins with a relatively narrow size
distribution centered around 3 nm diameter, as shown in the inset.

stabilized in the supersonic expansion which takes place amorphous carbon coated grigiith 10% of embedded Co
the exit of the source, in a vacuum chamberL0® Torr). clusters. This TEM picture reveals nearly spherical fcc cobalt

A high-resolution time-of-flight mass spectrometer in thegrains with a narrow size distribution around 3 nm in diam-
reflectron geometry is mounted perpendicularly to the clusteeter (inse). The size distribution determined from TEM
jet direction, at the exit of the cluster source. This spectromehanges only slightly with the clusters concentration, at least
eter is used to characterize ionized clusters directly from théor concentrations below 15%. We could not obtain similar
source, or clusters photoionized by a UV tunable laser. Th@EM characterizations for Co clusters in Ag. However, as
size distribution is generally Gaussian and centered aroundfesented in the next section, we have found that the super-
mean size that depends on the experimental paraméises paramagnetic blocking temperatures are practically the same
intensity, gas pulse pressure, geometry of the nucleatiofor clusters embedded in Ag or Si@vith the same concen-
chamber and nozzle, eic.The neutral cobalt clusters are trations. Consequently, we can suppose that the size distri-
deposited on various substrates, at room temperature in taution is only weakly affected by the matrix and assume that
deposition chamber in line with the source. Their energy ighe size distribution in Ag is approximately the same as the
the very low energy gained in the supersonic expansion atne derived from TEM in SiQfilms with the same cobalt
the exit of the source. A thermal evaporation cell located incontent. It is not surprising to obtain comparable size distri-
the deposition chamber allows us to bury the clusters in vaributions in different matrices, since, with our deposition tech-
ous matricegsilver, silicon oxide, etg. The cluster concen- nique, the size distribution is mainly governed by the sizes in
tration in the resulting film is adjusted from the ratio of the the beam, with only weak effects from diffusion and coales-
cluster and matrix deposition rates, as measured with an osence on the substrate.
cillating quartz balance. With this technique, the mean size Due to percolation, TEM characterization becomes diffi-
of the embedded clusters is controlled from the gas phaseult for volume concentrations of clusters above 20%. This
and the deposition conditions, and is thus independent froralso corresponds to the range where electrical percolation
their concentration in the film. This is in contrast with granu-sets in in samples with SiOmatrices, resulting in a more
lar systems prepared by precipitation or codeposition, whereomplex morphology of the granular structure. However,
the particle size and concentration are dependent. grazing-incidence—small-angle-x-ray-diffractiofGISAXD)

In Fig. 1, we show an example of a transmission electrorperformed with synchrotron radiation still indicates homoge-
microscopy(TEM) image of a SiQ film (deposited on an neity length around 3 nm. This suggests a structure with
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= . . nation of the size distribution. A third determination of the
0 100 200 300 sizes can be obtained, for the very low cobalt concentrations,
from the Curie-Weiss constant of the superparamagnetic be-
Temperature (K) havior aboveT,. For example, we have derived for the

sample with 7% Co clustef§ig. 2(@)], an average diameter
FIG. 2. FC and ZFC magnetization curves in 100 Oe for Coof 2.7 nm, in approximate agreement with the data of Fig. 1.
clusters embedded in Ag with volume concentration of (&@and For volume concentrations larger than about 15%, the
23% (b). blocking temperature increases rapidly and the FC-ZFC
curves depart markedly from a typical superparamagnetic be-
chains of interconnected small grains in the highly concenhavior, as can be seen in Figlb2 This is probably due to
trated films. the progressive crossover to a ferromagnetic system of inter-
An independent determination of the cluster sizes comeacting, coupled clusters. This is also confirmed by the reduc-
from the analysis of the field dependence of the magnetordion of the GMR in the concentrated samples, as discussed in
sistance, as explained in Sec. lIl. Again, this determination i¢he next section.
quantitative only in the low concentration limit where the  Finally, in Fig. 4, we present examples of magnetization
clusters are magnetically uncoupled and thus present a typtycles below and above the blocking temperature for a film
cal superparamagnetic behavior. We will see in Sec. IV thawith 7% of cobalt clusters. Below the blocking temperature
the size determination from GMR agrees approximately wit{Fig. 4@], the magnetization curve is irreversible with a

that from TEM. coercive field of about 400 Oe. AbovE, [Fig. 4b)], we
observe almost reversible magnetization curves and high
Il. MAGNETIC PROPERTIES saturation, as expected for a superparamagnetic system.
We have performed magnetization measurements on IV. MAGNETORESISTANCE

field-cooled (FC) and zero-field-cooledZFC) samples to
characterize the superparamagnetic behavior of the cobalt
clusters. In Fig. 2, we show the temperature dependence 5
the FC and ZFC magnetization, in 100 Oe, for two concen-
trations.

In diluted samples, with volume concentration below
15%, we find the typical superparamagnetic behavior, as in
Fig. 2(a). The average blocking temperatufg can be de-
fined from the maximum of the ZFC curves, and it shows
some increase when the concentration of cobalt clusters in-
creases. In Fig. 3, we have plotted the blocking temperatures
as a function of the cobalt concentrations for cobalt clusters
in silver and for cobalt clusters prepared in the same condi-
tions, but embedded in silicon oxide. The blocking tempera-
ture in Ag and SiQ are very similar, which indicates that the
cluster size distribution is approximately the same in both

Figure 5 shows the GMR of the Co-Ag granular systems
easured at 5 T, for different volume concentrations. The
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matrices. We can therefore suppose that the size distribution Field (kOe)
determined from TEM for a given cobalt clusters concentra-
tion in SiQ, also holds for cobalt clusters in silver. This will FIG. 4. Magnetization cycles for a film with a volume concen-

be confirmed by our analysis of the magnetic field depentration of Co of 7%: 5 K, belowT,, (open doty and 250 K, above
dence of the GMR, which provides an independent determiT, (closed dots
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FIG. 5. Giant magnetoresistance in Co-Ag films, as a function _ _ _ _
of the Co volume concentration, measured at 4.2ckésed doty FIG. 7. Giant magnetoresistance ingy; films, measured at
and room temperatur@pen dots 100 K, as a function of the applied fie(dlosed dots The full line

is a fit to the data, using Eq2), with ps=0.31, A;;=30 A,
GMR effect increases as the cluster concentration increaselssg=150 A, and\=6/a,, and cluster size distribution centered on
and reaches a maximu2% GMR at T=4.2 K for 19% 24 nm.

Co. For higher concentrations, the GMR decreases with the ) g )
onset of direct magnetic coupling between the cobalt parMan, Goldstein, and Bozowskithe magnetoresistance can

2 . .
ticles (as confirmed by the observed crossover from superP® expressed as(M/M)“, whereM is the saturation mag-
paramagnetic to magnetically ordered behavior netization andA the negative amplitude of the GMR. We

In granular systems, the state where the moments of maghoW in Fig. Tb) the magnetization curve for the same
netic clusters are randoitat the coercive fieldH,) has a sample, and th(_—:- cqrrelatlon between the GMR and the square
larger resistance than the state where the moments aff the magnetization can be seen from Figa)7 where
aligned by an external field. Figuréa shows the GMR of A(M/My)“ appears as a full line. Apart from deviations at
the CoAgys at T=4.2 K. We also show in Fig. (6) the high field, the agreement between the two curves is very
hysteresis loop of G#\gqs Which closely correlates with the good. In fact, when the magnetization approaches saturation,

. . 2 . . “ge
magnetoresistance curve. As has been pointed out by Gittl€leviations of GMR fromM* are quite significant, because
the most important contribution to the magnetoresistance

comes from smaller superparamagnetic clusters while their
contribution to the total magnetization is small.

In magnetic multilayers, the GMR effect is enhanced
when the current is perpendicular to the plane of the layers
(CPP geometry In granular systems, the current is neither
parallel nor perpendicular to the magnetic cluster surfaces,
giving a slightly different picture for the GMR. However,
Zhang and Lev§have argued that the problem of the GMR
in granular systems should be similar to that of the CPP case,
with self-averaging of the scattering. With this self-
averaging assumption, the GMR can be written as

GMR (%)
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FIG. 6. (a) Giant magnetoresistance in £2@q3 films, measured
at 4.2 K, as a function of the applied fieldlosed dots (b) mag- ~ Wherec is the clusters volume concentratiagis the lattice
netization as a function of the applied field for the same film andconstant of the magnetic clusters;(v,) is the component
temperature. In pangh), the full line is the square of the magneti- of the magnetization of theth particle along the applied
zation. field; f(v) is the distribution function for the size of the
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mean diameter and 0.4 nm for the width of the diameter
Gaussian distribution. The field dependence of the GMR is
controlled by only the sizémean diameter and distribution
31 Q - width), while the parametenss, Aco, Mag, andhg govern its
amplitude. The parameters giving the best fit change slightly
with the concentration of Co. For example, at 14% Co, the
+ best fit is obtained with the same values f@,, Nag, As and
_ for the size distribution width, but with a mean diameter of
1F ] 3.3 nm andh;=0.34. The moderate variation of the diameter
with the concentration is consistent with the concentration
0 . \ dependence of the blocking temperature. To explain the
0 5 10 15 variation of pg with the concentration, we cannot rule out
some concentration dependence of the structure of the inter-
face or concentration of defects. An alternative explanation
is that the self-averaging model of Zhang and Levy is less
FIG. 8. Measured giant magnetoresistance in films with low Coapplicable at low concentrations. We show in Fig. 8 the con-
content(open dots and expected values from the fit using the samecentration dependence of the GMR ratio calculated with a
set of scattering and mean-free-path parameters as for the samplgnstant value ops, that is, the one found for 14% Co. The
with 14% Co(crosses experimental values depart downward for the calculated

magnetc pariclesh,y and v, are the mean free patns (LTS 5 IO concenvatons rich coud efct s parte)
within the matrix and within the cobalt particles, respec- ging hyp

tively; \, is the mean free path at the interfaces; and the ra,[iératlon range. Measurements at lower concentration could be

of spin-dependent to spin-independent scattering potentiaf%sf#:atl? efvt:tilvﬁgum?krs t(c:)lee?‘rzlyh?scisedti\gﬁlhoigstu dv would
within the magnetic clusters &, and at the interfaces &;. Y, b y

Usingprvious reuls, 1 ossil o recuce he numbef 215, SCE1 ITROSSNe 1o cany ut ot e e of
of free parameters involved in the calculation of the GMR. ' ' y P ques,

First, in Co/Ag multilayers, previous works suggest thatit allows indepgndent control on the size and concentration
spin-dependent scattering occurs primarily at the precipitateQf the clusters in the granular alloys.
matrix interface. In granular Co-Ag systems, the surface to
volume ratio is three times more important than what is
found in equivalent multilayers systemghen the thickness We are indebted to Dr. B. Bouchet Fabre from LURE
of the magnetic layers is equal to the cluster diame®o, (Orsay, Francefor efficient help with the GISAXD experi-
we can therefore assume that the bulk contribution term—ments, and Dr. B. Barbara and Dr. L. Thonjasboratoire
proportional top,—is zero. An example of fit—for G#\gs; ~ de Magnéisme Louis-Nel, CNRS, GrenobléFrancg] for

at 100 K—is shown in Fig. 7. The fit is obtained with fruitful discussions and comments on the magnetic properties
Ps=0.31,Aco=30 A, \py=150 A \;=6/ay, 2.4 nm for the of cluster assembled materials.

GMR (%)
(N

Co concentration (% vol.)
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