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An investigation into the microstructural prop-
erties of CoxAg1 ÿ x films, grown by pulsed laser
deposition, as a function of deposition and post-
deposition annealing temperature is reported.
Surface morphology and microstructure were
investigated by XPS, SEM and TEM measure-
ments. Magnetic measurements were used to
gain further information on particle size dis-
tributions through the analysis of the tem-
perature dependence of the irreversible
magnetization. Depending on cobalt content,
deposition and post-deposition annealing tem-
perature, the maximum of the cobalt grains
diameter distribution was estimated to be in the
range 2–6 nm.# 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Granular metallic thin films have recently received
a great deal of interest due to the occurrence of the
so-called ‘giant magnetoresistance’ (GMR) effect.
These materials consist of grains of a magnetic
element (i.e. Fe, Co, Ni–Fe) distributed in a non-
magnetic metallic matrix (i.e. Ag, Cu) where they
are immiscible. The grain size and the intergrain
distance are critical to obtaining a large GMR
effect, since they have to be smaller than the spin-
dependent mean free path (e.g. 5 nm within Co

particles and 27 nm in the Ag matrix1). However,
there is a lower acceptable limit for the grain size,
otherwise their magnetic moment becomes too
small, as well as for the interparticle distance,
which should not be too short since interparticle
interactions reduce the GMR effect. This is the
reason for the high sensitivity of GMR to deposition
technique and deposition conditions.

Only a few examples of the preparation of such
systems by the pulsed laser deposition (PLD)
technique are known in the literature2–4 and much
work has still to be done in order to understand the
correlation between microstructure and magnetic/
transport properties.

In this framework, preliminary results are
reported on the evolution of microstructural proper-
ties with deposition temperature and post-deposi-
tion annealing treatments in the system CoxAg1 ÿ x
(0.1< x< 0.51) deposited on Si(100). Surface
morphology and microstructure investigations were
performed by X-ray photoelectron spectroscopy
(XPS), Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) measure-
ments. Moreover, magnetic measurements were
used to gain further information on particle size
distribution. In particular, through the analysis of
the temperature dependence of the irreversible
magnetization, the distribution of energy barriers
for magnetization reversal of the single domain
particles can be inferred.

EXPERIMENTAL

Co–Ag thin films have been deposited by the PLD
technique using an ArF excimer laser (wavelength
193 nm, pulse duration 17 ns FWHM, maximum
repetition rate 50 Hz). Cold-pressed powders or
metallic targets with defined stoichiometry
(CoxAg1 ÿ x, 0.1< x< 0.5) have been used to
deposit on decapped or undecapped Si(100) sub-
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strate.Film depositionwascarriedout in astainless
steel vacuum chamber(P = 1� 10ÿ6 mbar maxi-
mum during film growth). In order to investigate
the influenceof different growthconditionson the
microstructuraland magneticproperties,different
heat treatmentshavebeencarriedout on samples
with differentCo concentrations:(1) depositionon
heatedsubstrate(50°C< Tdep< 400°C); and (2)
post-depositionannealing(200°C< Tann< 500°C).
All theannealingprocedureshavebeencarriedout
in the deposition chamber at a pressure of
1� 10ÿ6 mbarandfor a variableduration.

A Leica Cambridge S360 scanning electron
microscopehasbeenusedfor the analysisof film
surfacemorphology.Specimensfor TEM observa-
tions have beenpreparedin cross-sectionalgeo-
metryandthefinal thinningwasperformedby Xe-
ion beammilling on a stagecooledwith liquid N2.
TEM observationshave been carried out with a
JEOL 4000FXmicroscopeequippedwith analyti-
cal facilities and operatedat 400keV. The XPS
spectrawere obtainedby meansof a VG ESCA-
LAB mk II instrumentequippedwith a hemisphe-
rical analyseroperatedin the constantanalyser
energymode,with apassenergyof Ep = 20eV.The
A1 k1,2 (h = 1486.6eV) sourcewasusedto excite
the photoemission,which was set at a constant

power of 300W (15kV � 20mA). Ar� etching
experimentson thin films werecarriedoutusingan
ion gun in theanalysischamber.Theatomicratios
were calculated from the area ratios of the
correspondingcomponentsaccordingto theproce-
dureproposedby Wagneret al.5 Measurementsof
magnetizationversus temperatureand hysteresis
loopsat77and300K werecarriedoutby meansof
a commercial SQUID magnetometer(2–300K;
Hmax= 55kOe).

RESULTS AND DISCUSSION

Morphological, structural and
chemical investigations

Film surfaceshavebeenobservedby SEM: within
EDS (EnergyDispersiveSpectroscopy)resolution
for quantitativeelementalanalysis,all the samples
showed,with only weak fluctuations,a homoge-
neouschemicalcompositioncloseto the nominal
one.As usualfor films preparedby PLD, surfaces
showeda numberof molten dropletswhosesize
rangedfrom 0.1to 7mm; thefractionof Codroplets
was drastically reducedby increasing the laser

Figure 1 SEMimageof Co40Ag60 granularfilm grownonetchedSi(100),showinganoriented
terracegrowthmechanism.
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fluence.Film surfacesin droplet-freeareashave
been observedat high magnification and films
grown on undecappedsilicon showeda smooth
surface, whereas in films grown on decapped
silicon a structureof terracegrowth was clearly
recognizable(Fig. 1).

Thesamesampleshavebeenobservedby TEM.
The Co–Ag films of the first group showed a
polycrystalline structure with equiaxial grains
randomlyorientedanda grain sizeof the orderof
15nm. The corresponding diffraction pattern
showed, besides the spots relating to the Si
substrate,thediffractionringstypicalof arandomly
oriented nanocrystalline structure. The angular
positionof the diffraction rings correspondsto the
lattice spacingsof the face-centredcubic (fcc)
crystal structure of silver without any trace of
diffractioneffectsrelatedto eitherhexagonalclose-
packed(hcp)or face-centredcubic(fcc) cobalt.The
absenceof aCodiffraction pattern,eventhoughX-
ray microanalysisconfirmedthe presenceof Co at

the expectedconcentration,shouldthenbe related
to the morphology of Co particles or to their
presencewith highly defective structures.High-
resolutionimagesclearly showthe presenceof an
amorphousinterlayer 7–10nm thick betweenthe
film andthe underlyingSi which seemsto prevent
any form of epitaxyduringfilm growth.

TEM observationsmade on films grown on
decappedsilicon showeda structuremadeof large
grainswith thesilver fcc structureiso-orientedwith
theSi substrate.In thiscasetoo,electrondiffraction
patternsdid not show spotsrelated to the cobalt
structure, even if EDS microanalysesshowed
compositionscloseto the nominal ones:evenfor
suchsetof samples,this fact couldbeexplainedby
assuminga highly defectiveCo particle structure.
TEM images showeda large defect density; in
weak-beam dark-field images, where the fine
details of the defective structureof the film are
better resolved,someglobular spotsand layered
structureslying parallel to (111) lattice planescan
beobserved.

Chemicalcompositionandprofile analyseshave
beenobtainedby examiningXPS spectraof both
the surfaceandthe interior of the films; recording
spectra at different etching times, a complete
compositionprofile down to the interfacewith the
silicon substratehasbeenobtained.

Within a layerof about1 nm from thesurface,a
contribution from oxidized species has been
observedin thespectra,whereasonly puremetallic
elementshavebeendetectedon scanningthrough-
out the overall film thickness.Within this surface
layer,an enrichmentof Co hasalsobeenobserved
in somesamples,due to the Co diffusion which
occursduring thermal treatments.Below the sur-
facelayer,a constantatomicpercentageof Co and
Ag hasbeenobservedwith valuescomparablewith
the nominal ones, thus confirming the EDS
analysis.In SEM imagesof totally etchedfilms,
the residualpresenceof molten metal particulates
stickingto thebaresubstratehasbeenobserved.In
such cases, even when the main XPS signal
originatedfrom the Si substrate,a weak spurious
contribution from metallic elements has been
detected,thereforeleadingto a lesscleardefinition
of the interface.

Magnetic properties investigation

Staticmagnetizationhasbeenmeasuredasa func-
tion of temperaturein a field Ha = 50Oe, applied
parallelto thefilm surface,following thezero-field
cooling (ZFC) and field cooling (FC) procedures.

Figure 2 FC and ZFC magnetizationmeasurementsas a
functionof temperature(Ha = 50Oe) for sampleswith Co= 40
at % depositedat (a) 200°C and(b) 300°C.
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Since the preparationconditionsvaried, different
behaviourshavebeenobserved.For somesamples
(Fig. 2a)a behaviourtypical of superparamagnetic
particles,whosemomentsprogressivelyblock with
decreasingtemperature,has been observed:the
ZFC magnetizationshowsa maximumat T = Tmax,
whereasthe FC magnetizationincreasescontinu-
ously with decreasingtemperature.The splitting
betweenthe two curves occurs at temperatures
higherthanTmax, reflectingtheexistenceof abroad
distributionof blocking temperatures(TB). Indeed,
the splitting temperature(Tirr) correspondsto the
highest TB and Tmax is related to the average
blockingtemperature<TB>, theexactrelationship
dependingon the type of distribution of energy
barriersfor magnetizationreversal.

For other samples(Fig. 2b), no maximum of
MZFC has been observed (the magnetization
increasescontinuouslywith temperature)and the
irreversibility appearsat T> 300K. This reflects
the existenceof a much wider distribution of
anisotropyenergybarriers,shiftedto higher-energy
values,i.e. to particlesbiggerthanthosebelonging
to the previousset of samples.Indeed,from the
analysis of the temperature variation of the
differencebetweenMFC andMZFC, the anisotropy
energy barrier distribution can in principle be
inferred,being(MFCÿMZFC) � � f(EB)dEB. Actu-
ally, for an assemblyof non-interactingparticle
momentsrelaxing through a thermally activated
mechanismaccordingto an Arrheniuslaw (t = t0
expEa/KbT), f(EB) reflectstheblockingtemperature

distribution f(TB). An analysisof the temperature
dependenceof the derivative d(MFCÿMZFC)/dT
hasbeenperformedin orderto investigatetheeffect
of variationof Cocontent,depositionandannealing
temperatureontheenergybarrierdistribution;such
parameterscan be varied independentlyof each
otherin orderto obtainthegrowthof Coparticlesof
different sizes.

ForCoconcentrationshigherthan30%,atafixed
depositiontemperature(i.e.200°C),asimplemode
distributionhasbeenfound,centredbetween40and
50K. Theeffectof increasingtheCoconcentration
from 40% to 51% is to producean increaseof the
number of particles with the same blocking
temperature,the centreof the distributionremain-
ing at almostthesametemperature.For concentra-
tions� 40%,theincreasein depositiontemperature
(up to Tdep= 200°C) leads to a shift of the
distribution maximumto higher temperature(Fig.
3). For Tdep� 300°C, the distribution becomes
bimodalwith averybroadmaximumaround105K
and a narrow one around 245K, indicating the
presenceof two distinct setsof particlesize.After
annealingat 350°C, thebimodality is removedand
thehigh-temperaturemaximumbecomespredomi-
nant.

If the single particle volume anisotropyrepre-
sents the dominant contribution to the energy
barrier, the low-field difference(MFCÿMZFC) is
proportionalto:

ln�tm=�0�
Z 1

Vc

Vf �V�dV

where Vc is the characteristicvolume for super-
paramagneticrelaxation, related to a measuring
techniquewith characteristictime tm. Therefore,
the derivatived(MFCÿMZFC)/dT as a function of
temperatureyields a direct measureof the particle
volumedistribution.

For uniaxial anisotropy, EB = KaV and the
temperatureof the maximum of the distribution
(Fig. 3) is related through the Arrhenius law
(KbTB = KaVln(t0/tm) to the maximum of the
volume distribution. Since TEM results support
the presenceof a hcp Co defectivestructure,asa
first approximationwe usedthe valueof bulk hcp
Co (Ka = 8� 106 ergcmÿ3) for the anisotropy
constantKa. Actually, for singledomainnanosized
particles,Ka is expectedto be higherandthenthe
volumededucedin thiswayhasto beconsideredas
an upper-limit value.This leadsto a sizedistribu-
tion centred at a diameter f � 3 nm for Co
concentrationshigherthan40%;theincreaseof the
depositiontemperature(up to Tdep= 200°C) leads

Figure 3 Distribution functionsof blocking temperaturesfor
Co40Ag60 depositedat different temperatures.
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to anenlargementof particlesizefrom f � 2.5nm
to f � 3.5nm, whereasfor Tdep= 300°C the
observedbimodal distribution correspondsto the
presenceof two distinct setsof particlesizes(f �
4.5nm andf � 6.5nm).

CONCLUSIONS

The microstructuralpropertiesof granularCo–Ag
thin films havebeeninvestigatedas a function of
Cocontent,depositionandpost-annealingtempera-
ture. By the variation of theseconditionsand the
typeof substratepre-treatment,granularaswell as
crystallinefilms havebeenobtained,showingvery
different structuralandmorphologicalproperties.

From the analysis of magnetizationdata, the
energy barrier distribution for magnetizationre-
versalwasinferredandrelatedto the particlesize
distribution.Assumingthat thedominantcontribu-
tion to theanisotropyenergycomesfrom thesingle
particle volume anisotropy,it was found that the
particlesizedistributionshiftstowardsbiggersizes
with increasingdepositionandannealingtempera-
ture.However,for Tdep� 300°C, thesizedistribu-
tion becomesbimodal,centredat f � 4.5nm and
6.5nm. Annealing treatments at Tann= 350°C

removethe bimodal characterof the distribution,
shifting it towards larger particle sizes. Finally,
with increasingCo concentrationwe observedan
increment of the average particle size for
Co� 40%, while, for higher concentrations,the
averageparticlesizereachesa constantvalue(e.g.
f � 3.5nm for Tdep= 200°C).
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