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An investigation into the microstructural prop- particles and 27 nm in the Ag matfx However,
erties of CaAg; _ « films, grown by pulsed laser there is a lower acceptable limit for the grain size,
deposition, as a function of deposition and post- otherwise their magnetic moment becomes too
deposition annealing temperature is reported. small, as well as for the interparticle distance,
Surface morphology and microstructure were  which should not be too short since interparticle
investigated by XPS, SEM and TEM measure- interactions reduce the GMR effect. This is the
ments. Magnetic measurements were used to reason for the high sensitivity of GMR to deposition
gain further information on particle size dis-  technique and deposition conditions.
tributions through the analysis of the tem- Only a few examples of the preparation of such
perature dependence of the irreversible systems by the pulsed laser deposition (PLD)
magnetization. Depending on cobalt content, technique are known in the literatdré and much
deposition and post-deposition annealing tem- work has still to be done in order to understand the
perature, the maximum of the cobalt grains correlation between microstructure and magnetic/
diameter distribution was estimated to be in the  transport properties.
range 2—6 nm.© 1998 John Wiley & Sons, Ltd. In this framework, preliminary results are
Appl. Organometal. Cheni2, 375-379 (1998) reported on the evolution of microstructural proper-
ties with deposition temperature and post-deposi-
Keywords: granular films; pulsed laser deposi- tion annealing treatments in the system &g, _
tion; giant magnetoresistance; microstructure; (0.1< x< 0.51) deposited on Si(100). Surface
magnetic properties morphology and microstructure investigations were
- . performed by X-ray photoelectron spectroscopy
Recelved 12 December 1997; accepted 30 (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
INTRODUCTION the temperature dependence of the irreversible
S ) magnetization, the distribution of energy barriers
Granular metallic thin films have recently received fgor magnetization reversal of the single domain
a great deal of interest due to the occurrence of th@articles can be inferred.
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 intergrainEXPERlMENTAL

distance are critical to obtaining a large GMR — .

effect, since they have to be smaller than the spin;{%%ﬁﬁ% H(]elnugilr%sa?na\,ﬁFbiigi%ie?;gg? (l\?\yat/rgezlét%
dependent mean free path (e.g. 5nm within Co193 nm, pulse duration 17 ns FWHM, maximum
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Figure1 SEMimageof Cos0Agsogranularfilm grownonetchedSi(100),showinganoriented

terracegrowth mechanism.

strate Film depositionwascarriedoutin a stainless
steel vacuum chamber(P = 1 x 10~® mbar maxi-

mum during film growth). In order to investigate
the influenceof differentgrowth conditionson the

microstructuraland magneticproperties,different

heattreatmentshave beencarried out on samples
with different Co concentrations{1) depositionon

heatedsubstrate(50 °C < Tgyep< 400°C); and (2)

post-depositiomnnealing200°C < Tym < 500°C).

All theannealingprocedurehavebeencarriedout

in the deposition chamber at a pressure of

1 x 10 ° mbarandfor a variableduration.

A Leica Cambridge S360 scanning electron
microscopehasbeenusedfor the analysisof film
surfacemorphology.Specimengor TEM observa-
tions have been preparedin cross-sectionafeo-
metry andthe final thinningwasperformedby Xe-
ion beammilling on a stagecooledwith liquid No.
TEM observationshave been carried out with a
JEOL 4000FX microscopeequippedwith analyti-
cal facilities and operatedat 400keV. The XPS
spectrawere obtainedby meansof a VG ESCA-
LAB mk Il instrumentequippedwith a hemisphe-
rical analyseroperatedin the constantanalyser
energymode with apassenergyof E,=20eV. The
Al Kk; » (h=1486.6eV) sourcewas usedto excite
the photoemissionwhich was set at a constant

© 1998JohnWiley & Sons,Ltd.

power of 300W (15kV x 20mA). Ar™ etching
experiment®on thin films werecarriedout usingan
ion gunin the analysischamberThe atomicratios
were calculated from the area ratios of the
correspondingomponentsaccordingto the proce-
dureproposedby Wagneret al.> Measurementsf
magnetizationversus temperatureand hysteresis
loopsat 77 and300K werecarriedout by meansof
a commercial SQUID magnetometer(2—300K;
Hmax=55k0e).

RESULTS AND DISCUSSION

Morphological, structural and
chemical investigations

Film surfaceshavebeenobservedy SEM: within

EDS (Energy DispersiveSpectroscopyjesolution
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
rangedrom 0.1to 7 um; thefractionof Codroplets
was drastically reducedby increasingthe laser
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Figure 2 FC and ZFC magnetizationmeasurementas a
function of tempeature(H, =50 Oe) for samplesvith Co=40
at % depositedat (a) 200°C and(b) 300°C.

fluence. Film surfacesin droplet-freeareashave
been observedat high magnification and films

grown on undecappedsilicon showeda smooth
surface, whereasin films grown on decapped
silicon a structureof terracegrowth was clearly

recognizabldFig. 1).

The samesampleshavebeenobservedoy TEM.
The Co—-Ag films of the first group showed a
polycrystalline structure with equiaxial grains
randomlyorientedand a grain size of the order of
15nm. The corresponding diffraction pattern
showed, besides the spots relating to the Si
substratethediffractionringstypical of arandomly
oriented nanocrystalline structure. The angular
positionof the diffraction rings correspondso the
lattice spacingsof the face-centredcubic (fcc)
crystal structure of silver without any trace of
diffraction effectsrelatedto eitherhexagonatlose-
packedhcp)orface-centreaubic(fcc) cobalt.The
absencef a Codiffraction pattern,eventhoughX-
ray microanalysisconfirmedthe presencef Co at

© 1998JohnWiley & Sons,Ltd.

the expectedconcentrationshouldthen be 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 seemgo prevent
any form of epitaxyduring film growth.

TEM observationsmade on films grown on
decappedilicon showeda structuremadeof large
grainswith thesilver fcc structureiso-orientedwith
the Si substrateln this casetoo, electrondiffraction
patternsdid not show spotsrelatedto the cobalt
structure, even if EDS microanalysesshowed
compositionscloseto the nominal ones:evenfor
suchsetof samplesthis fact could be explainedby
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,some globular spotsand layered
structuredying parallelto (111) lattice planescan
be observed.

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

Within a layer of aboutl nm from the surfacea
contribution from oxidized species has been
observedn the spectrawhereanly puremetallic
elementshavebeendetectedon scanningthrough-
out the overall film thickness.Within this surface
layer,an enrichmentof Co hasalsobeenobserved
in some samples,due to the Co diffusion which
occursduring thermal treatments Below the sur-
facelayer, a constantatomic percentag®f Co and
Ag hasbeenobservedvith valuescomparablevith
the nominal ones, thus confirming the EDS
analysis.In SEM imagesof totally etchedfilms,
the residualpresenceof molten metal particulates
stickingto the baresubstratédhasbeenobservedin
such cases, even when the main XPS signal
originatedfrom the Si substratea weak spurious
contribution from metallic elements has been
detectedthereforeleadingto alesscleardefinition
of the interface.

Magnetic properties investigation

Static magnetizatiorhasbeenmeasuredsa func-
tion of temperaturen a field H,=500e, applied
parallelto thefilm surface following the zero-field
cooling (ZFC) andfield cooling (FC) procedures.
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Figure 3 Distribution functionsof blocking temperaturesor
Co40Ageo0 depositedat differenttempeatures.

Since the preparationconditionsvaried, different
behaviourshavebeenobservedFor somesamples
(Fig. 2a) a behaviourtypical of superparamagnetic
particles,whosemomentsprogressivelblock with
decreasingtemperature,has been observed:the
ZFC magnetizatiorshowsa maximumat T = T4y
whereasthe FC magnetizationincreasescontinu-
ously with decreasingtemperature.The splitting
betweenthe two curves occurs at temperatures
higherthanT,,ay reflectingthe existenceof abroad
distributionof blocking temperature¢Tg). Indeed,
the splitting temperaturg(T;,,) correspondgo the
highest Tz and T« is related to the average
blockingtemperature<Tg>, the exactrelationship
dependingon the type of distribution of energy
barriersfor magnetizatiorreversal.

For other samples(Fig. 2b), no maximum of
Mzec has been observed (the magnetization
increasescontinuouslywith temperatureland 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
differencebetweenMgc and Mzgc, the anisotropy
energy barrier distribution can in principle be
inferred,being (Mgc — Mzec) ~ [f(Eg)dEs. Actu-
ally, for an assemblyof non-interactingparticle
momentsrelaxing through a thermally activated
mechanismaccordingto an Arrheniuslaw (t =g
expE/KpT), f(Eg) reflectsthe blockingtemperature
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distribution f(Tg). An analysisof the temperature
dependenceof the derivative d(Mgc — Mzec)/dT
hasbeenperformedn orderto investigateheeffect
of variationof Cocontentdepositiorandannealing
temperatur@ntheenergybarrierdistribution;such
parameterscan be varied independentlyof each
otherin orderto obtainthegrowthof Co particlesof
differentsizes.

ForCoconcentrationbigherthan30%,atafixed
depositiortemperaturdi.e. 200°C), asimplemode
distributionhasbeenfound,centredbetweertOand
50K. Theeffectof increasinghe Co concentration
from 40%to 51% s to producean increaseof the
number of particles with the same blocking
temperaturethe centreof the distribution remain-
ing at almostthe sametemperatureFor concentra-
tions> 40%,theincreasen depositiontemperature
(up to T4ep=200°C) leads to a shift of the
distribution maximumto highertemperaturgFig.
3). For Tgep>300°C, the distribution becomes
bimodalwith avery broadmaximumaround105K
and a narrow one around 245K, indicating the
presenceof two distinct setsof particle size. After
annealingat 350°C, the bimodalityis removedand
the high-temperaturenaximumbecomespredomi-
nant.

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

o]

IN(tm/70) /vc

where V. is the characteristicvolume for super-
paramagneticrelaxation, related to a measuring
techniquewith characteristictime t,,. Therefore,
the derivative d(Mgc — Mze)/dT as a function of

temperatureyields a direct measureof the particle
volumedistribution.

For uniaxial anisotropy, Eg =K,V and the
temperatureof the maximum of the distribution
(Fig. 3) is related through the Arrhenius law
(KpTg =KaVIn(zo/t,) to the maximum of the
volume distribution. Since TEM results support
the presenceof a hcp Co defectivestructure,asa
first approximationwe usedthe value of bulk hcp
Co (K,=8x 10°ergcm™3) for the anisotropy
constantK,. Actually, for singledomainnanosized
particles,K, is expectedo be higherandthenthe
volumededucedn this way hasto be considereds
an upper-limit value. This leadsto a size distribu-
tion centred at a diameter ¢ ~ 3nm for Co
concentrationfigherthan40%;theincreaseof the
depositiontemperaturgup to Tgep=200°C) leads

VE (V)dV
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to anenlargementf particlesizefrom ¢ ~ 2.5nm
to ¢ =~ 3.5nm, whereasfor Ty.,=300°C the
observedbimodal distribution correspondgo the
presencef two distinct setsof particlesizes(¢ ~
4.5nmand¢ =~ 6.5nm).

CONCLUSIONS

The microstructuralpropertiesof granularCo—-Ag
thin films have beeninvestigatedas a function of
Cocontentdepositiorandpost-annealingempera-
ture. By the variation of theseconditionsand the
type of substratere-treatmentgranularaswell as
crystallinefilms havebeenobtained showingvery
different structuraland morphologicalproperties.
From the analysis of magnetizationdata, the
energy barrier distribution for magnetizationre-
versalwasinferred and relatedto the particle size
distribution. Assumingthat the dominantcontribu-
tion to theanisotropyenergycomesfrom the single
particle volume anisotropy,it was found that the
particlesizedistributionshiftstowardsbiggersizes
with increasingdepositionand annealingtempera-
ture.However,for Tyep> 300°C, the sizedistribu-
tion becomesimodal, centredat ¢ ~ 4.5nm and
6.5nm. Annealing treatments at Ts,,=350°C
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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 concentrationsthe
averageparticle sizereachesa constantvalue (e.qg.
¢ ~ 3.5nmfor Tyep=200°C).
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