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Clusters of iron produced in a laser vaporization
source have been characterized with time-of-
flight spectra and deposited on different sub-
strates for production of films of varying
thickness. The magnetic properties of these films
with thicknesses of 60 and 120 nm were in-
vestigated using an alternating gradient mag-
netometer. The films exhibit mono-domain
behavior from a broad size distribution which
has been confirmed by transmission electron
microscopy. Films were also investigated by
Mössbauer spectroscopy, which showed fast
relaxation in the particles at room temperature.
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INTRODUCTION

Cluster-based materials can be used for studies of
the magnetic properties of particles with diameters
smaller than several tenths of a nanometer. This

corresponds to the critical size for a spherical
ferromagnetic particle to consist of a single
domain.1 These small particles are of great physical
and technological interest today. They can be used,
for example, as model systems for investigating
fundamental magnetic properties2,3 and in applica-
tions as components in high-density memories.
Depending on the temperature, one often encoun-
ters the superparamagnetic effect. This arises from
the fact that the energy to change the direction of
the small moment of the particles is comparable
with the thermal energy. The magnetization of non-
interacting mono-domain particles fluctuates over
an energy barrier with a characteristic relaxation
time dependent on the thermal energy.4 Particles of
which the magnetization fluctuates faster compared
with the experimental measuring time are super-
paramagnetic, while particles with a slower re-
laxation time are said to be thermally blocked.5

Superparamagnetic particles do not show coercivity
or remanence, whereas thermally blocked particles
do.

We are now developing a high-yield laser vapori-
zation source which is capable of producing films of
clusters. The cluster source operates with a con-
tinuous flow of helium gas. This is dissimilar to the
traditional pulsed laser vaporization source from
Smalley’s group6 and the earlier source from our
group7 where a pulsed gas flow is used. The source
is designed to use vaporization lasers with high
repetition frequency. In this work we used an ArF
excimer laser (l=197 nm) with a repetition fre-
quency of 90 Hz. The distribution of clusters was
monitored with a time-of-flight spectrometer and
the yield was monitored with a quartz micro-
balance. Films of iron clusters approximately 60–
120 nm thick were grown with an area of typically
1 cm2 and the magnetic properties of these films
were studied.
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EXPERIMENTAL

Clusters

Theclusterswereproducedin a recentlydeveloped
high-yield laser vaporization cluster source; see
Fig. 1. A high-intensitylaserbeamwasfocusedon
the targetsurfaceto producea hot metalplasmain
the cluster source.The target was a pure square
metalsamplewhichmovedin thex andy directions
in orderto exposea freshmetalsurfaceandobtain
stable cluster production. The vaporized plasma
wastransportedin acontinuousflow of 30mbarHe
through a 0.7mm diameter flat nozzle into the
productionchamberwith a backgroundpressureof
10ÿ2 mbar.This chamberwaspumpedby a turbo
molecularpump with an effective pumpingspeed
of 600l sÿ1 at this pressure.Theclusterbeamthen
passedthrough a 1 mm diameter skimmer to a

differentiallypumpedregionkeptat10ÿ5 mbarby a
turbo molecularpumpwith the effective pumping
speedof 150l sÿ1. Finally, theclustersenteredthe
detectionchamberthroughasecond2 mmdiameter
skimmer.This chamberwaspumpedby a 500l sÿ1

turbomolecularpumpandoperatedatapressureof
10ÿ7 mbar. The detectionchamberwas equipped
with a linear time-of-flight mass spectrometer
(TOFMS),a quartzbalance(MaxTechInc.) anda
depositionunit. The quartz balancewas used to
measurethe absoluteamount of clusters in the
beam.Thetotalmassof thelayerandthedeposition
rate were determined.The quartz balance was
locatedjust in front of theTOFMSandtheposition
of the unit could be manipulatedfrom outsidethe
vacuumsystem.Theset-upwasconstructedsothat
a section for size selectionof clusterscould be
installedafter the secondskimmerand beforethe
TOF section.

Figure 1 Theexperimentalset-upshowingthedistancesbetweenthenozzle,skimmers,quartzbalance,time-of-flightspectrometer
anddepositionunit.
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In thepresentset-uptheneutralclusterbeamwas
photo-ionizedin a staticelectricfield with thelight
from an ArF laser. The charged clusters were
acceleratedperpendicularlyto theneutralbeamand
directedonto themicro channeldetectorthrougha
pair of deflectingplatesand an einzel lens. The
massspectrawererecordedin adigital oscilloscope
(LeCroy9400),storedandanalyzedin a computer.
A time-of-flight spectrumwasrecorded;seeFig. 2.
A Nd:YAG laser (l = 355nm) and the repetition
frequencyused for vaporizationwas 10Hz. The
massspectrumshowsabroadsizedistribution,with
a center peak near Fe125. The beam of clusters
containssizesfrom a few atomsup to abouta few
hundred.The diametersof the free clustersare
approximately0.5–2nm.

Thedepositionsareperformedat roomtempera-
tureonseveraldifferentsubstrates.Thin films of up
to 10nm are fabricated in the deposition unit
located behind the acceleration plates of the
TOFMS. During a depositionprocessthe quality
of theclusterbeamis controlledby theTOFMS.As
canbeseenin Fig. 1, thequartzbalancecannotbe
usedto measurethedepositionrateat thesametime
asa depositionis beingcarriedout. Therefore,the
quartz balanceis usedto measurethe deposition
rate before and after each deposition, and the

thickness of the film is determined from the
depositiontime.

Film layerswith thicknessesfrom 10 to 200nm
arefabricatedin theproductionchamber(we have
observed that films thicker than 200nm are
cracked,probablybecauseof stressesin the films
produced.)The first skimmercanbe removedand
replacedby a substrateholder. The substrateis
located40mm from the clustersourcenozzleand
the diameterof the depositionspotis about5 mm.
A widebeamis advantageousin thisparticularcase
becauseit makes it possible to cover a large
substrate.The TOFMSandthe quartzbalancecan
only be usedindirectly whenthesedepositionsare
performed.

In this study, we neededto producefilms 50–
100nmthick in orderto obtainaccuratemagnetiza-
tion measurements.Therefore,the sampleswere
fabricatedin theproductionchamber.UsinganArF
excimerlaserasvaporizationlaserminimized the
deposition time. This was our fastest available
laser,with a repetitionfrequencyof up to 90Hz. At
a repetitionfrequencyof 90Hz the depositionrate
wasestimatedto be3.7Å sÿ1 for theiron clustersin
the productionchamber(Fig. 1). It took approxi-
mately5 min to producethe layer120nm thick.

The size distribution for ArF-producedclusters

Figure 2 Massspectrarepresenting thesizedistributionfor freeiron clustersin thebeam.Themeansizeis Fe125 with a diameter
d = 1.4nm.
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hasnotbeenmeasuredhere,butweexpectasimilar
size distribution as for clustersproducedwith an
Nd:YAG laser.

It is known that small clusterscanaggregateto
largerparticleson a substrate.In this case,thesize
distribution on the substrateis different from that
observedin the time-of-flight spectrometer,which
will give different nanostructuresthan those
expectedfrom themassspectra.Theseaggregation

effectshavebeenstudiedby transmissionelectron
microscope(TEM). Iron clusterswith layer thick-
nessesof approx.0.5,5 and50nm weredeposited
on carbonfilms on coppergrids. The threeTEM
pictures(Figs 3a, 3b and 3c) show the sequential
growthof a nanoporousfilm. Figure3(a)showsthe
particles producedfrom the cluster source.The
smallestclustersizesare not visible herebecause
the carbon film is too rough. There are larger

Figure 3 TEM imagesof Feclustersasdepositedon a laceycarbonfilm with increasinglayer thickness,showingthesequential
growth of a nanoporousfilm: (a) dispersedclusters(layer thickness0.5nm); (b) clustersand cluster aggregates(5 nm); (c)
nanoporousfilm (50nm).
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particlesof up to 5 nm diameterpresenton thefilm
which could be explainedas cluster colloids or
directly evaporatedproducts from the source.
Figure 3(b) showslarger particlesthan Fig. 3(a),
which illustrates that particles have probably
aggregated.A broadsize distribution from a few
nanometersupto 10nmis observedandtheparticle
surfacesshow facets.In Fig. 3(c) the layer is not
uniform andthe resultis a nanoporousfilm.

Sample preparation

In orderto studythevariationof themagnetization
over the sample area and the stability of the
material over time, one sample with diameter
10mm wasdepositedon a microscopecoverglass.
Two other samples with diameter 3 mm were
preparedanddepositedon micro slides;sampleA
with a total mass5.8mg of clustersandsampleB
with 2.6mg. This correspondsto bulk iron films of
thickness117 and 58nm, respectively.The mag-
netic propertiesof thesesampleswere measured
immediatelyafter preparation.

Magnetic measurements

The magneticmeasurementswereperformedwith
analternatinggradientmagnetometerfrom Prince-
ton MeasurementsCorporation.Hysteresisloops
weremeasuredin thefield range� 2 T at tempera-
tures between 10 and 295K. The measured
magneticmomentwas correctedfor the diamag-
netic backgrounddue to the substrateand the
sampleholder. The final resultswere obtainedas
magneticmomentperunit of mass,M, by dividing
this correctedvalueby themassof thesample.The
films were also characterized by Mössbauer
spectroscopy.

RESULTS AND DISCUSSION

The magnetizationsaturatedin fields aboveabout
0.5T for all thesamples.Thesaturationmagnetiza-
tion, Ms, wasdeterminedfrom the valuemeasured
at 1 T. The coercivefield, BC, andthe remanence,
Mr, were determinedfrom hysteresisloops per-
formedin therange� 0.5T. Figure4 showstwo of
the hysteresiscurvesmeasuredfor sampleA at 30
and 295K. The shapeof the hysteresisloopswas
observedto changeslowly with time; Ms decreased
by about 15% after one week in the ambient
atmosphereand Mr also decreasedwhile BC

increased.Similar behaviorhasbeenobservedin
otherFeparticles;8 theeffect maybeexplainedby
partial oxidation of the sample. The hysteresis
curvesof samplestakenfrom differentpartsof the
10mm cluster samplebecameoverlappingwhen
they were normalized to their saturationvalues.
This impliesthatalthoughthesamplegrowsthicker
at thecenterof theclusterbeam,thedistributionof
clustersizesremainsthe same.For sampleA the
measurementsyieldedMs = 200A m2 kgÿ1, practi-
cally independentof temperature.This is thesame
valueasthatof a-iron, with asaturationmagnetiza-
tion of about 210A m2 kgÿ1. The Ms value of
sampleB was172A m2 kgÿ1, which is reducedby
20%with respectto theexpectedvaluefor particles
of a-Fe. This could possiblybe explainedby the
fact that the particles in a thinner film are more
easilyoxidized.Theshapeof thehysteresiscurves
wasobservedto dependon themeasuringtime and
thetemperature.Thecoercivityfield increasedfrom
BC = 7.0mT at 295K to 91.9mT at 30K. The
remanenceincreasedfrom Mr = 44A m2 kgÿ1 at
295K to 148A m2 kgÿ1 at 30K. The temperature

Figure 4 Normalized hysteresisloops at 295 and 30K of
sampleA. M0 is the magnetizationat 0.5T.
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dependenceof BC and Mr for sampleA in the
temperaturerange10to 295K canbeseenin Fig.5.
The observedincreaseof BC andMr with decreas-
ing temperatureis typical for mono-domainmag-
netic particleswherethemagneticmomentsof the
particles become thermally blocked below a
specific temperature,depending mainly on the
volume and thus the anisotropyof the particles.5

The fact that BC andMr vary with the temperature
over the whole temperaturerange suggeststhat
theremay be a broaddistribution of clustersizes,
whichwasconfirmedby themassspectraandTEM
data.Thus, the magneticmeasurementsshowthat
the samplescomprisemono-domainparticleswith
a broadsizedistribution.

A sample 100nm thick has been studied by
Mössbauer spectroscopyat room temperature.
Although the statisticsfor this measurementis not
sufficient, the first analysisof spectrashowsthe
typical characteristicsof fast superparamagnetic
relaxation.The sampleseemsto be a-iron andno
oxidation productsare present.Depositing films
with 57Feclustersin orderto increasethesignaland
studyMössbauerspectraat lower temperatureswill
follow the presentwork. We alsoexpectto obtain
moreinformationabouttheoxidationprocess.

CONCLUSIONS

The depositediron clustersshow typical mono-
domain behavior in the magnetizationmeasure-
ments and Mössbauer spectroscopy.The size
distributionis broad,accordingto theobservations
madeby TEM. Clusterswith sizesfrom 2 to 10nm
arepresentwhich shouldbecomparedwith the0.5
– 2 nmsizedistributionobservedby TOFspectra.It
is possible that iron clusters coalesceto larger
particleson surfaces.It is alsoa considerationthat
largeraggregatesareformeddirectly from thelaser
ablation and ejected onto the substrate.These
particlesare too heavyto be observedin the TOF
spectra.Thebroadsizedistributionis confirmedby
themagnetizationmeasurements,whereBC andMr
vary with the temperatureover thewhole tempera-
turerangemeasured.It hasalsobeenfoundthatthe
saturation magnetizationdecreasesslowly with
time, probablybecauseof oxidation.
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