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Clusters of iron produced in a laser vaporization  corresponds to the critical size for a spherical
source have been characterized with time-of- ferromagnetic particle to consist of a single
flight spectra and deposited on different sub- domain’ These small particles are of great physical
strates for production of films of varying  and technological interest today. They can be used,
thickness. The magnetic properties of these films for example, as model systems for investigating
with thicknesses of 60 and 120 nm were in- fundamental magnetic propertfesand in applica-
vestigated using an alternating gradient mag- tions as components in high-density memories.
netometer. The films exhibit mono-domain Depending on the temperature, one often encoun-
behavior from a broad size distribution which  ters the superparamagnetic effect. This arises from
has been confirmed by transmission electron the fact that the energy to change the direction of
microscopy. Films were also investigated by the small moment of the particles is comparable
Mdssbauer spectroscopy, which showed fast with the thermal energy. The magnetization of non-
relaxation in the particles at room temperature.  interacting mono-domain particles fluctuates over
© 1998 John Wiley & Sons, Ltd. an energy barrier with a characteristic relaxation
Appl. Organometal. Cheni2, 479-484 (1998) time dependent on the thermal enefgyarticles of

which the magnetization fluctuates faster compared
Keywords: iron; clusters; magnetic properties;  with the experimental measuring time are super-
laser vaporization paramagnetic, while particles with a slower re-
laxation time are said to be thermally blocked.
Superparamagnetic particles do not show coercivity
or remanence, whereas thermally blocked particles
do.

We are now developing a high-yield laser vapori-

INTRODUCTION zation source which is capable of producing films of

clusters. The cluster source operates with a con-
Cluster-based materials can be used for studies dfnuous flow of helium gas. This is dissimilar to the
the magnetic properties of particles with diameterstraditional pulsed laser vaporization source from
smaller than several tenths of a nanometer. ThiSmalley’s group and the earlier source from our
group where a pulsed gas flow is used. The source
is designed to use vaporization lasers with high
* Lecture given at the Workshop on Nanoporous Materials andrepetition frequency. In this work we used an ArF
'\E/'g%f,‘ﬁ“igpfzc’gesrgetse‘;:b’\é?”lzsgguCét’;iga"t’i'agia's: organized by thexcimer laser A=197 nm) with a repetition fre-
T Corr(’espondencgeJ to: T.khnt, D’epartmen} of )F/"hysics, Chalmers q“e’?Cy of 9(.) Hz. The dlStI’!bUtIOﬂ of clusters was
University of Technology and Geborg University, S-412 96 Monitored with a time-of-flight spectrometer and
Giteborg, Sweden. the yield was monitored with a quartz micro-
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Figure 1 Theexperimentaket-upshowingthedistancedbetweerthenozzle skimmersguartzbalancetime-of-flight spectrometer

anddepositionunit.

EXPERIMENTAL

Clusters

Theclusterswereproducedn arecentlydeveloped
high-yield laser vaporization cluster source; see
Fig. 1. A high-intensitylaserbeamwasfocusedon
thetargetsurfaceto producea hot metal plasmain
the cluster source.The targetwas a pure square
metalsamplewhich movedin thex andy directions
in orderto exposea freshmetal surfaceandobtain
stable cluster production. The vaporized plasma
wastransportedn a continuoudlow of 30 mbarHe
through a 0.7mm diameterflat nozzle into the
producUonchamberth a backgroundpressuref
10~2 mbar. This chamberwas pumpedby a turbo
moIecuIarPump with an effective pumpingspeed
of 6001 s~ at this pressureThe clusterbeamthen
passedthrough a 1 mm diameter skimmer to a

© 1998JohnWiley & Sons,Ltd.

differentially pumpedegionkeptat 10> mbarby a
turbo moIecuIar[l)umpwith the effective pumping
speedof 1501 s™~. Finally, the clustersenteredthe
detectlomhamberthroughasecondz mm dlameter
skimmer.This chambemaspumpedby a500I s*
turbo molecularpumpandoperatechta pressuref
10~ " mbar. The detectionchamberwas equipped
with a linear time-of-flight mass spectrometer
(TOFMS), a quartzbalance(MaxTechlInc.) anda
depositionunit. The quartz balancewas usedto
measurethe absoluteamount of clustersin the
beam.Thetotal massof thelayerandthedeposition
rate were determined.The quartz balance was
locatedjustin front of the TOFMSandthe position
of the unit could be manipulatedrom outsidethe
vacuumsystemThe set-upwasconstructedgothat
a sectionfor size selectionof clusterscould be
installed after the secondskimmerand beforethe
TOF section.

Appl. OrganometalChem.12, 479-484(1998)



MAGNETIC PROPERTIESOF DEPOSITEDIRON CLUSTERS

481

Feyas

intensity { arh. units)

T 1 I
500 2500 5000

1.0 1.5

T I T 1 T
7500 10000 12500 15000 17500 20000 4@mu

20 dinm)

Figure 2 Massspectrarepresentig the sizedistributionfor freeiron clustersin thebeam.The meansizeis Fe,»5s with a diameter

d=1.4nm.

In the presenset-upthe neutralclusterbeamwas
photo-ionizedn a staticelectricfield with the light
from an ArF laser. The charged clusters were
accelerategherpendicularlyo theneutralbeamand
directedonto the micro channeldetectorthrougha
pair of deflectingplatesand an einzel lens. The
massspectravererecordedn adigital oscilloscope
(LeCroy9400),storedandanalyzedn a computer.
A time-of-flight spectrumwasrecordedseeFig. 2.
A Nd:YAG laser (1 =355nm) and the repetition
frequencyusedfor vaporizationwas 10Hz. The
massspectrunshowsabroadsizedistribution,with
a center peak near Fe»5, The beam of clusters
containssizesfrom a few atomsup to abouta few
hundred. The diametersof the free clustersare
approximately0.5-2nm.

The depositionsare performedat roomtempera-
tureon severalifferentsubstratesrThin 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 the TOFMS. As
canbeseenin Fig. 1, the quartzbalancecannotbe
usedto measureghedepositiorrateatthesametime
asa depositionis beingcarriedout. Therefore the
guartz balanceis usedto measurethe deposition
rate before and after each deposition, and the

© 1998JohnWiley & Sons,Ltd.

thickness of the film is determined from the
depositiontime.

Film layerswith thicknessedérom 10 to 200nm
arefabricatedin the productionchamberwe have
observed that films thicker than 200nm are
cracked,probablybecauseof stressesn the films
produced.)The first skimmercan be removedand
replacedby a substrateholder. The substrateis
located40 mm from the clustersourcenozzleand
the diameterof the depositionspotis about5 mm.
A wide beamis advantageouis this particularcase
becauseit makesit possible to cover a large
substrateThe TOFMS andthe quartzbalancecan
only be usedindirectly whenthesedepositionsare
performed.

In this study, we neededto producefilms 50—
100nmthick in orderto obtainaccuratanagnetiza-
tion measurementsTherefore,the sampleswere
fabricatedn theproductionchamberlUsinganArF
excimerlaseras vaporizationlaser minimized the
deposition time. This was our fastest available
laser,with arepetitionfrequencyof upto 90 Hz. At
a repetitionfrequencyof 90 Hz the depositionrate
wasestimatedo be3.7 A s™* for theiron clustersin
the productionchamber(Fig. 1). It took approxi-
mately 5 min to producethe layer 120nm thick.

The size distribution for ArF-producedclusters

Appl. OrganometalChem.12, 479-484(1998)
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Figure 3 TEM imagesof Fe clustersasdepositedbn a laceycarbonfilm with increasingayer thickness showingthe sequential
growth of a nanoporousfilm: (a) dispersedclusters (layer thickness0.5nm); (b) clustersand cluster aggregateg5 nm); (c)

nanoporoudilm (50nm).

hasnotbeenmeasuredhere butwe expectasimilar
size distribution as for clustersproducedwith an
Nd:YAG laser.

It is known that small clusterscan aggregateo
largerparticleson a substrateln this case the size
distribution on the substrates different from that
observedn the time-of-flight spectrometerywhich
will give different nanostructuresthan those
expectedrom the massspectraTheseaggregation

© 1998JohnWiley & Sons,Ltd.

effectshavebeenstudiedby transmissiorelectron
microscope(TEM). Iron clusterswith layer thick-
nesse®f approx.0.5,5 and50 nm weredeposited
on carbonfilms on coppergrids. The three TEM
pictures(Figs 3a, 3b and 3c) showthe sequential
growthof ananoporousdilm. Figure3(a)showsthe
particles producedfrom the cluster source.The
smallestclustersizesare not visible herebecause
the carbon film is too rough. There are larger

Appl. OrganometalChem.12, 479-484(1998)
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particlesof upto 5 nmdiametempresenbnthefilm

which could be explainedas cluster colloids or
directly evaporated products from the source.
Figure 3(b) showslarger particlesthan Fig. 3(a),
which illustrates that particles have probably
aggregatedA broad size distribution from a few
nanometersipto 10 nmis observedindthe particle
surfacesshow facets.In Fig. 3(c) the layer is not
uniform andthe resultis a nanoporoudilm.

Sample preparation

In orderto studythe variationof the magnetization
over the sample area and the stability of the
material over time, one sample with diameter
10mm wasdepositedon a microscopecoverglass.
Two other sampleswith diameter 3mm were
preparedand depositedon micro slides;sampleA
with a total mass5.8ug of clustersand sampleB
with 2.6 ug. This correspondso bulk iron films of
thickness117 and 58 nm, respectively.The mag-
netic propertiesof thesesampleswere measured
immediatelyafter preparation.

Magnetic measurements

The magneticmeasurementaere performedwith
an alternatinggradientmagnetometefrom Prince-
ton Measurementorporation. Hysteresisloops
weremeasuredn thefield range+ 2 T attempera-
tures between 10 and 295K. The measured
magneticmomentwas correctedfor the diamag-
netic backgrounddue to the substrateand the
sampleholder. The final resultswere obtainedas
magneticnomentper unit of massM, by dividing
this correctedvalueby the massof the sample The
films were also characterized by Mdssbauer
spectroscopy.

RESULTS AND DISCUSSION

The magnetizatiorsaturatedn fields aboveabout
0.5T for all thesamplesThe saturatiormagnetiza-
tion, Mg, wasdeterminedrom the value measured
at 1 T. The coercivefield, B¢, andthe remanence,
M,, were determinedfrom hysteresisloops per-
formedin therange+ 0.5T. Figure4 showstwo of
the hysteresicurvesmeasuredor sampleA at 30
and 295K. The shapeof the hysteresidoopswas
observedo changeslowly with time; Mg decreased
by about 15% after one week in the ambient
atmosphereand M, also decreasedwhile Bc

© 1998JohnWiley & Sons,Ltd.
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Figure 4 Normalized hysteresisloops at 295 and 30K of
sampleA. My is the magnetizatiorat 0.5T.

increasedSimilar behaviorhasbeenobservedin
otherFe particles® the effect may be explainedby
partial oxidation of the sample. The hysteresis
curvesof sampledakenfrom different partsof the
10mm cluster samplebecameoverlappingwhen
they were normalizedto their saturationvalues.
Thisimpliesthatalthoughthe samplegrowsthicker
atthe centerof the clusterbeam the distributionof
cluster sizesremainsthe same.For sampIeA the
measurementgielded Mg = 200A m? kg , practi-
cally independenof temperatureThis is the same
valueasthatof a-iron, W|th asaturatlormagnetlza—
tion of about 210Am kg The Mg value of
sampleB was172A m?kg * whlch is reduceoby
20%with respecto theexpected/aluefor particles
of «-Fe. This could possibly be explainedby the
fact that the particlesin a thinner film are more
easilyoxidized. The shapeof the hysteresisurves
wasobservedo dependon the measuringime and
thetemperatureThecoercivityfield increasedrom
Bc=7.0mT at 295K to 91.9mT at 30K The
remanencemcreasedfrom M, =44A m?kg*
295K to 148A m*kg ! at 3OK The temperature
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Figure 5 Coercive field B, (solid line) and normalized
remanenceéMl,/M, (brokenline) versustemperatureof sample
A. Mg is the magnetizatiorat 0.5T.

dependenceof Bc and M, for sampleA in the
temperaturegangelOto 295K canbeseenin Fig. 5.
The observedncreaseof B¢ and M, with decreas-
ing temperaturds typical for mono-domainmag-
netic particleswherethe magneticmomentsof the
particles become thermally blocked below a
specific temperature,depending mainly on the
volume and thus the anisotropyof the particles®
The fact that Bc and M, vary with the temperature
over the whole temperaturerange suggeststhat
theremay be a broaddistribution of clustersizes,
whichwasconfirmedby themassspectraandTEM
data. Thus, the magneticmeasurementshowthat
the samplescomprisemono-domairparticleswith
a broadsizedistribution.

A sample 100nm thick has been studied by
Mdossbauer spectroscopyat room temperature.
Although the statisticsfor this measuremenis not
sufficient, the first analysisof spectrashowsthe

typical characteristicsof fast superparamagnetic

relaxation.The sampleseemso be a-iron andno
oxidation productsare present.Depositing films
with >’Feclustersin orderto increasehesignaland
studyMdssbauespectraatlower temperaturewill

follow the presentwork. We alsoexpectto obtain
moreinformationaboutthe oxidationprocess.

© 1998JohnWiley & Sons,Ltd.

CONCLUSIONS

The depositediron clustersshow typical mono-
domain behaviorin the magnetizationmeasure-
ments and Mdssbauer spectroscopy.The size
distributionis broad,accordingto the observations
madeby TEM. Clusterswith sizesfrom 2to 10nm
arepresenwhich shouldbe comparedwith the 0.5
—2nmsizedistributionobservedy TOF spectralt
is possiblethat iron clusters coalesceto larger
particleson surfaceslt is alsoa consideratiorthat
largeraggregateareformeddirectly from thelaser
ablation and ejected onto the substrate.These
particlesaretoo heavyto be observedn the TOF
spectraThebroadsizedistributionis confirmedby
the magnetizatioomeasurementsyhereBc andM,
vary with the temperatureverthe whole tempera-
turerangemeasuredlt hasalsobeenfoundthatthe
saturation magnetization decreasesslowly with
time, probablybecausef oxidation.
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