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We report first measurements of the magnetiza-
tion reversal of monodisperse 30 nm and 50 nm
ferromagnetic Fe3O4 particles. These particles
are produced in a carrier gas as an aerosol by
spray pyrolysis. After production and size
selection, they are precipitated on a silicon chip
with a niobium SQUID (superconducting quan-
tum interference device) incorporated on its
surface. By changing a magnetic field in the
plane of the SQUID, we can measure the
magnetization reversal of the particles by the
flux they induce into the SQUID. The angular
dependence of this reversal is determined by
rotating the magnetic field around the SQUID.
Scanning electron microscope (SEM) images
have confirmed the particle size and revealed
the position of the collected particles. If the
particle concentration is too high, we cannot
detect changes in the magnetic moment of a
single particle, but measure the magnetic prop-
erties of the whole assembly. If only a few
particles are found on the SQUID loop the
angular dependence of the magnetic reversal of a
single particle can be measured; this result is
compared with a simple model of magnetization
reversal.# 1998 John Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 315–320 (1998)

Keywords: magnetization reversal; iron oxide
particles; SQUID; atomic force microscopy

Received 17 December 1997; accepted 15 January 1998

INTRODUCTION

The mechanisms of magnetization reversal in small
magnetic particles have been much discussed in
recent decades and have prompted intense research
activities, motivated in particular by applications in
magnetic recording technology. However, experi-
ments were performed, in general, on large
assemblies of particles, and the dispersion of
morphologies, compositions, orientations and se-
parations of the magnetic entities limited the
interpretation of the results. More recently, experi-
mental studies of magnetization reversal in indivi-
dual particles became possible.1–3The first reported
measurements performed on individual particles
were not consistent with simple classical models,
e.g. the model of magnetization reversal by uniform
rotation proposed by Stoner and Wohlfarth4 or the
model of thermally assisted magnetization reversal
over a simple potential barrier initially proposed by
Néel5 and Brown.6 This disagreement was attrib-
uted to the fact that real samples contain defects
which could play an important, if not dominant,
role in the physics of magnetization reversal. It was
suggested that the dynamics of reversal occurs via a
complex path in configuration space, and that a new
theoretical approach is required to provide a correct
description of thermally activated magnetization
reversal, even in single-domain ferromagnetic
particles. Recent measurements on high-quality
particles can be well explained with the Ne´el–
Brown model.7 At very low temperatures, quantum
effects have been observed.8

To study experimentally the magnetization
reversal of 30 nm and 50 nm Fe3O4 particles, we
used a planar niobium microbridge dc SQUID
(superconducting quantum interference device) on
which these particles were collected. A very
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convenientandeasyway to producemonodisperse
magneticparticlesin thenanometersizerangeis as
an aerosol,i.e. as particlessuspendedin a carrier
gas. In our approachto producingferromagnetic
Fe3O4 particles,we used the techniquewhich is
known underthe name‘spray pyrolysis’.9 Details
of the formation processare given in the Experi-
mental section. After the size selection, the
particleswere removedfrom the gas streamand
precipitatedon a substratewith the SQUID loops.
Someof the particleswere found in the SQUID
loops,asSEMmicrographsrevealed.By measuring
the magneticflux througha SQUID loop, onecan
deducethe magnetizationreversalof the particles
collected.

In this paper,we report the first measurements
andresultsgainedby this noveltechnique.We also
discussin detail how an atomic force microscope
(AFM)10 can be usedas a tool to manipulatethe
position of collectedparticlesand why this may
havethe potential to improve future experimental
results.

EXPERIMENTAL

To producenanometer-sizeparticles,we usedthe
spraypyrolysis techniqueFig. 1 showsthe set-up
for particleproduction,sizeselectionandprecipita-
tion. To produceiron oxide particles,we started
with a precursorsolutionof 2.1g (Fe(NO3)3)�9H20
(Aldrich ChemicalCo.,purity> 99.99%)in 1 litre
of ultrapure water. As the size of the particles
produceddependson themassconcentrationof the
iron nitrate,this concentrationwaschosento cover
the size rangeof interestto us. The solution was
sprayedin the form of dropletsinto thegasstream
by aconstantoutputatomizer(TSI 3076;TSI Inc.).
The dropletswere about 800nm in character.A

93%N2–7%H2 mixturewasusedasthecarriergas
at a flow rateof about3 l/min at roomtemperature.
The gas picked up the droplets and transported
them in a mullite tube (i.d. 8 cm) throughthe hot
flow reactor.The reactorwasa three-zonefurnace
(Lindberg 55666) with a heatedlength of about
90cm.Thereactiontemperaturein thefurnacewas
about 850°C. Under these reaction conditions,
magnetiteparticles(Fe3O4) will mostprobablybe
formed9. After leaving the reaction tube, the
particleswerediluted by a factor of about1:10 to
avoid further collisionsandwatercondensation.

The iron oxide particlesproducedin this way
werenot uniform in sizebut showeda log-normal
sizespectrum.To measurethesizedistributionand
to extract a desiredsize out of the spectrum,a
system diffusion charger – differential mobility
analyser(DMA) – condensationnucleuscounter
(CNC) wasused.The diffusion chargeris a metal
tube in which a radioactivesourceis placed.The
radiation producenegativeand positive gas ions,
which randomly diffuse onto the surfaceof the
particles. This leads to a well-known charge
distribution11 in which fractionsof positively and
negatively charged particles as well as neutral
particles are present.For particles smaller than
100nm, theprobabilityof multiple chargingis less
than 10%. These particles entered the DMA,12

which was usedfor size selection.A DMA is a
cylindrical condenser,which the particlesentered
in a laminarflow throughan entranceslit closeto
the outer electrode.A negativevoltageappliedat
the inner electrode forced positively charged
aerosolparticlesinto motionperpendicularto their
initial flow direction, i.e. towards the centre
electrode.In the centreelectrodeis a small exit
slit. Particleshavingtheright electricmobility at a
given voltagesettingwill leavethe DMA through
thisslit. Thisselectionof particlesof agivencharge
is affectedonly by their particle size and not by
particledensity.Therefore,theparticlesleavingthe
DMA throughthe exit slit will be of onesizewith
somebroadeningdueto diffusion andthe sizesof
the entrance and exit slits. The monodisperse
particle concentrationwas then measuredby the
CNC(TSI 3027;TSI Inc.),whichdetectsindividual
particlesby optical means.By changingthe DMA
voltageovera certainrange,we couldmeasureon-
line the size distribution of the particles.Typical
sizespectracanbe found in Ref. 9.

To precipitate monodisperseparticles on a
substrate,theDMA voltagesettingwaskeptfixed.
The particles leaving the slit were monodisperse
andpositivelycharged.Theyflowedby thecollect-

Figure 1 Experimentalset-up for particle production,size
selectionandprecipitation.
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ing unit, which consistsof two electrodesfacing
each other. The substratewas mounted on the
negativeelectrode.The positive aerosolparticles
were forced towards the negative electrodeand
some were precipitated on the substrate.The
numberof particlesremovedfrom the gas in the
electrostaticprecipitator(ESP)was monitoredby
the CNC by measuringparticleconcentrationwith
andwithout the appliedfield. The substratewasa
siliconchiponwhichaplanarniobiummicrobridge
dc SQUID was implemented.The SQUID was
produced by electron beam lithography (JEOL
5DIIU e-beamwriter) 1–2mm in diameter.After
exposureof theparticle,thesubstratewasremoved
from thecollectorandtransferredto themagnetiza-
tion measurementsystem.

The SQUID detectedthe flux through its loop
producedby magnetizationof the sample. Our
methodconsistsof measuringthecritical currentof
the SQUID loop. As this is a periodic function of
the flux going through the SQUID loop, one can
easilydeducethe flux changein the SQUID loop.
Forhysteresisloopmeasurements,theexternalfield
is applied in the plane of the SQUID; thus the
SQUID is only sensitiveto theflux inducedby the
strayfield of thesample’smagnetization.Dueto the
close proximity betweensampleand SQUID, we
hada very efficientanddirectflux coupling.In this
configuration, we could detect magnetization
reversals corresponding to 104 magnetic mo-
ments13. We applied the micro-SQUID technique
to study the magnetizationreversalof individual
nanoparticles.Only in thecasewhenananoparticle
fell on the wire of the SQUID loop was the flux

couplingbetweenSQUID loop andparticlestrong
enoughto bedetected.

After the magnetization measurements, we
finally determinedthepositionof thenanoparticles
with a scanningelectronmicroscope(SEM; Leo
DSM 982 Gemini) equippedwith a field emission
gun,andrecheckedtheir size.

RESULTS

We reportfirst experimentalresultsof magnetiza-
tion measurementsof size-selected30nm and
50nm Fe3O4 aerosol particles depositedon the
wire of the SQUID loop. To study the domain
structureand the reversalmodeof the nanoparti-
cles,thestrengthof themagneticfield wassweptin
the planeof the SQUID. The measurementswere
performedat a temperatureT = 0.1K. To obtain
resultsfor theangulardependenceof thehysteresis
loop, theseexperimentswererepeatedfor different
anglesbetweentheSQUID andthemagneticfield.
The anglearbitrarily chosenin the directionalong
the hardaxis of magnetizationwas90°. At certain
field strengths,we measureddiscontinuousflux
changes corresponding to the flipping of the
particle’s magnetization(Fig. 2). The correspond-
ing field value is called the ‘switching field’. This
switching was in all casesfaster than 100ms, the
time between two measurementsof the flux.

Figure 2 Hysteresiscurvefor 30nmparticlescollectedonthe
SQUID.Φ is theflux inducedby themagneticparticles;m0H is
the externalmagneticfield; Φ0 is theflux quantum.

Figure 3 Angular dependenceof the switching field for a
30nmparticle.Thepoints(*) representtheexperimentaldata;
the line showsthe calculationbasedon the Stoner–Wohlfahrt
model.
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Sometimes,during one sweepwe could observe
severalswitchingfields, indicating that more than
one particle contributed to the change in flux.
However,thereis only one particle which caused
the largest change.This signal was followed by
rotating the field direction around the SQUID;
hencethe angulardependenceof magnetizationof
this particlecould be measured(Fig. 3). However,
astherewasmorethanoneparticleon theSQUID,
we did not know which particle was being
measured.SEM images taken from the SQUID
areshownin Figs4(a)and4(b). Theyconfirmthat
severalparticles were collected on the loop and
attachedaround it. We comparedour result of

angular dependenceof magnetizationwith the
simplestmodel of magnetizationreversal:i.e. the
model of uniform rotation of magnetizationas
proposed by Stoner and Wohlfarth4 (see the
continuouscurve in Fig. 3). The basichypothesis
of theuniformrotationmodelis thatthemagnetiza-
tion of theparticleshasa constantmodulusandthe
anisotropy energy dependsonly on the angle
betweenthe magnetizationof the particlesand its
easyaxisof magnetization.Thisassumptionis only
approximatelyvalid. The main deviationis dueto
the fact that the easyaxis of magnetizationof the
particledid not lie in theSQUID plane,which can
be seen by the rounding of the curve near 0°.

Figure 4 SEMimageswith differentmagnificationsof theSQUIDon
which the magnetic measurementsfor the 30nm particles were
performed.
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Furthermore,the asymmetrymay be due to the
misalignmentbetweenshapeanisotropyand crys-
talline anisotropy.

Figure 5 showsa hysteresiscurve taken from
size-selected50nm particles.It showsmany very
closestepsandno signalsfrom individual particles
canbe resolved.Figure6 is theSEM imageof the
correspondingSQUID.Clearly, too manyparticles
are gatheredaroundthe SQUID, so that many of
them may contributeto the magneticsignal. The
high particle density next to the SQUID may be
explainedby thestrengthof theelectricfield,which

is highestaroundthe conductiveniobium wires. If
thesamplingvoltagewastoohigh,theelectricfield
forced the chargedparticles towards the wires.
Also, some of the particles may be pushed
accidentallyby the AFM towardsthe SQUID. In
these cases,we did not measuremagnetization
reversalsof singleparticlesbut of particle assem-
blies.

Ourmeasurementis sufficientlysensitiveto track
the magnetizationreversal of a single magnetic
particle and follow its angulardependence.How-
ever, other particles collected on the loop may
interfereto thissignalandif particlecoverageis too
high, the information from individual particle
magnetizationis lost.

To increasefurther the sensitivity in order to
measurethe magnetizationof individual particles,
we are planningto improve our techniquein two
ways:

(1) To avoid collectionof particlesmainly around
the wire becauseof the electric field, the
particle will be collected by impaction. The
particlesin thegasstreamwill beguidedathigh
velocity through a nozzle below which the
silicon chip is mounted.Someof the particles
will not follow thegasstreamandwill impinge
on the chip. This shouldleadto a moreevenly
distributed coverageof particles on the sub-
strate,asan electric field doesnot affect their
position.

(2) In futuremeasurements,wewill useanAFM to

Figure 5 Hysteresiscurve for 50nm particles.The curve is
composedof many small steps stemming from individual
particles.As theparticleconcentrationaroundtheSQUIDis too
high,nomagneticsignalcanbeobtainedfrom asingleparticle.

Figure 6 SEM micrograph of the SQUID on which the 50nm
particleswerecollectedconfirmsthe high particle concentrationnear
theSQUID.
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moveparticlesoverthesiliconsurface.It is well
known14 thatthetip of themicroscopecanpush
particles over a smooth substrate.This is
sometimesan undesirablephenomenonas it
maycomplicatethe imagingof particles,but it
canbe usedto positionparticlesin designated
spots on the surface.15 For further study of
individual particles,we developeda technique
to moveparticlesontheloopof theSQUIDin a
controlled way. First, the AFM sensesthe
surfaceand locatesthe particles.After finding
their position, the AFM tip is broughtbehind
the desiredparticle, the tip–surfacedistanceis
decreasedand the particle is pushedto the
desired spot. Subsequently,the tip–surface
distanceis increasedagainand the particle is
released.Recentexperimentsshowedthat we
wereableto moveparticlesin a controlledway
with particle sizes down to 10nm (AFM:
Autoprobe CP, Park Scientific Instruments).
This techniquecouldalsobeusedif theSQUID
wasexposedto too manyparticles.In this case,
theAFM cancleantheareafrom theunwanted
particlesandleavesingleparticleson the loop.
In addition to the potential to position the
particles,the AFM can be usedto image the
surfaceand to support the SEM imageswith
three-dimensionalmaps.

SUMMARY

In this paper,we havepresenteda novel technique
to produce size-selectedmagnetic nanoparticles
and to measuretheir magnetic reversal. Fe3O4
particleswere producedin an H2–N2 mixture by
spray pyrolysis. After size selection, they were
precipitated on a silicon substrateon which a
niobium SQUID was imbeddedby electron-beam
lithography. The magnetic reversal of particles
collectedon the SQUID wasmeasuredby the flux
they induced into the SQUID by switching the
directionof an externalmagneticfield. At particle
concentrationsthatwerenot too high, thesignalof
individual particles could be followed and the
angulardependenceof magnetizationreversalwas
measuredandcomparedwith theStoner–Wohlfahrt
model, a simple model of magnetization. At
particle concentrationsthat were too high, the
magneticpropertiesof individual particles could
not be resolvedbut the magneticreversalof the

monodisperseassemblewas measured.We have
discussedthe future useof a new collection tech-
niquewhich shouldhelp to distributethe particles
moreevenlyon thesubstrate,andanAFM asa tool
to manipulatethe positionsof the particleson the
substrate.In future experiments,we will system-
atically selectparticlesizesovera wide sizerange
and,asvariousparticlespeciescanbeproducedby
an aerosolroutine,we will extendour researchto
measurethe magneticpropertiesof particlesfrom
different materials.
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