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The magnetic properties of a-Fe,O3 nanoparti-
cles of different shapes (spherical, rhombohe-
dral and acicular), prepared as powders by a
chemical route, have been investigated. The
particle size effect on the Morin transition
(Tm =263K in the bulk system) have been
studied by analyzing the temperature depen-
dence of the zero-field-cooled (ZFC) and field-
cooled (FC) magnetization. For spherical (aver-
age diameter between 10 and 50nm) and
rhombohedral (edge between 30 and 350 nm)
particles, the Morin temperature was found to
decrease with decreasing particle size and
increasing magnetic field. On the other hand,
acicular particles (major axis between 300 and
700 nm, minor axis between 70 and 100 nm) do
not show the Morin transition, unless annealed.
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INTRODUCTION

Materials present different electrical, magnetic,
electro-optical and chemical properties when re-
duced to sizes in the nanometer range. This is due to
the so-called ‘size effect’, i.e. the change in
physical properties when the size becomes compar-
able with some characteristic microscopic physical
lengths, giving rise to quantum phenomena for very
small dimensions.

The magnetic properties of antiferromagnetic
nanoparticles have been receiving renewed atten-
tion in the last few years because of their potential
for exhibiting magnetization reversal by quantum
tunneling? Moreover, some questions remain open
some about their magnetic behavior, théeNe
theory never having been carefully verified. The
net moment of an antiferromagnetic particle,
resulting from the non-exact compensation of the
two magnetic sublattices, is very sensitive to the
particle size and lattice strain and defects. In
antiferromagnetic crystalline (rhombohedrad}
Fe,0s, (Néel temperatureTy = 960 K** a mag-
netic phase transition occursB§ = 263 K, known
as the Morin temperaturecharacterized by a re-
orientation of the magnetization of the two spin
sublattices from parallel to perpendicular to the
[111] axis. Due to the anisotropic superexchange
interaction®’ spins are slightly (approx.°}y canted
out of the basal plane, giving rise to a weak
ferromagnetic stat®.

In nanopatrticles, particle size, lattice strain and
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number:

temperature Ty,. So far, this effect has been
investigated mainly in spherical particl&s: In
this context, we have investigated the effect of size
on the Morin transition ofu-Fe,Os particles, by
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Figure 1 TEM micrographof aciculara-Fe,O; nanoparticles
asprepared.

studying the magneticpropertiesof fine powders
consistingof rhombohedrandacicularparticles.

EXPERIMENTAL

Rhombohedrahndacicularparticleswereprepared
by reaction of FeCk with HCI and NaH,PQ,,
respectlvelyiln H,O at 100°C as reported in
literature? By reaction of mlxtures ranging
from 5 X 103m FeCk and 103m HCI to
3x 10 2%m FeCk and5 x 10~3m HCI for 24h in
waterat 100°C, rhombohedraparticleswith edges
varying between30 and 350nm were obtained.
Acicular particleswith a major axis of ca. 90nm
anda minor axis of ca. 25nm, anda major axis of
500nm ca. and a minor axis of ca. 90nm were
separatedafter reaction of 10 ?Mm Fer and
2.6x 107*m NaH2P04, and 2x 107?m FeCk
and 3.8 x 10 %M NaH,PQy, respectively,in boil-
ing water for three days. The precipitate was
ultracentrifugedand washed several times with
water. The powder was then dried overnight at

© 1998JohnWiley & Sons,Ltd.

50°C. The thermal treatmentwas performed by

heating the sampleat a rate of 3°C min~* to

500°C for 24h andsubsequentooling at a rateof
1°Cmin~* to roomtemperature.

Spherical particles with an average diameter
varying betweenl10 and 50 nm were preparedby
dissociatiorof iron acetylacetonatandsubsequent
thermaltreatmentat 450°C. The sizeandshapeof
the particles were determined by transmission
electron microscopy (TEM) measurementger-
formed by a a JEOL 4000 FX, equippedwith an
ultrathin window (UTW) X-ray detector and
operatedat 400kV. The magneticpropertieswere
investigatedby meansof a commercial super-
conductingquantuminterferencedevice (SQUID)
(Hmax=5.5T; 4.2K < T < 300K) for low-field
susceptibility and Mdossbauer spectroscopy
measurements.

RESULTS AND DISCUSSION

Figuresl and2 showTEM micrographdor the as-

FACER S—
3193 400.0KV  XG0K 188na ==

Figure 2 TEM micrographof aciculara-Fe,Os nanopatrticles
after annealingat 500°C for 24 h.
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Figure 3 ZFC susceptibilityversustempeaturefor a sample
consisting of acicular particles with a major axis of

350+ 50nm and a minor axis of 85+ 5nm, beforeand after
thermaltreatment.

preparedand annealedsamples respectively. The
samplesonsistedf acicularparticleswith amajor
axis of 350+50nm and a minor axis of
85+ 15nm. TEM diffraction experimentsshow
the samepatternboth beforeandafter the thermal
treatment. In particular, each particle produced
single-crystal-likediffraction pattern.The structur-
al differencesinducedby thermaltreatmentwere
thereforenot relatedto any changein the crystal-
lographic structure. Low-resolution, out-of-focus
TEM observationscapableof putting in contrast
any variation in the projected potential of the
material on the nanometeiscaleshowthat, in the
as-preparedtate,the particleswere constitutedof
small units separatedby a less denseinterlayer,
while keepingthe samecrystallographicorienta-
tion. The sizeof the unitswasof the orderof afew
nanometersAfter thermaltreatmentthe structure
appearedo be compactedprobablyby a sintering
mechanismand sphericalspotsa few nanometers
wide, randomlydistributedin the crystal,werethen
visible (Fig. 2). In the lessdenseinterlayerregion,
no spurious elements were detected by X-ray
microanalysis performed in the TEM with an
energy-dispersivesystemwhich was not able to
detect X-rays with an energy smaller than 1kV,
typically emittedby the core levels of atomswith
atomicnumbersmallerthan11. We guessthatthe
interlayerseparatinghe subunitsvasconstitutedf

© 1998JohnWiley & Sons,Ltd.
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Figure 4 FCandZFC susceptibilityversustemperaturdor a

sampleconsistingof rhombohedrabparticleswith an average
edgeof 30+ 5nm.

water, the thermaltreatmentcausedits condensa-
tion in the form of microdropsthat evaporated
leaving their imprint as sphericalempty spacesn

the particle. Thesestructuraldifferencesbetween
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Figure 5 ZFCsusceptibilityasafunctionof temperaturdor a

sample consisting of «-Fe,03 spherical particles with an
averagediameterof 10-50nm.
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Figure 6 Mossbauespectrumatroomtemperatur®f a sampleconsistingof «-Fe-O; rhombohedraparticleswith

anaveragesdgeof 30+ 5nm.

the as-preparedand annealed samples found
confirmationin their magneticbehavior (Fig. 3).
Beforethethermaltreatmentthe ZFC susceptibilty
measurectlow field (H = 1000e)wasobservedo
increasanonotonicallywith temperaturevhereasa
sharp changein the susceptibilty was observed
around160K afterthe annealingreatmentsignal-
ing the Morin transitionfrom the antiferromagntc
to the weakferromagneticstate.
Thetemperaturelependencef the ZFC andFC
susceptibility (Fig. 4) of samplesconsisting of
rhombohedralparticles (averageedge 30 + 5 nm)
givesclearevidenceof the Morin transitionfrom a
pure antiferromagnetto a weak ferromagnet
occurringat ~ 190K, and of a blocking process
revealedby a broad maximum centeredat about
60K. Ac susceptibilitymeasurementserformedat
various frequencies (10Hz < v < 10*Hz) have
shownthatthe Morin temperatureloesnot depend
on frequency,indicating that a well-definedphase
transitionoccurs.On the otherhand,the tempera-
ture of the maximum, related to the average
blocking temperature,does dependon the fre-

© 1998JohnWiley & Sons,Ltd.

gquency.Thesamekind of behaviowasobservedn
sphericalparticles (Fig. 5). A comparisonof the
resultsfor different samplesconsistingof particles
of differentaveragesizesshowsthat Ty, decreases
with decreasingize.Actually, athresholddiameter
of approximately8nm, below which the Morin
transitiondisappearsnd superparamagneticeha-
vior is observed,was found for spherical parti-
cles®t’

Moreover,the observatiorof a broadmaximum
co-existingwith the Morin transition,anda strong
increase in the irreversible susceptibility (the
differencebetweenthe FC and ZFC curves)with
decreasingemperaturereflectsthe existenceof a
broaddistribution of particles.Someparticlesare
very small, below the thresholddimensionfor the
observationof the Morin transition, and show
superparamagnetisehavior.Someother particles
arebigger,arenotsuperparamagnetiandshowthe
Morin transition. This is also supported by
Mdssbauespectraperformedat room temperature
(as reportedin Fig. 6 for rhombohedralparticles
with anaverageedgeof 30 nm), which showtheco-
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existenceof a fraction of blockedparticles(71.5%)
relaxing with 7=10"%s (22.5%) and superpara-
magneticparticles(6%).

CONCLUSIONS

The resultsshow that the magneticpropertiesof
fine a-Fe;05 particlesarestronglyaffectedby their
internal constitution. The Morin transition was
observedin rhombohedraparticlesat a tempera-
ture which decreasewith decreasingarticlesize,
whereas in acicular, well-structured particles,
constitutedby small subunitsprobably separated
by a water interlayer, the Morin transition was
observednly afterannealingj.e. afterevaporation
of water and subsequentcompacting of the
subunits.
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