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The dynamical behavior of g-Fe2O3 particles
dispersed in a polymer have been investigated by
a.c. susceptibility and Mössbauer spectroscopy
measurements. The effect of interparticle inter-
actions on the relaxation time is satisfactorily
described by a superparamagnetic model where
the dipolar energy is determined by a statistical
calculation for a disordered arrangement of
particles with volume distribution and easy axes
in random orientations. The results indicate that
the single particle anisotropy energy is mainly
determined by surface anisotropy and that the
energy barrier increases with the interaction
strength.# 1998 John Wiley & Sons, Ltd.
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Keywords: nanoparticles; magnetic suscepti-
bility; magnetic anisotropy
Received 5 January 1998; accepted 11 February 1998

1 INTRODUCTION

Magnetic nanoparticles have raised much interest
in recent years,1–3 due to the modification of their
properties with respect to the bulk materials,
induced by size confinement (e.g. quantum tunnel-
ing of the magnetization) and surface and interface
effects (e.g. improved soft and hard properties by
exchange coupling through grain boundaries).

These differences have hardly been determined
theoretically because of the difficulty of taking into
account the complexity of real systems, where
factors such as particle size and shape distribution,
detailed geometrical arrangement, type and

strength of interparticle interactions determine the
actual magnetic behavior.4,5 On the experimental
side, the complication is related to the difficulty of
making materials with a narrow size distribution,
controlled dispersion of particles and limited
aggregation.

In this paper we address these problems by
analyzing the dynamical properties of various
samples composed ofg-Fe2O3 particles embedded
in a polymer, produced by a well-established
technique6 which allows us to control the para-
meters of the particle assembly. Our findings are
obtained from the analysis of the dependence of
dynamical magnetic susceptibility on temperature
and frequency, and from Mo¨ssbauer spectra at
various temperatures. Both of these techniques
constitute a probe for the relaxation process of the
magnetic moment of the particles, covering a large
range of measuring time (10ÿ8 s for Mössbauer;
from 10ÿ4 to 50 s for a.c. susceptibility). The results
will provide evidence of the important role played
by particle surface and interparticle interactions in
determining the dynamical behavior.5,7

2 THEORY

The simplest situation to be considered is a single
isolated particle (or an assembly of identical, non-
interacting magnetic particles) with uniaxial aniso-
tropy. In this case, according to the modified Ne´el–
Brown formula, the relaxation time is given by Eqn
[1],8 whereEB is the total anisotropy energy barrier,
k the Boltzmann constant andt0 is given by Eqn
[2]. Here,V is the volume of the particle,Mnr(0) is
the non-relaxing magnetization at zero temperature,
0 is the gyromagnetic ratio for electrons, andZr is
related to the damping constantZ through
r = Zg0Mnr(0).
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Often,thevariationof t0 with temperaturecanbe

neglected with respect to the variation of the
exponential.However, this dependencehas to be
consideredwhencalculatingtheexactvaluesof the
parametersenteringthe t expression.

The measurementof the a.c. susceptibility
representsa very useful tool for investigating
dynamical propertiesof magnetic nanoparticles,
as it has the advantageof covering a large time
window with the sametechnique.The real part of
the complexsusceptibilitymay be written as Eqn
[3], extendingDebye’stheoryof electricdispersion
in dipolar fluids to the analogouscase of non-
interactingmagneticparticles:9
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Here,w0 is the high-temperaturesuperparamag-
neticsusceptibility,w1 thelow-temperatureblocked
statesusceptibility,and�sp the superparamagnetic
temperature.

After substitutionof Eqn[1] andconsideringthat
0 is, for ferromagneticor ferrimagneticmaterials,of
theorderof 10ÿ11 – 10ÿ9 s,thesusceptibilityvaries
abruptlywith temperaturefrom the blockedto the
superparamagneticstate. The transition tempera-
ture (blocking temperature,Tb) betweenthe two
regimescorrespondsto thetemperatureatwhich2p
' 1/n, wheren = !/2p, i.e.

Tb � EB

k j ln 2���0 j �4�

and corresponds,to a good approximation,to the
maximumof thesusceptibility.If theenergybarrier
is mainly determinedby volumeanisotropy(asfor
magnetocrystallineand magnetostaticanisotropy),
then

EB � KvV �5�

whereKv is the anisotropyconstant,and there is
proportionalitybetweenblocking temperatureand
volume. However,as we will show later, surface
contributionsto anisotropyareessentialto describe
theactualsituation.

When a distribution of particle volumes is
present,the susceptibilityis given by the volume-
weightedsumof the individual contributionsfrom
eachparticle:
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wherewv (T,V) is the susceptibilityof the particles
with volumeV, andf(V) is theparticledistribution
function. One expects,at a given frequency, a
temperature dependenceof the real magnetic
susceptibility,with a peak at a certain value Tm.
A typical plot is reportedin Fig. 1. A characteristic
volume in the distribution Vc = R<V2>/<V> ex-
ists, for which Tb(Vc) = Tm. The exactvalue of R
dependson the shape(mainly the width) of the
distribution. It is of the order of unity and hasa
negligiblefrequencydependence.7,9

The situation is more complicatedfor real fine
particle systems where magnetic interparticle
interactionsarepresent.A regulararrangementof
identical particleswhosemagneticmomentsfluc-
tuate with the same relaxation time does not
describethe system,since the dynamics of the
interactionsis influencedby therandomfeaturesof
the system,including the magneticmoments,the
distances,and the easy axis orientation of the

Figure 1 A.c. magneticsusceptibility(realpart)asa function
of temperature,measuredat 1 Oe andvariousfrequencies,for
sample4D IF.
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variousparticles.Actually, theinteractionfield also
fluctuates,becauseof thedistributionof relaxation
times, and the anisotropicpart of the interaction
energy,which affects the effective energybarrier
for magnetizationreversal,changesin time. These
peculiarities are considered in the model of
Dormannet al.,10 wherethe interactionenergyis
estimatedby a statistical calculation. The total
energybarrier for the magnetizationreversal,with
uniaxial anisotropy,is given by EB = EBa� EB,int,
wherethetwo termsaretheenergyfor the isolated
particleandthe interactionenergy,respectively.

In a first approximation,limited to interactions
betweenfirst neighborsand to low temperatures,
theexponentialin Eqn [1] needsthesubstitution:
exp �EB=kT� � exp �ÿn1� exp EBa� n1EB1� �=kT� �

�7�

wheren1 is the numberof first-neighborparticles
and EB1 is the contribution per neighbor to the
energybarrier due to the interactions.For dipole
interactions, at zero temperature, EB1(0) =
Mnr

2(0)Va1, wherea1 = V/d3 is the filling factor, d
beingthecenter-to-centerinterparticledistance.

The result is that an Arrhenius-likelaw for the
relaxation time is still maintained but with a
decreasein the pre-exponentialfactor from t0 to
0 exp (ÿn1), which dependson the numberof first
neighbors,and an increaseof the energybarrier
EB.

3 SAMPLE PREPARATION

Thesampleswerepreparedusingthesamechemi-
cal method,6 which allowsusto control thesizeof
theparticlesandtheir stateof dispersionin a poly-
mer separately.Magnetiteparticleswereprepared
by making alkaline an aqueousmixture of FeCl2
andFeCl3 in a1:2molarratio.Theconditionsin the
precipitationmediumcontrol the sizeof the parti-
cles. Conversioninto g-Fe2O3 was obtainedafter
repeatedtreatmentsin acidicmedium.Ondispersal
in water,theg-Fe2O3 particlesyieldeda sol. Large
particles and agglomerateswere removed after
centrifugation.ThepH of thesolwasadjustedto 2–
2.5, yielding a stablesol with minimum aggrega-
tion. Different statesof aggregationup to floccula-
tion wereobtainedby raisingthe pH stepby step.
Thedispersionsweresolidifiedby addingasolution
of polyvinyle alcohol and drying in air. The iron
oxide/polymermassratio determinesthe volume
fraction of theparticlesin thecomposite.

Transmissionelectron microscopy (TEM) ob-
servationswereusedto determinethe particlesize
distribution and to characterize the state of
aggregation.The particlesare roughly spheroidal
or ellipsoidal. Representativesamplesconsist of
quasi-isolatedparticleswith d� 1.5D (samplesIN)
and �5D (samplesIF), where D is the average
diameterassociatedwith the meanvolume<V>,
chains(CH samples)andlargeagglomerateswhere
d is slightly larger than D becauseof adsorbed

Table 1 Samplecharacteristics

Samplea D (nm)
<V2>/<V>

(nm3) n1 d (nm)
Mnr(0)

(emucmÿ3) EBa/k (K) EB1(0)/k (K)

36A IF (C/50) 4.6 75 1.7 23 240 530 —
18A CH (C/50) 4.8 105 3.0 24 250 585 155
3D IF (C/50) 6.8 300 1.1 34 280 850 —
32A IF (C/50) 6.9 333 1.2 34 290 835 —
33A IF (C/50) 7.1 372 1.3 35 300 1050 —
33A CH (C/50) 7.1 372 2.2 9 305 1050 470
33A IN (C/1) 7.1 372 12 11 370 1050 300
33A FL (C/50) 7.1 372 12 10 370 1050 400
4D IF (C/50) 7.9 550 1.1 38 300 935 —
4D I (C/25) 7.9 550 2.3 31 300 935 38
4D I (C/5) 7.9 550 8.3 20 300 935 130
4D IN (C/1) 7.9 550 12 13 300 935 275
35A IF (C/50) 8.7 572 1.3 43 300 930 —
26A IF (C/50) 10.1 950 2.0 50 350 1550 —

Key to symbols.D, averageparticle diameter;V, particle volume; n1, numberof first neighbors;d, interparticle
distance;Mnr, non-relaxingmagnetization;EBa, energybarrierfor theparticlealone;EB1(0), contributionperneighbor
to thebarrierdueto interactions.For details,seethe text.
a I, isolated;F, far; N, near;CH, chain;FL, floc. The numberin parenthesesrefersto the nominalpolymer-to-oxide
massratio.

# 1998JohnWiley & Sons,Ltd. Appl. Organometal.Chem.12, 381–386(1998)

MAGNETIC PROPERTIESOF IRON (III) OXIDE PARTICLES 383



water (Floc samples).The sample geometrical
characteristicsandthevaluesof Mnr(0) determined
from magnetizationmeasurementsare listed in
Table1.

4 EXPERIMENTAL RESULTS

4.1 Non-interacting particle
samples (IF)

A.c. susceptibilityexperimentswereperformedasa
function of temperature(15–300K) at different
frequencies(5–10000Hz) and fields (0.1–25Oe)
with a commercial 7130 LakeShoreapparatus.
Very low-frequency susceptibility measurements
(0.02Hz) were performed using the Lissajous
pattern technique.For each w vs T curve, the
temperatureof the maximum,Tm, wasdetermined
througha polynomialfitting of thedataaroundthe
maximum.Mössbauerspectrawererecordedwith a
conventionalspectrometerand analyzedusing a
modelingprocedure.

Typical a.c.realsusceptibilitycurvesatdifferent
measuringfrequenciesareshownin Fig. 1 for the
sample 4D IF. The agreement between the
frequencydependenceof theblocking temperature
andthe Néel–Brownmodel (Eqns[1], [2]) is very
good. The fits provide values of the anisotropy
energyEB = EBa and the dampingfactor Zr.

5 The
valuesof EBa for the varioussamplesaregiven in
Table1,whereasthevaluesof Zr arecloseto 0.1for
all thesamples.

It is interesting to determine the kind of
anisotropygoverningEB. The first assumptionis
to considerthe volumeanisotropyoriginatedfrom
magnetocrystallineandmagnetostaticenergy.The
magnetocrystallineanisotropy(of cubic type) for
g-Fe2O3 is veryweak,with aconstantmuchsmaller
than 5� 104 ergcmÿ3. Therefore, the volume
anisotropy can be taken as the magnetostatic
anisotropy, with constant Kma= Mnr

2(T)� (Nxÿ
Nz)/2, where Nx and Nz are the demagnetizing
factors.An ellipticity of 0.7,assuggestedby TEM
observations,leads to jKmaj ' 105 ergcmÿ3 for
sample33A IF, with small variationsbetweenthe
samplesdueto thedifferencesin Mnr (Table1).

Figure 2 representsthe volume anisotropycon-
stantderivedfrom EB andVc for eachsample,ac-
cordingto Eqn. [5]. Obviously,volumeanisotropy
is not consistentwith theresults.This suggeststhat
the surface anisotropy plays an important role,
addingto themagnetostaticanisotropy.As thetwo
anisotropieshaveuniaxialsymmetrywith thesame
axis,we canwrite Eqn[8], whereKs is thesurface

EB � KmaVc � KSSc �8�
anisotropy constant,and Sc is the surface of a
sphericalparticlewith volumeVc = R <V2>/<V>
(characteristicdiameterfc). R wasrecalculated.In
Fig. 3, EB/Sc is plottedasa functionof theeffective
diameterf =fc(Mnr/Mnr,ref)

2, accountingfor the
small differencesin Kma due to the differencesin
Mnr with respectto the referencesample33A IF.
We deduce Ks = 0.06ergcmÿ2, in very good

Figure 3 Ratio between the energy barrier EB and the
characteristic surface Sc (see the text) for some weakly
interactingparticlesamples.

Figure 2 Volume anisotropyconstant,calculatedfrom Eqn
[5], asa functionof thevolumeof weakly interactingparticles.
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agreementwith the value deducedfrom the size
dependenceof the blocking temperatureas mea-
sured by Mössbauer spectroscopy,6 and
Kma=ÿ1.1� 105 ergcmÿ3 for sample33A IF, in
very good agreementwith the estimate,which
clearly supportsour analysis.7

4.2 Interacting particle samples

Figure 4 shows the dependenceof Tb on the
measuringtime for the33A series.Thedifferences

with respectto the IF sampleareattributedto the
presenceof interparticleinteractions.The dataare
fitted5 very well using the Néel–Brownmodel for
the t expression(Eqns [1] and [2]) and our
model3,10 for the interactioneffect. The intercept
with the ordinateis relatedto the numberof first
neighbors(12 for the IN andFloc samples,�2 for
the CH sample)and the slope is related to the
anisotropy energy, EB = EBa� n1EB1(0), which
clearly increaseswith interactions. EB1(0) (see
Table 1) increaseswith decreasinginterparticle
distance.However,it is muchlargerthanthevalue
calculatedfor dipolarinteractions.Forexample,for
sampleIN we find EB1(0) = 300K against50K for
dipolar interactions.It is worth noting that, for
isolatedparticles,Mnr(0) decreaseswith decreasing
the particle size, the effect being roughly propor-
tional to the surface.Mnr(0) also dependson the
interactions. It is smaller than the bulk value
(415emucmÿ3) by 30%in theIF andCH samples,
andonly by 10% in the IN andFloc samples.The
reductionis probablydue to magneticdisorderat
the particle surface,11 which may be lower when
interactions are present.This indicates that the
surfaceenergyvarieswith interactionsandanextra
surface-dependenttermin the interactionenergyis
expected.The model is still valid if we makethe
substitution

EB1�0� � a1M
2
nr�0�V � a1K

0
sS �9�

Thevaluesof thesurfaceadditivetermshowthat
thesurfaceanisotropyincreaseswith theinteraction
strength,5 dueto modificationsof themagneticstate
at theparticlesurface.

In Fig. 5 we reportthe resultsfor the 4D series,
consistingof the same,quasi-isolatedparticlesat
different concentrationsin the polymer matrix. A
progressive increase of the energy barrier is
observedastheconcentrationgrows,andthesame
discussionholdsasfor the33A series.12 Again, the
comparison between the experimental and the
calculatedinteractionenergyleadsto theattribution
of an importantrole to magneticmodificationsof
thesurfaceundertheeffect of the interactions.

5 CONCLUSIONS

Through the detailed analysis of the dynamical
propertiesof a numberof well-controlled disper-
sionsof g-Fe2O3 particlesin a polymer, we have
shown that the main contribution to the single

Figure 5 Dependenceof the blocking temperatureTb on the
measuringtime 1/n for sample series 4D. The solid lines
representthe resultsof thefitting (seethe text).

Figure 4 Dependenceof the blocking temperatureTb on the
measuringtime 1/n for sampleseries33A. The solid lines
representthe results of the fitting; the broken lines are the
extrapolationof the linear region(seethe text).
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particle magnetic anisotropy is due to surface
anisotropyandthatinterparticledipolarinteractions
leadto anincreasein theanisotropyenergybarrier.
Moreover,surfaceenergyalsoaffectsinterparticle
interactions,changingwith themandleadingto an
extratermwhichaddsto thedipolarinteractionone.
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