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The dynamical properties ofg-Fe2O3 particles, dispersed in a polymer, were investigated by ac susceptibility
~231022 Hz<n<104 Hz! and Mössbauer spectroscopy measurements. The variation of the average blocking
temperature as a function of the measuring time is satisfactorily described by a model which accounts for
interparticle interactions by a statistical calculation of the dipolar energy for a disordered assembly of particles
with a volume distribution and easy axes in random position.@S0163-1829~96!01618-9#

I. INTRODUCTION

The effect of magnetic interactions on the relaxation of
the magnetic moments of fine particles is still a debated
question for the following reasons. First, it is difficult to
provide satisfactory models accounting for the complexity of
actual fine particle systems and for the different factors
which interplay in determining the strength of interparticle
interactions, e.g., particle size distribution, detailed geometri-
cal arrangement~usually disordered!, and orientation of easy
axes~usually in random position!. Second, it is also difficult
to check theoretical models, because of the difficulty of re-
alizing materials with a narrow particle size distribution,
with controlled particle shape, and with controlled dispersion
of particles. It is very difficult, indeed, to avoid aggregation
completely in order to get isolated particles and to control
the interparticle distance. Actually, a rigorous verification of
the model describing the relaxation timet for noninteracting
particles has never been done and the parameters included in
the preexponential factort0 have never been precisely deter-
mined. This clearly makes it more difficult to check the va-
lidity of models accounting for interparticle interactions. Fi-
nally, in order to well characterize the dynamical behavior of
an assembly of fine magnetic particles, there is the need of
performing experiments in a large time window, using suit-
able techniques with different measuring times. This was
done in very few cases.

Néel1 provided a model describing the relaxation time of
noninteracting particles, which was later reconsidered by
Brown.2 Approximate formulas fort were derived by

Brown,2 Aharoni,3 and refined recently by Bessaiset al.4 and
by Coffeyet al.5

For a single particle of volumeV with uniaxial anisot-
ropy, according to the modified Brown’s formula,6 valid for
EB/kT.2.5, t is given by

t5t0 exp~EB /kT!, ~1!

where EB corresponds to the total energy barrier,k is
Boltzmann’s constant, andT the temperature.t0 is well ap-
proximated by6
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where um~0!u is the modulus of the nonrelaxing magnetic
moment of the particle at 0 K andMnr~0! the corresponding
magnetization withum~0!u5Mnr~0!V. g0 is the electronic gy-
romagnetic ratio, andh r is a dimensionless constant, such
thath r5hg0Mnr~0!, h being the damping constant.

Usually, the variation oft0 with temperature is neglected,
as it is small compared to the effect of the temperature
through the exponential. However, for a precise determina-
tion of the parameters governingt0, this variation has to be
taken into account. Another usual assumption is to takeh r
equal to 1, although there is no justification for this value.4

For Fe interacting particles,7 h r was estimated close to 1,
whereas for bulk materials the value is much smaller, about
0.01.4 Therefore, for fine particles, theh r value could be
smaller than 1. In addition, theh values deduced from the
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resonance linewidth of bulk samples are almost constant un-
til a certain temperature, near the Curie temperatureTC ,
above which a strong increase is observed.4 This kind of
variation is perhaps not relevant for fine particles, and a ther-
mal dependence ofh r could be observed.

The description of the interaction energy in actual fine
particle systems is complex and cannot be given assuming
static conditions, as usually done in magnetic materials. A
regular arrangement of identical particles whose moments
fluctuate with the same relaxation time cannot be considered
in a first approximation, because owing to the volume distri-
bution, the relaxation timet of the particle momentsm is
also distributed. As a matter of fact, if the interactions are
accounted for by means of a field, this also fluctuates and
then the interaction energy changes in time. Since the aniso-
tropic part of the interaction energy contributes, together
with the other anisotropy energies, to the effective barrier for
magnetization reversal, this also will change in time. In this
regard, in a previous paper7 we have proposed a model
which accounts for the effect of particle moment relaxation
on interparticle interaction energy by a statistical calculation
of the energy barrier.

In this paper, with, in particular, the aim of checking the
model on a suitable series of fine particle materials, we re-
port a detailed investigation of the dynamical properties of
g-Fe2O3 particles~dispersed in a polymer! with a controlled
aggregation state, by means of measurements covering a
large time window~ac susceptibility at various frequencies
and Mössbauer spectroscopy!.

II. EXPERIMENTAL DETAILS
AND CHARACTERIZATION

The samples were prepared by a chemical method de-
scribed elsewhere.8 The particles show various topologies:
quasi-isolated particles with a mean center-to-center distance
d between neighboring particles of about;1.5D ~samples
IN! and 5D ~samples IF!, whereD is the average diameter
associated with the mean volume^V&, chains~samples CH!,
and large agglomerates made up of entangled chains~sample
Flocs!. On average, a particle in a Floc sample has roughly
as many neighbors as in an IN sample. The spacing between
the surfaces of neighboring particles in chains is roughly
constant, of the order of 1–2 nm, and it is a few higher for
Floc sample. Then the averaged distance increases accord-
ing to the sample series CH, Floc, IN, and IF. We focus on a

series~33A! characterized by the same particle size distribu-
tion with D57.1 nm and four different states of dispersion,
and we compare the effect of chaining for different mean
particle sizes. The 33A CH~D57.1 nm!, 18A ~D54.8 nm!,
and APV6 ~D59.8 nm! samples are made up of small
chains, whereas the APV12~D59.4 nm! sample consists of
long chains with numerous branches and crossings. The
mean number of first neighbors per particle,n1 , is of the
order of 1.3–2.2 in the former case, and above 3 in the
latter.8,9 The sample characteristics deduced from electron
microscopy and magnetization measurements9 are given in
Table I.

ac susceptibility measurements were performed using a
commercial susceptometer~Lakeshore! at frequenciesn in
the range 5<n<104 Hz with an alternative fieldHac of 1 Oe.
Very-low-frequency ac susceptibility measurements at
n5231022 Hz were performed using the Lissajou pattern
technique10 with Hac53 and 11 Oe. Mo¨ssbauer spectra were
recorded in the constant-acceleration mode using a source of
57Co in rhodium.

III. RESULTS

Typical thermal variations of the Mo¨ssbauer spectra are
shown in Figs. 1~a! and 1~b! for samples 33A IF and Floc,
respectively. Typical thermal variations of the ac susceptibil-
ity xac are shown in Figs. 2~a! and 2~b! for samples 33A CH
and Floc, respectively.

We investigate the dynamics through the analysis of the
variation of the average blocking temperatureTB as a func-
tion of the measuring timetm . Forxac, we can defineTB as
the temperature corresponding to the maximum of the real
part of the susceptibility, provided that the kind of averaged
volume is determined. Using the Casimir–Du Pre model and
considering that the susceptibility of the particle assembly is
given by

x~T,V!5E
0

`

xV~T,V!Vf~V!dV YE
0

`

Vf~V!dV, ~3!

wherexV is the susceptibility of a particle with volumeV
and f (V) is the volume distribution function, we deduce that
TB has to be related to the volumeVC that maximizes the
functionF given by

TABLE I. Sample characteristics:D(60.4) is the mean diameter deduced from^V&, ^V2&/^V& is the
weighted averaged volume,Mnr~0!~610! is the nonrelaxing magnetization at 0 K,n1 is the number of first
neighbors, andl is the number of particles by chain.

Sample
D

~nm!
^V2&/^V&

~nm3!
Mnr~0!

~emu/cm3! n1 l

33A IF 7.1 372 300 0.5 1.3
33A IN 7.1 372 370 12
33A Floc 7.1 372 370 12
33A CH 7.1 372 305 2.2 10
18A 4.8 105 250 1.35 3
APV6 9.8 820 340 2.2 4.7
APV12 9.4 700 340 3–3.5 20–30
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F5F ~ u ln vt0u/VC!E
0

VC
V2f ~V!dV

2E
0

VC
V f~V!dVG YE

0

`

Vf~V!dV. ~4!

Using the experimentalV distributions, we find that the
characteristic volumeVC is equal to 1.1–1.4 times the aver-
age^V2&/^V&, depending on the cases. This result is based
on the assumption that the blocked state susceptibility is in-
dependent ofT, which leads to a pronounced asymmetrical
line shape forxac. However, this shape has never been ob-
served for fine particles, including samples with a narrow
diameter distribution.7 Then the actual averaged volume to
be related toTB is likely to be smaller thanVC . In the fol-
lowing, we take it equal tôV2&/^V&.

In analyzing Mössbauer spectroscopy results, there are
two difficulties; i.e.,tm is not defined precisely, andTB is
difficult to determine because it depends on the line shape

FIG. 1. Thermal variations of the Mo¨ssbauer spectra for~A! the
33A IF sample and~B! the 33A Floc sample.

FIG. 2. Thermal variations of ac susceptibility vs frequency for
~A! the 33A CH sample and~B! the 33A Floc sample.
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under relaxation for which, in our opinion, there is no
satisfying model so far. This determination has been dis-
cussed elsewhere.11 A reestimation oftm rather leads to
tm;1028 s. Forxacdata,x depends onvt from Casimir–Du
Pre model. Thentm51/v51/2pn. However, the usual value
of the gyromagnetic ratiog0, taken equal to'23107, is
expressed in angular frequency. By using this value in Eq.
~2!, tm must be taken equal to 1/n.

Besides, it is necessary to point out that some precautions
need to be taken in comparingTB values deduced from dif-
ferent techniques, which generally do not measure the same
property, particularly when theV distribution, and hence the
t distribution, is not narrow. In this case, the averageTB
values likely have to be related to different average volumes.
This is whyxacmeasurements at different frequencies repre-
sent a unique tool for studying dynamical properties, as they
have the advantage of covering a large time window with the
same technique, and then the averageTB values are related to
the same average volume.

The data for the various samples are shown in Fig. 3–6.
The adjustments using formulas~1! and ~2! are also repre-
sented and will be discussed below. In every case,V
([^V2&/^V&) andM (0) were fixed at the values determined,
respectively, from electron microscopy and magnetization
measurements9 and given in Table I.

A. Very weakly interacting particles, IF sample

Figure 3 shows the data for the 33A IF sample~V5372
nm3! where the interparticle interactions are very weak due
to the larged value. Forg-Fe2O3, the easy axes lie along
@110# directions and the relaxation paths are through axes
which depend on theK1 andK2 values. The energy barrier
depends on the anisotropy constantsK1 and K2 , but it is
generally much smaller thanVuK1u. As uK1u ~54.63104

erg/cm3! is very weak, the magnetostatic and~or! the surface
anisotropies are expected to dominate. These anisotropies
have uniaxial symmetry, and therefore formulas~1! and ~2!
can be applied.

From the adjustment we deduceEB/k51050 K, very little
dependent on the fixed parameters. We also obtainh r50.1.

This latter value strongly depends on the accuracy of the
volume, as in the determinationh r is proportional toV. A
small correction was made~see below the case of CH
samples! to account for the small fraction of very small
chains present in the sample.9 An excellent agreement is ob-
tained forxac data, whereas some small discrepancies occur
for the Mössbauer datum. This will be discussed below.

B. Strongly interacting particles, IN and Floc samples

Figure 4 shows the data relative to the 33A IN and Floc
samples. For anytm , TB is higher for the Floc, where the
interactions are stronger becaused is smaller. Forxac data,
the variation of 1/TB vs log10 tm is linear. The intercept of
the straight line with the log10 tm axis is almost the same for
the two samples, about217.4. This value is unphysical, if
interparticle interactions are not accounted for. The value can
be well justified by using the model7 which makes use of a
statistical calculation of the dipolar energy for a disordered
assembly of particles with a volume distribution and easy
directions in random position. This leads to an interaction
anisotropy energy with uniaxial symmetry, in agreement
with the symmetry of dipolar interactions. The energy barrier
due to this anisotropy is expressed by

EBint;Mnr
2V(

j
ajL~Mnr

2Vaj /kT!, ~5!

where L denotes the Langevin function,
aj5^V&~3 cos2 j j21)/d j

3, and j j and dj correspond to an
angle parameter of space position and to the distance of par-
ticle j with respect to an origin particle, respectively.EBint
adds to the energy barrier,EBa of the particle alone. In a first
approximation, the evaluation ofEBint can be restricted to the
first neighbors, and assuming strong interactions, i.e.,
M nr

2Va1/kT.2, we can use the approximation of the Lange-
vin function for highx values,L(x);121/x. This leads to

exp~EB /kT!;exp~2n1!exp@~EBa1n1Mnr
2Va1!/kT#,

~6!

FIG. 3. Thermal variation of the relaxation time for very weakly
interacting particles~33A IF sample!.

FIG. 4. Thermal variations of the relaxation time for strongly
interacting particles~33A IN and Floc samples!.
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where a15^V&/d3. This formula shows that the slope of
log10 t vs 1/T is increased andt0 is decreased with respect to
the case without an interaction. The factor multiplyingt0,
i.e., exp(2n1), depends only on the number of first neigh-
bors.n1 is approximately the same for the two samples, and
therefore the intercept is expected to be almost the same. For
the Floc sample with regard to IN sample,d is smaller; then
a1 is larger and the slope of log10 t vs 1/T is expected to be
larger. This is well checked by the experiments.

For the adjustment we used Eq.~5! written as

EBint;(
j
njEB jL~EBj /kT!, ~7!

wherenj is the number ofj th neighbors andEBj5M nr
2Vaj .

We assumed a regular compact arrangement of particles
in both cases. Evidently, it differs from the actual arrange-
ment, but this is justified in the model7 by the fact that an
average value for the energy barrier has to be considered.
With EBa/k51050 K fixed as obtained for 33A IF andn1
fixed at 12, the only adjustable parameters areEB15M nr

2Va1
andh r . EB1 corresponds to the effect of the interactions with
a first neighbor; it allows one to evaluate the effect for far-
ther neighbors. In fact,Mnr is temperature dependent and we
adjust (EB1)05M nr

2 (0)Va1 . EB1 was determined from
(EB1)0 andMnr(T) with Mnr(T)5Mnr~0! ~120.8531023 T!
as approximated from magnetization measurements.9 A good
agreement is obtained forxac data ~Fig. 4! with
(EB1)0/k5300 and 400 K for IN and Floc samples, respec-
tively, and h r50.6 for the two samples. As for the IF
sample, there are small discrepancies for the Mo¨ssbauer data.
We remark that in the previous application7 of the model, the
thermal variation ofMnr was neglected. As a consequence,
too large values ofn1 were obtained, explained as due to the
uncertainties in the model.

C. Chain samples

Figure 5 shows the results for the 33A CH sample.xac
data yield a straight line. The intercept with the log10 t axis

is equal to211.7, intermediate between the values for the IF
~;210! and IN-Floc ~;217.4! samples. This is consistent
with the model predicting in first approximation@Eq. ~6!# a
dependence of such an intercept on the mean number of first
neighbors per particlen1 , equal for this sample to 2.2, as
determined by electron microscopy.9 A good adjustment is
obtained with Eqs.~1!, ~2!, and ~7! and EBa/k51050 K,
leading to (EB1)0/k5470 K andh r50.2.

Figure 5 also showsxac data for the 18A~V5105 nm3!
and APV6 ~V5820 nm3! samples. Data for the APV12
sample~V5700 nm3! are given in Fig. 6 for the sake of
clarity. The particles in the 18A and APV samples are sig-
nificantly smaller and larger, respectively, than in the 33A
series~Table I!. The 18A and APV6 samples are made up of
small chains with a mean number of first neighbors per par-
ticle equal ton151.4 and 2.2, respectively~Table I!. On the
other hand,n1 is above 3 in the APV12 sample, due to nu-
merous small branches and crossings in the chain. For every
sample, the data yield a straight line. The intercept with the
log10 t axis is211.760.1 for 18A and APV6, like for 33A
CH, while it is 212.5 for APV12. In view of the sample
characteristics, this clearly shows that the variation of the
intercept is governed by the number of first neighbors, inde-
pendently of the particle size. The slope for APV12 is larger
than for APV6, in agreement with growing interactions due
to the larger number of first neighbors. The data for the three
samples can also be well fitted using Eqs.~1!, ~2!, and ~7!,
but the determination of the parameters~Table II! remains
ambiguous because the corresponding samples with quasi-
isolated particles are not available, preventing an indepen-
dent determination ofEBa . Nevertheless, the results clearly
show thatxacmeasurements are very sensitive to the particle
aggregation and strongly support the interaction model.7

IV. DISCUSSION

The parameters deduced for all samples are reported in
Table II. For the 33A series, for the particle alone, the energy
barrier by volume unit is equal toKV53.93105 erg/cm3.

FIG. 5. Thermal variations of the relaxation time for small
chains of strongly interacting particles~33A CH, 18A, and APV6
samples!.

FIG. 6. Thermal variations of the relaxation time for chains of
strongly interacting particles. The APV6 sample is made of small
chains and the APV12 sample of long chains with numerous cross-
ings.
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This is an order of magnitude higher than for the magneto-
crystalline anisotropy, and it is also too high to result from
the magnetostatic anisotropy. From electron microscopy
measurements, an averaged ellipticity of 0.7 was evaluated,
which leads toKm51.13105 erg/cm3 for the magnetostatic
anisotropy. This implies that the dominant contribution to the
energy barrier should come from the surface anisotropy.12

By assuming that the magnetostatic and the surface energies
add, we deduceKS50.042 erg/cm2 for the surface anisot-
ropy. In obtaining this value, we have considered the particle
surface related tôV2&/^V&, because we found thatTB has to
be related to this surface value from Eq.~4! adapted to the
case of surface anisotropy.KS can also be calculated for the
APV and 18A samples, and an increase ofKS when the
averaged surface decreases is observed. However, the uncer-
tainties inEB for these samples do not allow one to defini-
tively state this trend. Measurements on other samples show-
ing different average volumes are in progress.

In the model, the contribution of the interactions to the
energy barrier for the first neighbors is (EB1)05M nr

2 (0)Va1 .
Considering thea1 and V values, generally known with a
good accuracy, the nonrelaxing magnetizationMnr~0! de-
duced from magnetization measurements9 is too low to ac-
count for the obtained values of the interaction part. For the
IN samples, the actual value ofM nr

2 (0)Va1/k is equal to 50
K, to be compared to 300 K~Table II!. On the other hand,
Mnr~0! ~Table I! decreases with particle diameter. The de-
crease is roughly proportional to the particle surface. For the
IF and CH samples, where the interactions are weak, the
decrease is strong, whereas for the Floc and IN samples, this
decrease is much less pronounced.9 The reduction ofMnr~0!
with respect to the bulk value~;415 emu/cm3! reaches 30%
in IF and CH samples, whereas it is only 10% in IN and Floc
samples. The reduction should be due to magnetic disorders
occurring at the particle surface. This seems to be lower in
the presence of interactions. In this case, we can assume that
the surface energy varies with the interactions, owing to the
modifications of the magnetic state at the particle surface.
This leads to an extra term for the interaction energy. Be-
sides, superexchange interactions could also occur via the
water molecules at the particle surface and the polymer. All
these energies fluctuate. The model is still valid withEB1

5Mnr
2 (0)Va11KS8Va1 , where the second term corresponds

to the surface contribution mentioned above. This term has

been kept in the same form as the dipolar term, although it is
not certain that the proportionality toV ~the surface should
be more likely! anda1 ([^V&/d3) remains valid. Any way,
the experimental variation of 1/TB vs log10 tm excludes that
the interaction-induced surface contribution is temperature
independent and just adds toEBa .

If we assume that the interaction-induced surface contri-
bution depends ond3, we can deduced~Floc!/d~IN!50.91
andd~CH!/d~IN!50.86 from the corresponding (EB1)0 ratio.
The distance values correspond to average values, as a con-
sequence of the model which replaces the actual disordered
arrangement by a compact regular arrangement for the cal-
culation of EBint . In this case d~IN! is known as
^V&/d5CV/& whereCV is the particle packing fraction. So
d~IN!511 nm and we deduced~Floc!510 nm andd~CH!
59.4 nm. These values are very reasonable and in agreement
with the topologies of the samples. For CH samples, this
leads to a spacing between the particles equal to 2.4 nm,
somewhat larger than the estimation from electron micros-
copy ~1–2 nm!, but still of a good order of magnitude.

As far as the reduced damping constanth r is concerned,
when the interactions are strong, we findh r;1, which is the
value usually taken, although not well justified. For nonin-
teracting particles, we find a much smaller value, around 0.1,
which is between 1 and the bulk value. For weakly interact-
ing particles,h r is slightly higher than for noninteracting
ones. It is difficult to make a comparison with other data
since, at present, there is none available for noninteracting
particles. For explaining theh r variation, it is important to
point out that Brown’s model,2 which uses a Gilbert equa-
tion, mixes microscopic~g0,h! and macroscopic~m! param-
eters. This is valid under the hypothesis of rigidly coupled
spins with the same magnetic moment. Such a hypothesis is
certainly not exact owing to magnetic disorders at the par-
ticle surface. Then an increase of the viscosity with respect
to a bulk sample can be expected owing to the rearrange-
ment, during the rotation process, of spin directions at the
surface. This implies an increase ofh. When the interactions
act, the magnetic disorders at the surface seem to decrease,
as suggested by magnetic measurements. However, it is not
sure that this results in an appreciable decrease of the viscos-
ity as spin rearrangements in surface always occur. On the
other hand, the interactions introduce additional irregularities
in the volume owing to their variation in space, which should
determine an increase of the viscosity. This could explain the
observed increase ofh r with the interactions.

Mössbauer data~33A samples! show small discrepancies
with respect to the calculated curves~Figs. 3 and 4!. The
calculatedTB value is slightly higher than the experimental
values for IN and Floc samples. However, the shifts are
within the accuracy limits. For the IF sample, which repre-
sents the simplest case, where the interactions are negligible
and, hence, formulas~1! and ~2! are directly applicable, the
calculatedTB value is smaller, but the deviation is larger. In
fact, it is always difficult to compare theTB values obtained
with techniques which do not measure the same phenomena.
One difficulty comes from the complexity of the actual an-
isotropy. For instance, if the anisotropy energy is roughly
uniaxial with some small additional minima,xac measure-
ments will not be sensitive to such minima, but Mo¨ssbauer
spectroscopy will be. Another difficulty arises from the ex-

TABLE II. Sample parameters:EBa/k ~620! is the energy bar-
rier for particles without interactions, (EB1)0/k ~620! is the contri-
bution by neighbor to the barrier due to interactions,h r

~log10h r60.2! is the reduced damping constant, andd ~60.2! is
the distance between neighboring particles.

Sample
EBa/k
~K!

(EB1)0/k
~K! h r

d
~nm!

33A IF 1050 0.1 35.0
33A IN 1050 300 0.6 11.0
33A Floc 1050 400 0.6 10.0
33A CH 1050 470 0.2 9.4
18A 585 155 0.2
APV6 1350 670 0.2
APV12 1150 670 0.2
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istence of a volume distribution. Forxac experiments at vari-
ous frequencies, the average problem is the same and the
results are consistent between them. On the other hand, for
Mössbauer spectroscopy, the average problem is different
and can vary from noninteracting case to interacting case. In
our opinion, the observed small discrepancies are due to all
these aspects. A previous analysis of Mo¨ssbauer results13

needs some comments. In addition to some objections re-
garding the calculation procedure, we remark that the model
in Ref. 13 is established for weakly interacting particles and
it is therefore not applicable to IN and Floc samples, where
the interactions are strong. Moreover, the prediction of a de-
crease ofTB when the interactions increase does not hold for
Mössbauer results from IN to Floc and evidently forxac re-
sults. In our opinion, any interpretation ofTB based on only
one tm is always doubtful, owing to the complexity of the
phenomena.

Finally, a short discussion of the possibility of a change of
the dynamical regime at low temperature is needed. Some
papers14 have mentioned the possibility of dipolar order for
m. For spins, a transition is expected at a temperatureTD of
some mK. For magnetic particles, it is difficult to predict the
possible dipolar ordering temperatureTSD. The dipolar inter-
actions areNCV times larger,N being the particle spin num-
ber andCV the particle packing fraction. Therefore, anm
dipolar transition should be expected at higher temperatures.
However, the disordered particle arrangement and theV dis-
tribution are expected to lead to a decrease of the ordering

temperature~TSD/TD is certainly much smaller thanNCV!.
The properties ofm dipolar order belowTSD are not known.
No evidence is reported in the literature for such a phase in
fine particle systems. For IN and Floc samples, there is no
evidence too. Measurements of the time decay of the ther-
moremanent magnetization, allowing the determination ofm
relaxation relative to a given narrow range of energy barriers,
indicate no significative difference between the results on IF,
IN, and Floc samples down to 4.2 K.15 This suggests that no
change of regime occurs in the investigated temperature
range. However, dipolar ordering at lower temperature can-
not be excluded.

V. CONCLUSION

The analysis of the variation of the average blocking tem-
perature as a function of the measuring time for a series of
samples ofg-Fe2O3 particles with different dispersion states
gives support to the validity of our statistical model describ-
ing the effect of interparticle interactions. The values of the
parameters governing the relaxation time deduced through
the model are consistent with the variation of the particle
diameter, interparticle distance, and number of first neigh-
bors within the series of samples. Moreover, the results sug-
gest that surface anisotropy plays an important role for non-
interacting particles and that the interaction energy includes
also a surface-induced contribution.

*On leave from Laboratoire de Physique des Mate´riaux, Départe-
ment de Physique, Universite´ Mohamed V, avenue Ibn Batouta-
B.P.1014-Rabat, Maroc.
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