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Thermal variation of the relaxation time of the magnetic moment of y-Fe,O5 nanoparticles with
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The dynamical properties gfFe,03 particles, dispersed in a polymer, were investigated by ac susceptibility
(2x1072 Hz=v=<10* Hz) and Massbauer 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 positi§0163-182806)01618-9

. INTRODUCTION Brown? Aharoni? and refined recently by Bessaisal* and
by Coffeyet al?®
The effect of magnetic interactions on the relaxation of For a single particle of volum& with uniaxial anisot-
the magnetic moments of fine particles is still a debatedopy, according to the modified Brown’s formifiaalid for
question for the following reasons. First, it is difficult to Eg/kT>2.5, 7is given by
provide satisfactory models accounting for the complexity of
actual fine particle systems and for the different factors 7=T7o exp(Eg/KT), @)

which interplay in determining the strength of interparticle \yhere E; corresponds to the total energy barride, is

interactions, e.g., particle size distribution, detailed geometrigo|tzmann’s constant, antl the temperaturer, is well ap-
cal arrangemertusually disorderexi and orientation of easy proximated b

axes(usually in random position Second, it is also difficult
to qheck theo'reticall models, because' of th_e diffi'cul_ty o_f re- Ja |m(0)| [ 1 M (T)\?]/Eg| 1?2 KT
alizing materials with a narrow particle size distribution, 70=—— PR 0) ) +E— ,
with controlled particle shape, and with controlled dispersion nr B )
of particles. It is very difficult, indeed, to avoid aggregation
completely in order to get isolated particles and to controwhere |m(0)| is the modulus of the nonrelaxing magnetic
the interparticle distance. Actually, a rigorous verification of moment of the particletad K and M, (0) the corresponding
the model describing the relaxation timdor noninteracting  magnetization witim(0)|=M,,(0)V. y, is the electronic gy-
particles has never been done and the parameters includedrismagnetic ratio, andy, is a dimensionless constant, such
the preexponential factag, have never been precisely deter- that 7, = 7y,M(0),  being the damping constant.
mined. This clearly makes it more difficult to check the va-  Usually, the variation of;, with temperature is neglected,
lidity of models accounting for interparticle interactions. Fi- as it is small compared to the effect of the temperature
nally, in order to well characterize the dynamical behavior ofthrough the exponential. However, for a precise determina-
an assembly of fine magnetic particles, there is the need dion of the parameters governing, this variation has to be
performing experiments in a large time window, using suit-taken into account. Another usual assumption is to take
able techniques with different measuring times. This wasqual to 1, although there is no justification for this value.
done in very few cases. For Fe interacting particle’s,y, was estimated close to 1,
Néel! provided a model describing the relaxation time of whereas for bulk materials the value is much smaller, about
noninteracting particles, which was later reconsidered by.01 Therefore, for fine particles, the, value could be
Brown? Approximate formulas forr were derived by smaller than 1. In addition, the values deduced from the

+
Egyo [ KT
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TABLE |. Sample characteristic(+0.4) is the mean diameter deduced fréi), (V?)/(V) is the
weighted averaged volum#/ ,(0)(£10) is the nonrelaxing magnetization at 0 K; is the number of first
neighbors, and is the number of particles by chain.

D (VAIV) M n(0)
Sample (nm) (nmd) (emu/cn?) n, I
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

resonance linewidth of bulk samples are almost constant urseries(33A) characterized by the same particle size distribu-
til a certain temperature, near the Curie temperailge  tion with D=7.1 nm and four different states of dispersion,
above which a strong increase is obsertethis kind of and we compare the effect of chaining for different mean
variation is perhaps not relevant for fine particles, and a therparticle sizes. The 33A CkD=7.1 nn), 18A (D=4.8 nm),
mal dependence of, could be observed. and APV6 (D=9.8 nm samples are made up of small
The description of the interaction energy in actual finechains, whereas the APVI® =9.4 nm sample consists of
particle systems is complex and cannot be given assuminigng chains with numerous branches and crossings. The
static conditions, as usually done in magnetic materials. Anean number of first neighbors per particig,, is of the
regular arrangement of identical particles whose momentsrder of 1.3—-2.2 in the former case, and above 3 in the
fluctuate with the same relaxation time cannot be considerethtter®® The sample characteristics deduced from electron
in a first approximation, because owing to the volume distri-microscopy and magnetization measurenteatg given in
bution, the relaxation time- of the particle momentsn is  Table I.
also distributed. As a matter of fact, if the interactions are ac susceptibility measurements were performed using a
accounted for by means of a field, this also fluctuates andommercial susceptometérakeshorg at frequenciesy in
then the interaction energy changes in time. Since the anisdhe range 5v<10* Hz with an alternative fieldH . of 1 Oe.
tropic part of the interaction energy contributes, togetheNVery-low-frequency ac susceptibility measurements at
with the other anisotropy energies, to the effective barrier fo=2x10"2 Hz were performed using the Lissajou pattern
magnetization reversal, this also will change in time. In thistechniqué® with H,.=3 and 11 Oe. Mssbauer spectra were
regard, in a previous papemwe have proposed a model recorded in the constant-acceleration mode using a source of
which accounts for the effect of particle moment relaxation®'Co in rhodium.
on interparticle interaction energy by a statistical calculation
of the energy barrier.
In this paper, with, in particular, the aim of checking the lll. RESULTS
model on a smt_able Seres of fine partlcle_materlals, we re- Typical thermal variations of the Mwsbauer spectra are
port a detailed investigation of the dynamical properties of

. . . . shown in Figs. (a8 and Xb) for samples 33A IF and Floc,
¥-Fe0; partlcles(dlspersed in a polymewith a controlled_ respectively. Typical thermal variations of the ac susceptibil-
aggregation state, by means of measurements covering

large time window(ac susceptibility at various frequencies i Xac 2r€ shown in Figs. &) and 2b) for samples 33A CH

d Mssh : and Floc, respectively.
and Massbauer spectroscopy We investigate the dynamics through the analysis of the

variation of the average blocking temperatdrg as a func-
Il. EXPERIMENTAL DETAILS tion of the measuring time,,,. For y,., we can defindz as
AND CHARACTERIZATION the temperature corresponding to the maximum of the real
. art of the susceptibility, provided that the kind of averaged
The samples were prepared by a chemical method de\[/ZOIume is determined. Using the Casimir—Du Pre model and

scrlbgq elsewher‘cé_.The pgmcles Show various topologles: considering that the susceptibility of the particle assembly is
guasi-isolated particles with a mean center-to-center distancé

d between neighboring particles of aboutl.5D (samples given by

IN) and D (samples IF, whereD is the average diameter

associated with the mean volur{¥), chains(samples Ch o o

and large agglomerates made up of entangled cltaamaple X(T,V)Zj (T V)VE(V)dV /f vi(v)dv, @3
Flocs. On average, a particle in a Floc sample has roughly 0 0

as many neighbors as in an IN sample. The spacing between

the surfaces of neighboring particles in chains is roughlywhere xy, is the susceptibility of a particle with volume
constant, of the order of 1-2 nm, and it is a few higher forandf(V) is the volume distribution function, we deduce that
Floc sample. Then the averadgedistance increases accord- Tg has to be related to the volumé&. that maximizes the
ing to the sample series CH, Floc, IN, and IF. We focus on dunction F given by
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FIG. 1. Thermal variations of the Msbauer spectra f¢A) the
33A IF sample andB) the 33A Floc sample.
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FIG. 2. Thermal variations of ac susceptibility vs frequency for
(A) the 33A CH sample an(B) the 33A Floc sample.

V,
F=|(|In mo|/vc)f “V2f(V)dV
0

_JVCVf(V)dV} /fof(V)dV. 4
0 0

Using the experimentaV distributions, we find that the
characteristic volum&/ is equal to 1.1-1.4 times the aver-
age(V3)/(V), depending on the cases. This result is based
on the assumption that the blocked state susceptibility is in-
dependent off, which leads to a pronounced asymmetrical
line shape fory,.. However, this shape has never been ob-
served for fine particles, including samples with a narrow
diameter distributiorf. Then the actual averaged volume to
be related tolg is likely to be smaller thav . In the fol-
lowing, we take it equal t§V?)/{V).

In analyzing M®sbauer spectroscopy results, there are
two difficulties; i.e., 7, is not defined precisely, ant@y is
difficult to determine because it depends on the line shape
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FIG. 3. Thermal variation of the relaxation time for very weakly ~ FIG. 4. Thermal variations of the relaxation time for strongly
interacting particle$33A IF samplé. interacting particle$33A IN and Floc samplgs

under relaxation for which, in our opinion, there is no This latter value strongly depends on the accuracy of the
satisfying model so far. This determination has been disvolume, as in the determination, is proportional toV. A
cussed elsewheré.A reestimation ofr,, rather leads to small correction was madésee below the case of CH
Tm~1078 s. Fory,.data,y depends omrfrom Casimir-Du  sample} to account for the small fraction of very small
Pre model. Them,=1/w=1/27rv. However, the usual value chains present in the samglén excellent agreement is ob-
of the gyromagnetic ratioy,, taken equal to~2x10’, is  tained for x,c data, whereas some small discrepancies occur
expressed in angular frequency. By using this value in Edfor the Mossbauer datum. This will be discussed below.

(2), 7, must be taken equal toid/

Besides, it is necessary to point out that some precautions
need to be taken in comparirig; values deduced from dif-
ferent techniques, which generally do not measure the same Figure 4 shows the data relative to the 33A IN and Floc
property, particularly when the distribution, and hence the samples. For any,, Tg is higher for the Floc, where the
7 distribution, is not narrow. In this case, the average interactions are stronger becausés smaller. Fory,. data,
values likely have to be related to different average volumesthe variation of 1Tg vs logy, 7, is linear. The intercept of
This is why x,. measurements at different frequencies reprethe straight line with the log ., axis is almost the same for
sent a unique tool for studying dynamical properties, as thejhe two samples, about17.4. This value is unphysical, if
have the advantage of covering a large time window with theénterparticle interactions are not accounted for. The value can
same technique, and then the averigealues are related to  be well justified by using the modewhich makes use of a
the same average volume. statistical calculation of the dipolar energy for a disordered

The data for the various samples are shown in Fig. 3—6assembly of particles with a volume distribution and easy
The adjustments using formuld$) and (2) are also repre- directions in random position. This leads to an interaction
sented and will be discussed below. In every cage, anisotropy energy with uniaxial symmetry, in agreement
(=(V3I(V)) andM (0) were fixed at the values determined, With the symmetry of dipolar interactions. The energy barrier
respectively, from electron microscopy and magnetizatiorflue to this anisotropy is expressed by
measurementsand given in Table I.

B. Strongly interacting particles, IN and Floc samples

2 2

A. Very weakly interacting particles, IF sample Egin™ M”TV; ajL(MyVay /kT), (5)

Figure 3 shows the data for the 33A IF sample=372 ) .
nm®) where the interparticle interactions are very weak duevhere L denoteg the  Langevin  function,
to the larged value. Fory-Fe,0s, the easy axes lie along &=(V)(3 co$ ¢—1)/d}, and ¢ and d; correspond to an
[110] directions and the relaxation paths are through axe§ngdle parameter of space position and to the distance of par-
which depend on th&, andK, values. The energy barrier ficle j with respect to an origin particle, respectivein
depends on the anisotropy constakts and K,, but it is adds to the_energy barne!fsa of the particle ann_e. In a first
generally much smaller thaW|K,|. As |K,| (=4.6x10*  approximation, the evaluation E‘Bim can be r_estrlcte_d to th_e
erg/cnt) is very weak, the magnetostatic afmi) the surface f|rszt neighbors, and assuming stro.ng .|nteract|ons, ie.,
anisotropies are expected to dominate. These anisotropi®4nVai/kT>2, we can use the approximation of the Lange-
have uniaxial symmetry, and therefore formuiasand(2)  Vin function for highx values,L(x)~1—1/. This leads to
can be applied.

From the adjustment we deduEg/k= 1050 K, very little expEg/kT)~exp —n;)exf (Ega+nM2Va,)/kT],
dependent on the fixed parameters. We also obain0.1. (6)
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samples chains and the APV12 sample of long chains with numerous cross-
ings.

where a;=(V)/d>. This formula shows that the slope of . )

log,, 7vs 17T is increased and, is decreased with respect to 1S €qual to—11.7, intermediate between the values for the IF
the case without an interaction. The factor multiplying ~ (~—10) and IN-Floc(~—17.4 samples. This is consistent
i.e., exp(=n,), depends only on the number of first neigh- With the model predicting in first approximatidiqg. (6)] a
bors.n, is approximately the same for the two samples, andlépendence of such an intercept on the mean number of first
therefore the intercept is expected to be almost the same. FBeighbors per particle,, equal for this sample to 2.2, as
the Floc sample with regard to IN samptejs smaller; then ~ determined by electron microscopyA good adjustment is

a, is larger and the slope of lggr vs 17T is expected to be Obtained with Eqgs(1), (2), and (7) and Eg,/k=1050 K,
larger. This is well checked by the experiments. leading to Eg;)o/k=470 K and7,=0.2.

and APV6 (V=820 nni) samples. Data for the APV12

sample(V=700 nn?) are given in Fig. 6 for the sake of

Egin~ > NEgjL(Eg;/KT), (7)  clarity. The particles in the 18A and APV samples are sig-
! nificantly smaller and larger, respectively, than in the 33A
wheren; is the number ofth neighbors andg;=M ﬁr\/aj . series(Table )). The 18A and APV6 samples are made up of

We assumed a regular compact arrangement of particlegnall chains with a mean number of first neighbors per par-
in both cases. Evidently, it differs from the actual arrange-icle equal ton;=1.4 and 2.2, respectivelffable ). On the
ment, but this is justified in the modeby the fact that an ©other handp, is above 3 in the APV12 sample, due to nu-
average value for the energy barrier has to be consideref€rous small branches and CrOSSingS in the chain. For every
With Eg,/k=1050 K fixed as obtained for 33A IF ang sample, the data yield a straight line. The intercept with the
fixed at 12, the only adjustable parametersige=M2Va, 10010 7 axis is —11.7-0.1 for 18A and APV, like for 33A
and 7, . Eg; corresponds to the effect of the interactions with CH, while it is —12.5 for APV12. In view of the sample
a first neighbor; it allows one to evaluate the effect for far-CharaCteriStiCS, this Clearly shows that the variation of the
ther neighbors. In fac, is temperature dependent and we intercept is governed by the number of first neighbors, inde-
adjust Eg;)o=M2(0)Va;,. Eg; was determined from pendently of the particle size. The slope for APV12 is larger
(Eg1)o andM (T) with M, (T)=M,,(0) (1-0.85x10 3 T) than for APV6, in agreement with growing interactions due
as approximated from magnetization measurern%htgood to the Iarger number of first neighbors. The data for the three
agreement is obtained fory,, data (Fig. 4 with ~Samples can also be well fitted using E¢B, (2), and(7),
(EBl)O/k: 300 and 400 K for IN and Floc Samp|ES, respec-but the determination of the parame-té-lrﬁble ”) rem-alns .
tively, and 7,=0.6 for the two samples. As for the IF ambiguous because the corresponding samples with quasi-
sample, there are small discrepancies for thesshauer data. isolated particles are not available, preventing an indepen-
We remark that in the previous applicatiaf the model, the ~dent determination oEg,. Nevertheless, the results clearly
thermal variation oM ,, was neglected. As a consequence,Show thaty,. measurements are very sensitive to the particle
too large values ofi, were obtained, explained as due to the@dgregation and strongly support the interaction médel.
uncertainties in the model.

IV. DISCUSSION

C. Chain samples The parameters deduced for all samples are reported in

Figure 5 shows the results for the 33A CH samplg,  Table Il. For the 33A series, for the particle alone, the energy
data yield a straight line. The intercept with the Jgg axis  barrier by volume unit is equal t&,=3.9x10° erg/cn.
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TABLE Il. Sample parametersEg,/k (+20) is the energy bar- been kept in the same form as the dipolar term, although it is
rier for particles without interactionsFg;)o/k (+20) is the contri-  not certain that the proportionality % (the surface should
bution by neighbor to the barrigr due to interactiona:, be more likely anda;, (E(V)/d3) remains valid. Any way,
(10919 7, +0.2) is the reduced damping constant, ahd=0.2) IS the experimental variation of T4 vs log, 7, excludes that
the distance between neighboring particles. the interaction-induced surface contribution is temperature
independent and just adds g, .

Sam Eed/k (Esy)o/k d If we assume that the interaction-induced surface contri-
ple (K) (K) 7 (nm) . 3

bution depends oml”, we can deducel(Floc)/d(IN)=0.91
33A IF 1050 0.1 35.0 andd(CH)/d(IN)=0.86 from the correspondingdgg;), ratio.
33A IN 1050 300 0.6 11.0 The distance values correspond to average values, as a con-
33A Floc 1050 400 0.6 10.0 sequence of the model which replaces the actual disordered
33A CH 1050 470 0.2 9.4 arrangement by a compact regular arrangement for the cal-
18A 585 155 0.2 culation of Egjy;. In this case d(IN) is known as
APV6 1350 670 0.2 (V)/Id=C,/v2 whereC, is the particle packing fraction. So
APV12 1150 670 0.2 d(IN)=11 nm and we deducd(Floc)=10 nm andd(CH)

=9.4 nm. These values are very reasonable and in agreement
with the topologies of the samples. For CH samples, this
This is an order of magnitude higher than for the magnetoleads to a spacing between the particles equal to 2.4 nm,
crystalline anisotropy, and it is also too high to result fromsomewhat larger than the estimation from electron micros-
the magnetostatic anisotropy. From electron microscopyopy (1-2 nmj, but still of a good order of magnitude.
measurements, an averaged ellipticity of 0.7 was evaluated, As far as the reduced damping constantis concerned,
which leads toK ,,=1.1x 10° erg/cn? for the magnetostatic when the interactions are strong, we fipg1, which is the
anisotropy. This implies that the dominant contribution to thevalue usually taken, although not well justified. For nonin-
energy barrier should come from the surface anisotrépy. teracting particles, we find a much smaller value, around 0.1,
By assuming that the magnetostatic and the surface energiasich is between 1 and the bulk value. For weakly interact-
add, we deduc&g=0.042 erg/crh for the surface anisot- ing particles, », is slightly higher than for noninteracting
ropy. In obtaining this value, we have considered the particlenes. It is difficult to make a comparison with other data
surface related t6V2)/(V), because we found th@; hasto  since, at present, there is none available for noninteracting
be related to this surface value from H¢) adapted to the particles. For explaining the, variation, it is important to
case of surface anisotroplfs can also be calculated for the point out that Brown’s model,which uses a Gilbert equa-
APV and 18A samples, and an increase kof when the tion, mixes microscopi€y,,7) and macroscopiém) param-
averaged surface decreases is observed. However, the unceters. This is valid under the hypothesis of rigidly coupled
tainties inEg for these samples do not allow one to defini- spins with the same magnetic moment. Such a hypothesis is
tively state this trend. Measurements on other samples showertainly not exact owing to magnetic disorders at the par-
ing different average volumes are in progress. ticle surface. Then an increase of the viscosity with respect
In the model, the contribution of the interactions to theto a bulk sample can be expected owing to the rearrange-
energy barrier for the first neighbors i§4;),=M2(0)Va, . ment, during the rotation process, of spin directions at the
Considering thea,; andV values, generally known with a surface. This implies an increase afWhen the interactions
good accuracy, the nonrelaxing magnetizatidn(0) de-  act, the magnetic disorders at the surface seem to decrease,
duced from magnetization measurem@gstoo low to ac-  as suggested by magnetic measurements. However, it is not
count for the obtained values of the interaction part. For thesure that this results in an appreciable decrease of the viscos-
IN samples, the actual value 8f2(0)Va,/k is equal to 50 ity as spin rearrangements in surface always occur. On the
K, to be compared to 300 KTable Il). On the other hand, other hand, the interactions introduce additional irregularities
M(0) (Table ) decreases with particle diameter. The de-in the volume owing to their variation in space, which should
crease is roughly proportional to the particle surface. For theletermine an increase of the viscosity. This could explain the
IF and CH samples, where the interactions are weak, thebserved increase of, with the interactions.
decrease is strong, whereas for the Floc and IN samples, this Mossbauer daté33A samples show small discrepancies
decrease is much less pronounééthe reduction oM (0)  with respect to the calculated curvéSigs. 3 and % The
with respect to the bulk value-415 emu/crm) reaches 30% calculatedTg value is slightly higher than the experimental
in IF and CH samples, whereas it is only 10% in IN and Flocvalues for IN and Floc samples. However, the shifts are
samples. The reduction should be due to magnetic disordewithin the accuracy limits. For the IF sample, which repre-
occurring at the particle surface. This seems to be lower igents the simplest case, where the interactions are negligible
the presence of interactions. In this case, we can assume thaid, hence, formulagl) and(2) are directly applicable, the
the surface energy varies with the interactions, owing to the&alculatedTg value is smaller, but the deviation is larger. In
modifications of the magnetic state at the particle surfacefact, it is always difficult to compare thHEg values obtained
This leads to an extra term for the interaction energy. Bewith techniques which do not measure the same phenomena.
sides, superexchange interactions could also occur via th®ne difficulty comes from the complexity of the actual an-
water molecules at the particle surface and the polymer. Allsotropy. For instance, if the anisotropy energy is roughly
these energies fluctuate. The model is still valid wig;  uniaxial with some small additional minima,, measure-
=M2(0)Va,; +K&Va,, where the second term correspondsments will not be sensitive to such minima, but $4bauer
to the surface contribution mentioned above. This term haspectroscopy will be. Another difficulty arises from the ex-
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istence of a volume distribution. Fat,. experiments at vari- temperaturgTgp/Tp is certainly much smaller thaNC,)).

ous frequencies, the average problem is the same and tfée properties ofm dipolar order belowT ¢, are not known.
results are consistent between them. On the other hand, féo evidence is reported in the literature for such a phase in
Mossbauer spectroscopy, the average problem is differemine particle systems. For IN and Floc samples, there is no
and can vary from noninteracting case to interacting case. lBvidence too. Measurements of the time decay of the ther-
our opinion, the observed small discrepancies are due to ghoremanent magnetization, allowing the determinatiomof
these aspects. A previous analysis of ddoauer resuftd  rejaxation relative to a given narrow range of energy barriers,
needs some comments. In addition to some objections rendjicate no significative difference between the results on IF,
garding the calculation procedure, we remark that the modalN, and Floc samples down to 4.2R This suggests that no

in Ref. 13 is established for weakly interacting particles ancthange of regime occurs in the investigated temperature

it is therefore not applicable to IN and Floc samples, whergange. However, dipolar ordering at lower temperature can-
the interactions are strong. Moreover, the prediction of a dengt pe excluded.

crease ofl g when the interactions increase does not hold for
Mossbauer results from IN to Floc and evidently fg. re-
sults. In our opinion, any interpretation ® based on only
one 7, is always doubtful, owing to the complexity of the
phenomena. The analysis of the variation of the average blocking tem-

Finally, a short discussion of the possibility of a change ofperature as a function of the measuring time for a series of
the dynamical regime at low temperature is needed. Somgsamples ofy-Fe,0O; particles with different dispersion states
paper$* have mentioned the possibility of dipolar order for gives support to the validity of our statistical model describ-
m. For spins, a transition is expected at a temperalyef  ing the effect of interparticle interactions. The values of the
some mK. For magnetic particles, it is difficult to predict the parameters governing the relaxation time deduced through
possible dipolar ordering temperaturg,. The dipolar inter-  the model are consistent with the variation of the particle
actions areNC,, times largerN being the particle spin num- diameter, interparticle distance, and number of first neigh-
ber andC,, the particle packing fraction. Therefore, am  bors within the series of samples. Moreover, the results sug-
dipolar transition should be expected at higher temperaturegest that surface anisotropy plays an important role for non-
However, the disordered particle arrangement andldés-  interacting particles and that the interaction energy includes
tribution are expected to lead to a decrease of the orderinglso a surface-induced contribution.

V. CONCLUSION

*On leave from Laboratoire de Physique des Matex, Departe- °P. Prene E. Tronc, J. P. Jolivet, J. Livage, R. Cherkaoui, M.

ment de Physique, Universitdohamed V, avenue Ibn Batouta- Nogues, J. L. Dormann, and D. Fiorani, IEEE Trans. Magn.
B.P.1014-Rabat, Maroc. MAG-29, 2658 (1993; R. Cherkaoui, M. Nogis J. L. Dor-

1L. Néel, Ann. Geophysb5, 99 (1949. mann, P. PreneE. Tronc, J. P. Jolivet, D. Fiorani, and A. M.

2W. F. Brown, Jr., Phys. Re\1.30, 1677(1963. Testa,ibid. MAG-30, 1098(1994).

3A. Aharoni, Phys. Rev135 A447 (1964). 107, Guyot, S. Foner, S. K. Hasanain, R. P. Guertin, and K.

4L. Bessais, L. Ben Jaffel, and J. L. Dormann, Phys. Rev58 Westerholt, Phys. Let79A, 339 (1980.

7805(1992. E. Tronc, P. Prehel. P. Jolivet, F. D'Orazio, F. Lucari, D. Fio-

SW. T. Coffey, P. J. Cregg, D. S. F. Crothers, J. T. Waldron, and rani, M. Godinho, R. Cherkaoui, M. Nogsigand J. L. Dormann,
A. W. Wickstead, J. Magn. Magn. Matet31, L301(1994; W. Hyperfine Interact95, 129 (1995.

T. Coffey, D. S. F. Crothers, Yu. P. Kalmykov, E. S. Massawe, *2L. Neel, J. Phys. Radiun5, 225 (1954).
and J. T. Waldron, Phys. Rev. 4B, 1869(1994. 13g, Mgrup and E. Tronc, Phys. Rev. Lef2, 3278(1994.

SW. T. Coffey, D. S. F. Crothers, Yu. P. Kalmykov, E. S. Mas- 1*J. L. Dormann, Mater. Sci. Eng. A68 217 (1993; J. L. Dor-
sawe, and J. T. Waldron, J. Magn. Magn. Mat&27, L254 mann, D. Fiorani, and E. Tronc, iNanophase Materials: Syn-
(1993. thesis, Properties and Applicatioredited by G. C. Hadjipanayis

7J. L. Dormann, L. Bessais, and D. Fiorani, J. Phy21C 2015 and R. W. Siege(Kluwer Academic, Dordrecht, 1994p. 635;
(1988. J. L. Dormann and D. Fiorani, J. Magn. Magn. Mate40-144

8E. Tronc and J. P. Jolivet, J. Phy®ari9 Collog. 49, C8-1823 415(1995.

(1988; in Magnetic Properties of Fine Particlesdited by J. L. '°D. Fiorani, A. M. Testa, P. Préné&. Tronc, J. P. Jolivet, R.
Dormann and D. Fioran(iNorth-Holland, Amsterdam, 1992p. Cherkaoui, J. L. Dormann, and M. NogjeJ. Magn. Magn.

199. Mater. 140-144 369 (1995.



