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We have performed small-angle x-ray and neutron scattering of fine Fe particles embedded in an alumina
matrix. For the sample with the lowest Fe content~volumic fraction 20%!, x-ray scattering reveals a well-
defined peak, characterizing a liquidlike short-range order between particles of similar size, with a chemical
radius of 10 Å. The magnetic radius of the particles and their magnetization, as measured by neutron scattering,
increases with decreasing temperature, due to the alignment of spins at the surface. Below 100 K, ferromag-
netic correlations start to develop between near-neighbor particles. For higher particle densities~volumic
fraction 35% and 47%!, the nanoparticles coexist with larger aggregates, yielding two typical particle sizes in
the same sample. Here, the interparticle correlations persist up to the highest measured temperature~500 K!.
Such correlations could arise from the dipolar field, which increases with decreasing temperature, as observed
by inelastic neutron scattering.

I. INTRODUCTION

The interest in artificially grown samples is continuously
increasing due to the expectation of new magnetic properties.
Concerning magnetic nanocrystalline materials, there has
been intense activity these last years both in applied and
fundamental physics since the discovery of giant magnetore-
sistance or macroscopic quantum tunneling. Besides such
phenomena, there is a fundamental interest in the study of
systems where single-domain particles may be considered as
huge magnetic spins. This is illustrated, for instance, by the
well-known superparamagnetic properties, first described by
Néel,1 for granular ferrites. Due to the existence of an energy
barrier related to the anisotropy, the particle magnetization
fluctuates as a whole from one easy magnetization axis to
another.2,3 More generally, the possibility of varying the par-
ticle size or the distance between particles allows one to play
with interparticle interaction effects, or conflicting effects be-
tween single-particle anisotropy and interparticle interac-
tions. Small-angle neutron-scattering technique has been pre-
viously used to measure the shape anisotropy of precipitates4

or to observe the particle correlations induced by an applied
field in some ferrofluids.5,6 It provides a direct observation of
the correlations between particles in zero magnetic field.
These come either from dipolar forces if the particles are
imbedded in an insulating matrix, or by indirect exchange
ones if this matrix is metallic. Moreover, inelastic neutron
scattering, which usually requires large sample quantities to
obtain measurable intensities, can take full advantage from
the particle form factor. Since the magnetic intensity is gath-
ered in a small-q range of reciprocal space, it may become
possible, when the time scale of fluctuations is adequate, to
observe the global dynamics of these particles. Several tech-
niques can be used to prepare fine particles like cosputtering
or coevaporation, chemical processes or lithography. Inde-
pendently of the technique, however, a severe limitation in

this experimental field comes from the difficulty of preparing
monodispersed particles.

Here we report a small-angle scattering study by x-rays
and neutrons of Fe particles of nanometer size dispersed in
an alumina matrix. For one sample with an Fe volume frac-
tion of 20%, which can be considered as quasimonodis-
persed, we perform a quantitative analysis. This reveals two
distinct phenomena: one related to the temperature depen-
dence of the single-particle magnetization, and the other to
interparticle correlations which grow at low temperature. Our
results are an improvement over previous studies which have
been performed in a smallerq range.7,8 We also report a
qualitative study of two more concentrated alloys~30% and
35%! with larger particles. In these two latter samples, the Fe
concentration is close to the percolation point and the par-
ticles coexist with larger aggregates as shown by x-ray dif-
fraction. In spite of this inhomogeneity, the results in these
two samples confirm the trends observed in the quasimono-
dispersed one.

We divide the paper as follows. In Sec. II, we describe the
characterization of the samples, and give experimental de-
tails. In Sec. III, we report our experimental observations for
the sample with 20% of Fe, and propose a quantitative analy-
sis. In Sec. IV, we study the influence of the Fe concentra-
tion. In Sec. V, we discuss overall results in comparison with
the results from inelastic neutron scattering, whose full de-
scription will be presented in a following paper.

II. EXPERIMENTAL DETAILS

A. Sample description and characterization

We have studied three samples, denotedS1, S2, andS3
in the following, corresponding to 20%, 35%, and 47% volu-
mic fractions of iron, respectively. They consist of iron par-
ticles embedded in an amorphous alumina matrix, deposited
on an alumina substrate. They have been prepared by
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cosputtering.9 The substrate and sample thicknesses are 30
and 18mm, respectively. The samples have been character-
ized by magnetic measurements. The blocking temperatures
TB , corresponding to the maximum low-field susceptibility,
measured after cooling the sample in zero field, are 15, 136,
and above 300 K, respectively, as reported in Table I. From
the field dependence of the magnetization, we have deter-
mined the average particle radius, using the high- and low-
field approximations of the Langevin function.10As shown in
Table I, the measured mean volume of the particles increases
with increasing Fe content in agreement with the increase of
TB . Actually, the relaxation time of the particle, roughly
given atT5TB by the characteristic time of the measure-
ment, is a function of the ratioKV/kTB , whereK is the
anisotropy constant. The proportionality betweenV andTB
thus indicates that the anisotropy constant, arising from
single-particle anisotropy or interaction effects, is roughly
the same for the three samples.

B. Small-angle x-ray scattering„SAXS…

The SAXS measurements were performed in the Labora-
toire de Physique de la Matie`re Condense´e, at the College de
France, with an incident wavelength of 1.54 Å corresponding
to the CuKa line, and a linear multidetector of 93 cells. The
range of the scattering vectorq was 0.03–0.6 Å21. The spec-
tra were deconvoluted from the response function of one
cell. The raw intensityI raw was corrected from the scattering
of the substrateI sub, using the following formula:

I corr5I raw2
Tsample
Tsub

I sub, ~1a!

whereT corresponds to the transmission. The incident flux
F0 has been measured with an absorbent sample. Then we
calculated the differential cross sectionds/dV in absolute
units, using the formula

I corr5tTsampleF0dV
ds

dV
, ~1b!

wheret anddV are the sample thickness and the solid angle
corresponding to one cell, respectively.

C. Small-angle neutron scattering„SANS…

SANS measurements were performed on the spectrometer
PAXY of the laboratoire Le´on Brillouin at the reactor Or-
phée, with anXY multidetector of 1283128 cells, and an
incident wavelength of 5 Å. The corresponding incident en-
ergy ~3 meV! is much higher than the typical energies of the
inelastic magnetic processes, as measured by inelastic neu-
tron scattering~0.01 and 0.5 meV!. Therefore, the scattering
process integrates over all the energy states of the system,
yielding the instantaneous spin correlations. Moreover, the
small energy transfers related to the magnetic excitations al-
low us to assume that theq value determined from the posi-
tion of the detector cell is the realq value.

By varying the sample-detector distance~1.3 and 6.8 m!,
we have investigated two overlappingq ranges, namely
@0.0074, 0.06 Å21# and @0.04, 0.3 Å21#. The corresponding
sets of data are called high-angle and low-angle measure-
ments in the following. Since the scattering of all samples is
isotropic in q space, the intensities corresponding to cells
equidistant from the incident beam were gathered, in order to
decrease the statistical error. The temperature was varied be-
tween 500 and 10 K using an oven and a cryogenerator with
the same background conditions.

For sampleS1, the raw data of the low- and high-angle
measurements were corrected for the scattering of the sub-
strate according to Eq.~1a!, with Tsample5Tsub50.9. The
scattering of an uncoated substrate was measured for the two
q ranges. For the high-angle spectrum, this intensity is very
small with respect to that of the sample. For the low-angle
spectrum, the signal of the substrate alone increases strongly
at very low angles. This is due to inhomogeneities, disloca-
tions, or textures, whose contribution could be much larger
than the Fe/Al2O3 signal and is not reproducible from one
substrate to another. Therefore, we have determined the sub-
strate contribution at low angles by using the sample mea-
surements at 500 K. Here the Fe/Al2O3 signal is small andq
independent below 0.06 Å21, and thus can be easily evalu-
ated and subtracted, using the high-angle data in the overlap-
ping q range. After the correction of the data at all tempera-
tures from the substrate scattering, we have scaled the low-
angle spectra to the high-angle ones, with a scaling factor
which never exceeds 1.1, in order to obtain a unique set of
data. The neutron intensity was converted in absolute units
by measuring the incoherent scattering of a standard nickel
sample.

For samplesS2 andS3, where the iron concentration is
higher, the signal of the particles is much larger than the
substrate contribution, whatever theq range concerned. After
correction for the scattering of the uncoated substrate, the
low-angle spectrum was scaled to the high-angle one at 300
K. We have kept the same scaling factor for the other tem-
peratures.

III. RESULTS FOR THE SAMPLE WITH 20% FE

A. X-ray measurements

The q dependence of the intensity measured for sample
S1 is plotted in Fig. 1. If there were no correlations between
the positions of the particles, this intensity should decrease
monotonically withq, according to the form factor of one

TABLE I. Sample characterization by magnetization. The iron
weight percentage is determined with the Castaing probe; the oxi-
dized Fe~10%! located in the alumina or at the sample surface has
been excluded. The volume fractionrv is evaluated from the Fe
wt % and from the density of bcc iron and amorphous alumina.rm
is the radius deduced from magnetization measurements.dm is the
distance between particle centers estimated from therm and rv
values, assuming a compact arrangement between the particles.TB
is the temperature of the peak in the low-field~H<50 Oe! suscep-
tibility measured after a zero-field cooling.

Samples S1 S2 S3

Fe wt % 48% 65% 75%
rv 20% 35% 47%
rm ~Å! 12.561 2562 3763
dm ~Å! 38 65 86
TB ~K! 1561 13661 >300
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particle. As shown in Fig. 1, we observe a well-defined maxi-
mum at aq value of about 0.2 Å21, which corresponds to a
short-range order between particles of similar size, closely
packed in a liquidlike state. Accordingly, assuming an assem-
bly of identical spherical particles, we have fitted the cross
sections by the formula11

ds

dV
5~r e!

2NDr2V2F2~q,r n!I ~q,N,dmin!1C, ~2!

wherer e is the classical radius of the electron,N the density
of particles,Dr the difference of electronic densities between
the particle and the matrix,V is the volume of one particle,
F(q,r n) its chemical form factor, andr n its chemical radius.
I ~q,N,dmin! is the Aschkroft and Lekner interference
function.12 It corresponds to a liquidlike arrangement of the
particles, and depends onN and on the minimal distance of
approach or ‘‘excluded diameter’’dmin . C is a flat back-
ground term.

In sampleS1, we note that the fitted curve does not re-
produce the experimental data perfectly, especially at small

angles, where the experimental points clearly lie below the
fit. This is attributed to the roughness of the model used,
mainly to some inadequation of the Aschkroft and Lekner
interference function. The parameters deduced from the fit
are listed in Table II. We can check that the particle radius
~r n59.5 Å!, the minimum distance of approach~dmin529
Å!, and the mean distance between the particles~dn538 Å!,
verify the inequality 2r n,dmin,dn . We have determineddn
from the concentrationN of the particles, through the rela-
tion d n

35&/N, valid for a closed-packed structure. This
value is in excellent agreement with the value from magne-
tization data,dm538 Å, as reported in Table I, which was
found in a similar way by using the relation
dm
3 54&r m

3 /3rv , where rv520% is the volumic fraction.
However, we notice that the x-ray determination of the ra-
dius ~r n59.5 Å! is slightly smaller than its estimation from
magnetic measurements~rm512.5 Å!. The underestimation
of the radius made by x rays is mostly attributed to inhomo-
geneities at the surface of the particles, perhaps to an amor-
phous layer of Fe and alumina. This would yield a slightly
inhomogeneous iron density@instead of the constant one as-
sumed in Eq.~2!#, and also a narrow distribution in the par-
ticle sizes. In this case, one must realize that, because of the
interference function, x rays are mostly sensitive to the
large-q tail of the form factor, and thus to the smaller sizes,
whereas magnetic measurements probe theq50 contribu-
tion.

Thanks to a calibration of the cross section in absolute
units, from the mean electronic contrast we can deduce a
relation between the iron and alumina densitiesdFe and
dAl2O3 .

Dr510224S nFedFeMFe
2
nAl2O3dAl2O3
MAl2O3

D , ~3a!

whereMFe andMAl2O3
and nFe and nAl2O3 are the atomic

masses and atomic numbers of iron and alumina, respec-
tively.

Another relation is deduced from the measurement of the
average densitydav ~dav53.660.6 g/cm3!, namely

dav5S rv
dFe

1
12rv
dAl2O3

D 21

. ~3b!

FIG. 1. X-ray intensity of samplesS1, S2, andS3. The straight
lines correspond to the fits.

TABLE II. Parameters deduced from the analysis of the x-ray
spectra.Dr ~electron number per Å3! is the contrast of electronic
density between the particles and the matrix.dmin is the exclusion
diameter.N is the density of particles.dn is the mean distance
between particles assuming a compact arrangement (dn

35&/N). r n
is the radius deduced from the fit of the interference peak.

Samples S1 S2 S3

Fe wt % 48% 65% 75%
Dr 1.96 1.9 2.5
dmin ~Å! 29 34 44
N ~Å23! 2.531025 1.431025 0.5131025

dn ~Å! 38
r n ~Å! 9.5 12 15
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A graphic resolution of these two equations yields the den-
sities dFe59.662 g/cm3 and dAl2O352.360.6 g/cm3. The
large error bars are due to the uncertainty about the absolute
value of the neutron cross section~15%! and the sample
volume~10%!. Within these error bars,dFe is comparable to
the value of bcc iron~7.8 g/cm3!. dAl2O3 is much smaller than
the value for crystalline alumina~3.98 g/cm3!, as expected
for an amorphous sputtered material. This shows that the
model used is rather suitable, and especially that the assump-
tion of a spherical form factor is reasonable, at least in the
large-q range.

B. Neutron measurements

1. Results

First of all, we qualitatively describe the spectra. This
description clearly shows the temperature variations of the
magnetization at a microscopic scale, and justifies the more
quantitative analysis described below.

The q dependence of the corrected spectra is plotted in
Fig. 2. At low-q values, the intensity strongly depends on
temperature, and decreases monotonically with increasingq.
At higher-q values, we observe a temperature-independent
peak similar to the one studied by x rays. This peak is clearly
of nuclear origin. In contrast, the low-q intensity is of course
magnetic. The range of itsq dependence is the expected one
for the squared form factor of one particle. This suggests that
the magnetic moments of neighboring particles areuncorre-
lated. In this case, the increase of the low-q intensity with
decreasing temperature would correspond to an increase of
the density of magnetization of the particles or to an increase
of their effective magnetic volume. The first effect would be
due to spin waves, the second to the growth of spin correla-
tions at the particle surface.

As shown in Fig. 1, the nuclear signal is negligible in the
low-q range~q,0.07 Å21!. Therefore, we have character-
ized theq andT dependences of the magnetic intensity by

considering the low-q values only, and have plotted 1/AI
versusq2 for q,0.07 Å21 ~Fig 3!. Above 100 K, 1/AI varies
linearly with q2, showing that the magnetic signal follows a
squared Lorentzian law. Below 100 K,I (q) increases much
more strongly, and we observe deviations from this law at
very small angles. This suggests the onset of an additional
signal, with a higher correlation length, which we attribute to
correlations between the moments of neighboring particles.

2. Analysis

First, we analyze the intensity at 300 K, where the global
moments of the particles seem to be uncorrelated, implying
that they can be considered paramagnetic atoms. For unpo-
larized neutrons, the total intensity is the sum of the nuclear
and magnetic contributions, and we have described itsq de-
pendence by the formula

I ~q!5AI~q,N,dmin!F
2~q,r n!1S r 0

gmB
D 2 23NMp

2Fm
2 ~q,rm!.

~4!

The first term, which corresponds to the nuclear signal, is
similar to the one used in the analysis of the x-ray data. It
involves the spherical form factorF(q,r n) and the interfer-
ence function I described above. In the second term,
r 05ge2/mc250.5410212 cm. The expression of the mag-
netic contribution is analogous to the one used for paramag-
netic spins.13 Instead of the usual form factor of the atomic
spin, we have inserted in~4! the magnetic form factor of the
particleFm(q,rm) ~the iron form factor is very close to one
in our q range!. The atomic spinS ~Ref. 13! is replaced by
the particle spinSp , which is related to the saturated magne-
tization densityms , and to the global particle momentMp
through the expression

Sp~Sp11!5Mp
2/~gmB!2, ~5!

whereMp5msVp , and Vp is the volume of the particle.
Whatever the shape assumed in the following for the particle

FIG. 2. Neutron intensityI (q) of sampleS1 after correction of
the substrate scattering for several temperatures.

FIG. 3. 1/AI as a function ofq2 for q,0.07 Å21, whereI is the
intensity scattered by sampleS1.
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magnetic form factor, the nuclear parameters~r n , dmin! are
found to have the same values as in the x-ray experiment,
which justifies the above decomposition.

In a first step, we have assumed a unique, spherical, mag-
netic form factor, as in Ref. 8. At 300 K, this analysis yields
a magnetic radiusrm of 9 Å close to the nuclear one~r n59.5
Å!, and a reasonable value for the magnetic moment~2.2
60.4mB/Fe!. However, below 300 K the magnetic intensity
starts to increase very steeply, and it becomes clear that the
shape assumed for the magnetic form factor is not suitable,
especially at low angles. We have then tried to introduce a
log-normal distribution of~spherical! magnetic form factors,
to account for a possible size distribution. In this case, the
moment of the particle has been fixed to the value obtained
from magnetization measurements. This procedure improves
the quality of the fit, but the average magnetic radiusde-
creaseswith temperature, which is unphysical.

In a second step, forFm we have taken a Lorentzian-like
shape, [Fm(q)5k 1

2/(q21k 1
2)], considered here as an ana-

lytical approach of the magnetic form factor in our experi-
mentalq range. The parameterk1

2 at the numerator is intro-
duced for normalization~Fm51 for q50!. This shape is
mostly justified by the qualitative analysis reported above,
which shows that it yields a good fit to the data in the
small-q range. Of course, this function cannot be identified
as the Fourier transform of uniform magnetic density in a
finite volume. However, the squared LorentzianFm

2 (q),
which represents the intraparticle correlations, is propor-
tional to the Fourier transform of an exponential law
^S&0S& r&}exp~2k1r !. Therefore, the magnetic correlation
lengthj151/k1, which describes the spin correlationsinside
the particle, should have a close relation with its radius. With
this analysis, we obtain good fits to the data down to 100 K.

We note that, in a purely superparamagnetic system with
uncorrelated particles, or in a purely ferromagnetic one with
perfectly aligned particles moments, we expect a homothetic
increase of the magnetic intensity with decreasingT, propor-
tional to the squared particle momentM2(T). Below 100 K,
deviations from the Lorentzian law suggest that we must take
into account the onset of magnetic correlationsbetween the
particles. To describe such correlations, we can make, as
before, an analogy with the paramagnetic case, the physical
picture being similar but at a different scale. Theq depen-
dence of the magnetic signal is expressed as the product of
the squared particle form factor with the Fourier transform of
the interparticle correlations. We have kept the same form
factor as above 100 K, and have described the interparticle
correlations by a simple Lorentzian. For a correlated
paramagnet, this Lorentzian function corresponds to the Fou-
rier transform of the spin correlations function
^S&0S& r&}@exp~2k2r !#/r , where the correlation lengthj251/k2
is much larger than the atomic size. Here the use of this
function is purely phenomenological. Actually, this term
alone is unsufficient, and we must keep a single-particle con-
tribution even below 100 K. This is an important difference
from the behavior of typical paramagnets. Its origin can be
explained by the specific properties of the fluctuating par-
ticles, as discussed below.

Within these assumptions, we can analyze the intensity in
the wholeq and temperature range with thesameexpression:

I ~q!5AI~q,N,dmin!F
2~q,r n!1

k1
4

~q21k1
2!2 FB1

C

q21k2
2G .

~6!

TheA term contains the nuclear signal~and a possible mag-
netic contribution from perfectly aligned near-neighbor par-
ticle moments, not explicitly taken into account here!. TheB
term corresponds to the single-particle or incoherent mag-
netic contribution. TheC term involves the coherent contri-
bution from correlated particle moments. When there are no
correlations between the particles,C is equal to zero, andB
is proportional to the square of the particle moment. When
CÞ0, B represents the fraction of the particles or of their
magnetic moments, which remain uncorrelated.

In Fig. 4, we show a selection of the data, fitted with Eq.
~6! for several temperatures. In the fit of the data at 51 K
shown in Fig. 5, we have also plotted the three contributions
separately. Good fits are obtained in the wholeT range, and
yield very reasonable temperature dependences for all the
fitted parameters~Figs. 6 and 7!. We describe them now,
above and below 100 K.

FIG. 4. Neutron intensity of sampleS1 for several temperatures
~500, 300, 121, and 32 K!. The straight lines are fits to the data
using Eq.~6!.
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Above 100 K, the intensityA is constant, as expected for
a purely nuclear signal. This ensures that the magnetic form
factor is well taken into account by the Lorentzian shape. We
have drawn the same conclusion by applying a magnetic
field.14 The intensityB of the magnetic signal steeply in-
creases with decreasing temperature. In Fig. 6, we have com-
paredAB, which in the model is proportional to the total
magnetic moment of the particleMp , with its macroscopic
determination from high-field measurements. Both quantities
show the same variation with temperature. We notice that,
with decreasingT, they increase much more steeply than
expected for a Brillouin function. From the temperature evo-
lution of AB, we determine an increase of the particle mo-
ment between 300 and 100 K by a factor of 2. Concomi-
tantly, the correlation lengthj1 increases with decreasingT,
and reaches 6.6 Å at 100 K. We attribute this strong increase
of the magnetic moment, and of the magnetic effective vol-
ume of the particles, to a progressive alignment of the spins
at the surface. This can be related to observations made by
inelastic measurements as discussed below.

Below 100 K, we observe a transfer of the magnetic in-
tensity from the uncoherent term (B), to the coherent ones,A
andC ~see Figs. 6 and 7!. TheB term related to uncorrelated
moments, shows a maximum around 100 K, then decreases.
The C parameter, associated with long-range correlations,
increases from zero, and we notice an additional magnetic
contribution to the interference termA. Clearly, the magnetic
moments of neighboring particles start to align, which is also
shown by an increase of the interparticle correlation length
j2. However, thej2 value remains close to the distance be-
tween near-neighbor particles, in contrast to the case of a
correlated paramagnet, wherej2 is much larger than the
atomic scale. From the fit we also obtained a slight decrease
of the correlation lengthj1, associated with the intraparticle
correlations, which is unphysical. Therefore, we have keptj1
constant below 100 K, which does not significantly change
the quality of the fit.

Besides the exact meaning of the fitted correlation
lengths, which remains to be clarified, from this analysis we
obtain a self-consistent description of the system, in agree-

ment with magnetic measurements. Moreover, the analysis
below 100 K reveals the onset of a magnetic contribution at
the nuclear interference peak, when the interparticle correla-
tions develop. This effect, which in sampleS1 cannot be
detected without fitting, is readily shown on the spectra of
the two other samples, as discussed now.

IV. INFLUENCE OF THE IRON CONCENTRATION

We now report the results for the two samples with higher
Fe contents.

A. X-ray measurements

The spectra for the more dense samplesS2 andS3 are
plotted in Fig. 1. We observe, in addition to the interference
peak, an increase of the intensity at very small angles. This
suggests the coexistence of nanoparticles with much larger
entities, which could correspond to particle aggregates. We

FIG. 5. Neutron intensity of sampleS1 at 51 K. The straight line
is a fit of the data using Eq.~6!. The separate contributions to the
intensity are also shown: interference termA by the dashed line,
Lorentzian termB by the dotted line, and Ornstein-Zernicke termC
in the dashed-dotted line.

FIG. 6. Temperature dependence of theA, B, AB, and j1 pa-
rameters deduced from the fit of theS1 spectra using Eq.~6!. M is
proportional to the magnetization of the particle~as determined by
magnetization measurements!; it has been scaled withAB at
T5136 K.
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have fitted the increase of the intensity at low angles by a
Guinier law11 exp@2(Rgq)

2/3#, whereRg should in principle
correspond to the gyration radius of the biggest entities.
However, the parameterRg deduced from the fit does not
verify the expected conditionRgq!1, and thus has not been
reported in Table II. The nanoparticles, which give rise to the
interference peak, have a radiusr n of 12 and 15 Å in samples
S2 andS3, respectively. The radii estimated from magneti-
zation data~25 Å! rather correspond to the largest entities.

B. Neutron measurements

Since these two samples do not have monodispersed par-
ticles, we could not perform a quantitative analysis of the
magnetic signal, as in the first case, and we did not try to fit
the data. However, due to the increase in iron concentration,
the magnetic contribution is now very large, and we may
obtain an insight into its temperature dependence just by
looking at the experimental data, without any fit. The quali-
tative description of the neutron intensities in these two
samples gives a strong support to the analysis made for the
more dilute one. We observe the same qualitative behavior in
the two concentrated samples, as shown in Figs. 8–11.

Since the intensity at small angles is extremely high, we
have chosen to display the low- and high-angle data in sepa-
rate figures, with different intensity scales. Due to this strong
magnetic contribution, the shape of the neutron curves is
very different from that of the x-ray one. We note that the
interference peak is much less pronounced, and that the in-
tensity either increases or decreases with temperature, de-
pending on theq range concerned.

In the very low-q range ~q,0.05 Å21!, the intensity
strongly increaseswith decreasing temperature, from 500 to

10 K. In the intermediate-q range~0.05,q,0.15 Å21!, we
first observe an increase ofI (q), between 500 and 300 K,
then adecrease, whenT decreases below 300 K. Finally, in
the high-q range~q.0.15 Å21!, the intensity increases con-

FIG. 7. Temperature dependence of theC and j2 parameters
deduced from the fit of theS1 spectra using Eq.~6!.

FIG. 8. Neutron intensity in the high-angleq range of sample
S2 after correction of the substrate scattering for several tempera-
tures.

FIG. 9. Neutron intensity in the small-angleq range of sample
S2 after correction of the substrate scattering for several tempera-
tures. Inset: the intensity forq50.008 Å21 as a function of tem-
perature.
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tinuously with decreasingT, as in the low-q range. There-
fore, the curves at 500 and 10 K cross each other intwo
points ~around 0.05 and 0.13 Å21!, so that the interference
peak is better observed at low temperature. As discussed

above, the coherent terms~A andC! are dominant at low-q
values and at the peak position, whereas the incoherent one
(B) dominates in the mean-q range. WhenT decreases, the
increase of the intensity at low angles and at the peak posi-
tion is mostly explained by the growing of interparticle cor-
relations. They are expected to be much stronger here than in
sampleS1, due to the higher iron concentration, and thus
persist up to 500 K. In the mean-q range, the increase of
I (q) between 500 and 300 K is mostly due to an increase of
the particle magnetization, which also contributes to the in-
coherent term. But below 300 K, this effect is shielded by the
growing of interparticle interactions, and we observe a de-
crease of the uncoherent term at the benefit of the coherent
ones. Finally, below 100 K, the intensity due to interparticle
interactions seems to saturate~see the insets in Figs. 9 and
11!. This could be related to a frustration of these interac-
tions, as discussed below in comparison with inelastic mea-
surements.

V. DISCUSSION

In summary, we show that the complex evolution of the
magnetic correlations of an assembly of very fine particles
can be described simply in terms of intraparticle and inter-
particle correlations. These two effects were already ex-
pected from anomalies in the macroscopic measurements.
However, thanks to a quantitative analysis which provides
the temperature dependence of two magnetic length scalesj1
andj2 defined in the system, the neutron observations bring
a more precise description and reveal additional features in
the temperature evolution. The use of the x-ray technique,
complementary to the neutron one, provides a strong support
to the quantitative analysis thanks to an independent deter-
mination of the nuclear parameters. Our results are in good
agreement with those obtained by another group on a similar
sample.7 The sample studied in Ref. 7 was prepared by the
same cosputtering technique and its characteristics~rv535
vol% of iron, r515 Å, andTB575 K! lie in between those of
S1 andS2. It keeps quasimonodispersed particles, and the
analytical shape assumed for the neutron intensity is rather
close to ours. The authors analyze the magnetic intensity as
the sum of two termsA1/(q

21k2)21A2/q
2. TheBk1

4 term
of our analysis, equivalent toA1, shows the same tempera-
ture dependence below 250 K: it decreases with decreasing
temperature. However, in our model this decrease is due to a
strong increase of the correlation lengthj15k1

21, whereas
the magnetizationAB actually increases with decreasing tem-
perature. The remarkable agreement ofAB(T) with the mac-
roscopic magnetization justifies the present analysis
a posteriori. Of course, the limit of such an analysis comes
from the use of a phenomenological lorentzian for the single-
particle contribution, instead of a true form factor. This dif-
ficulty likely reveals a nonuniform magnetization, in relation
to the roughness of the particle surface. The obvious conse-
quence is thatj1 cannot be identified as a particle radius.
Concerning the interparticle interactions~j2!, we show their
ferromagnetic character. Actually, this is expected for dipolar
forces, as found from a theoretical work15 which predicts a
ferromagnetic order for fcc structures.

We want to stress now that these two distinct phenomena
of intraparticle and interparticle effects observed in theq

FIG. 10. Neutron intensity in the high-angleq range of sample
S3 after correction of the substrate scattering for several tempera-
tures.

FIG. 11. Neutron intensity in the small-angleq range of sample
S3 after correction of the substrate scattering for several tempera-
tures. Inset: the intensity forq50.008 Å21 as a function of tem-
perature.
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space can be associated with two distinct dynamical evolu-
tions previously observed in energy space. These have been
separated in sampleS1 using two energy windows.

~i! With an energy resolution of 150 meV, the energy
analysis16 reveals the existence of fast fluctuating spins
which gradually freeze below 300 K, as they become more
spatially correlated. At high temperature~T.300 K!, the en-
ergy linewidth is nearly temperature independent, and char-
acteristic of quasiparamagnetic spins~g50.2 meV! loosely
coupled with soft exchange forces. The effective energy
~Jeff.25 K! is much smaller than the expected one for spin
waves@Tc~Fe!51040 K#. This reveals the existence of frus-
trated spins~due to local oxidation or cut bonds at the par-
ticle surface!. We conclude that the increase of the magneti-
zation and of the particle radius reported above is associated
with the freezing of frustrated spins which progressively
align with the ferromagnetic core.

~ii ! With an energy resolution of 13 meV, the energy
analysis17 reveals two other dynamical components. One,
called ‘‘longitudinal,’’ is attributed to the magnetization com-
ponent which relaxes between the metastable states. Its en-
ergy becomes resolution limited below 300 K. The other one,
called the ‘‘transverse’’ component, is attributed to the mag-
netization component which fluctuates inside the metastable
states~it corresponds to a precession at very low tempera-
ture!. Its energy linewidth, which may be related to the in-
ternal field~G.gmBH!, provides a temperature-independent
value at high temperature~0.01 meV!, characteristic of the
single-particle anisotropy. It sharply increases below 100 K.
This reveals the onset of additional forces in the particle

system, attributed to interparticles forces,18 in excellent
agreement with the change in the correlations observed here.

~iii ! Since I (q) corresponds to the energy integration of
the longitudinal and transverse dynamical components de-
fined above, one easily explains the origin of the single-
particle contribution~B term! which persists in the present
analysis below 100 K. The huge sensitivity of the relaxation
time with the particle volume may significantly prevent in-
phase relaxations between some particles even for the quasi-
monodispersed sampleS1. In addition, the transverse mag-
netization of neighboring particles have been found to
fluctuate independently, as shown by theq independency of
the energy linewidth. This is found even at low temperature,
where the interparticle forces develop.

~iv! In the more concentrated samples, we observe mainly
the same behavior as in theS1 one. The main difference
concerns the interparticle correlations which persist up to the
highest measured temperature. At low temperature, we ob-
serve a saturation of the intensity related to these correla-
tions. This indicates some competition between interparticle
interactions, also suggested by the inelastic neutron study
performed on sampleS2.19
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