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Magnetic correlations of fine ferromagnetic particles studied by small-angle neutron scattering
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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 contémlumic 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 A. 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 déwsitiesc
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 tenipééatre
Such correlations could arise from the dipolar field, which increases with decreasing temperature, as observed
by inelastic neutron scattering.

[. INTRODUCTION this experimental field comes from the difficulty of preparing
monodispersed patrticles.

The interest in artificially grown samples is continuously Here we report a small-angle scattering study by x-rays
increasing due to the expectation of new magnetic propertie&nd neutrons of Fe particles of nanometer size dispersed in
Concerning magnetic nanocrystalline materials, there hagn alumina matrix. For one sample with an Fe volume frac-
been intense activity these last years both in applied anHon of 20%, which can be considered as quasimonodis-
fundamental physics since the discovery of giant magnetorg?€rsed, we perform a quantitative analysis. This reveals two
sistance or macroscopic quantum tunneling. Besides sucfistinct phenomena: one related to the temperature depen-
phenomena, there is a fundamental interest in the study gfence of the single-particle magnetization, and the other to
systems where single-domain particles may be considered igerparticle cqrrelatlons which grow at low temperature. Our
huge magnetic spins. This is illustrated, for instance, by théesults are an improvement over previous studies which have
well-known superparamagnetic properties, first described been performed in a small@r range.™ We also report a
Neéel ! for granular ferrites. Due to the existence of an energydualitative study of two more concentrated alld0% and
barrier related to the anisotropy, the particle magnetizatiors2%0 With larger particles. In these two latter samples, the Fe
fluctuates as a whole from one easy magnetization axis tgoncentration is close to the percolation point and the par-
anothe® More generally, the possibility of varying the par- ticles coexist with larger aggregates as shown by x-ray dif-
ticle size or the distance between particles allows one to plaffaction. In spite of this inhomogeneity, the results in these
with interparticle interaction effects, or conflicting effects be- W0 samples confirm the trends observed in the quasimono-
tween single-particle anisotropy and interparticle interacdispersed one. .
tions. Small-angle neutron-scattering technique has been pre- We divide the paper as follows. In Sec. Il, we describe the
viously used to measure the shape anisotropy of precigitate§haracterization of the samples, and give experimental de-
or to observe the particle correlations induced by an appliedgils- In Sec. lll, we report our experimental observations for
field in some ferrofluidS:® It provides a direct observation of the sample with 20% of Fe, and propose a quantitative analy-
the correlations between particles in zero magnetic fieldSis- In Sec. IV, we study the influence of the Fe concentra-
These come either from dipolar forces if the particles ardion. In Sec. V, we d|scu.ss overall results in comparison with
imbedded in an insulating matrix, or by indirect exchangethe. re:'sults'from inelastic neutron scattering, whose full de-
ones if this matrix is metallic. Moreover, inelastic neutron SCription will be presented in a following paper.
scattering, which usually requires large sample quantities to
obtain measurable intensities, can take full advantage from Il. EXPERIMENTAL DETAILS
the particle form factor. Since the magnetic intensity is gath-
ered in a smally range of reciprocal space, it may become
possible, when the time scale of fluctuations is adequate, to We have studied three samples, dendddqd S2, andS3
observe the global dynamics of these particles. Several tecln the following, corresponding to 20%, 35%, and 47% volu-
nigues can be used to prepare fine particles like cosputteringic fractions of iron, respectively. They consist of iron par-
or coevaporation, chemical processes or lithography. Indeticles embedded in an amorphous alumina matrix, deposited
pendently of the technique, however, a severe limitation iron an alumina substrate. They have been prepared by

A. Sample description and characterization
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TABLE I. Sample characterization by magnetization. The iron C. Small-angle neutron scattering(SANS)

weight percentage is determined with the Castaing probe; the oxi- SANS measurements were performed on the spectrometer
dized Fe(10%) located in the alumina or at the sample surface hasp A XY of the laboratoire Len Brillouin at the reactor Or-
been excluded. The volume fractigy is evaluated from the Fe phee, with anXY multidetector of 128128 cells, and an
wt % and from the density of bce iron and amorphous alumipa.  ncident wavelength of 5 A. The corresponding incident en-
is the radius deduced f_rom magnetlzatl_on measuremdptss the ergy (3 meV) is much higher than the typical energies of the
distance between particle centers estimated fromrtheand p, jyaiastic magnetic processes, as measured by inelastic neu-
;galtﬂzst’eerﬁ;gglt:?eao?ct)kr:apsggEri??k?: T;(\e/atﬁzaiggnotgessggil?s' tron scattering0.01 and 0.5 me) Therefore, the scattering
tibility measured after a zero-field cooling process integrates over all the energy states of the system,
' yielding the instantaneous spin correlations. Moreover, the

Samples s1 0 s3 small energy transfers related to the magnetic excitations al-
low us to assume that thepvalue determined from the posi-

Fe wt % 48% 65% 75% tion of the detector cell is the regl value.

Py 20% 35% 47% By varying the sample-detector distan@e3 and 6.8

rm (R) 12.5+1 25+2 37+3 we have investigated two overlappirg ranges, namely

dp (R) 38 65 86 [0.0074, 0.06 A'] and[0.04, 0.3 A'%]. The corresponding

Tg (K) 15+1 136+1 =300 sets of data are called high-angle and low-angle measure-

ments in the following. Since the scattering of all samples is
isotropic in g space, the intensities corresponding to cells
cosputtering. The substrate and sample thicknesses are 38quidistant from the incident beam were gathered, in order to
and 18um, respectively. The samples have been charactedecrease the statistical error. The temperature was varied be-
ized by magnetic measurements. The blocking temperaturég/een 500 and 10 K using an oven and a cryogenerator with
Tg, corresponding to the maximum low-field susceptibility, the same background conditions.

measured after cooling the sample in zero field, are 15, 136, For sampleS1, the raw data of the low- and high-angle
and above 300 K, respectively, as reported in Table I. Fronmeasurements were corrected for the scattering of the sub-
the field dependence of the magnetization, we have detestrate according to Eqg(la), with Tgmpe=Ts=0.9. The
mined the average particle radius, using the high- and lowscattering of an uncoated substrate was measured for the two
field approximations of the Langevin functidhAs shownin g ranges. For the high-angle spectrum, this intensity is very
Table I, the measured mean volume of the particles increasesnall with respect to that of the sample. For the low-angle
with increasing Fe content in agreement with the increase ofpectrum, the signal of the substrate alone increases strongly
Tg. Actually, the relaxation time of the particle, roughly at very low angles. This is due to inhomogeneities, disloca-
given atT=Tg by the characteristic time of the measure-tions, or textures, whose contribution could be much larger
ment, is a function of the rati&V/kTg, whereK is the than the Fe/AJO; signal and is not reproducible from one
anisotropy constant. The proportionality betweérand Ty substrate to another. Therefore, we have determined the sub-
thus indicates that the anisotropy constant, arising fronstrate contribution at low angles by using the sample mea-
single-particle anisotropy or interaction effects, is roughlysurements at 500 K. Here the Fe/@}, signal is small andj

the same for the three samples. independent below 0.06 &, and thus can be easily evalu-
ated and subtracted, using the high-angle data in the overlap-
B. Small-angle x-ray scattering(SAXS) ping g range. After the correction of the data at all tempera-

The SAXS ; din the Lab tures from the substrate scattering, we have scaled the low-
e measurements were performed in the Labor angle spectra to the high-angle ones, with a scaling factor

tF0|re de Ph)r/l5|qu.e dg la Mate?ondﬁnﬁ at4tge College d(? which never exceeds 1.1, in order to obtain a unique set of
rance, with an incident wavelength of 1.54 A correspondingy,;, The neutron intensity was converted in absolute units

to the CuK « line, and a linear multidetector of 93 cells. The . . . :
e by measuring the incoherent scattering of a standard nickel
range of the scattering vectqrwas 0.03—0.6 A. The spec- sgmple g g

tra were deconvoluted from the response function of one For samplesS2 andS3, where the iron concentration is
cell. The raw intensity,,, Wwas corrected from the scattering higher, the signal of the particles is much larger than the

of the substratés,, using the following formula: substrate contribution, whatever theange concerned. After
T correction for the scattering of the uncoated substrate, the
_sample (13  low-angle spectrum was scaled to the high-angle one at 300

leor= I raw™ T I 'subs )
sub K. We have kept the same scaling factor for the other tem-

whereT corresponds to the transmission. The incident fluxPeratures.

®y has been measured with an absorbent sample. Then we

calculated the differential cross sectidiar/d{) in absolute
units, using the formula lll. RESULTS FOR THE SAMPLE WITH 20% FE

do A. X-ray measurements

lcon=1TsampiéPod€2 5, (1b) The q dependence of the intensity measured for sample

S1 is plotted in Fig. 1. If there were no correlations between

wheret andd() are the sample thickness and the solid anglghe positions of the particles, this intensity should decrease
corresponding to one cell, respectively. monotonically withg, according to the form factor of one
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TABLE Il. Parameters deduced from the analysis of the x-ray
spectra.Ap (electron number per 3 is the contrast of electronic
density between the particles and the matdy;, is the exclusion
diameter.N is the density of particlesd,, is the mean distance
between particles assuming a compact arrangenaght ¢2/N). r,
is the radius deduced from the fit of the interference peak.

Samples S1 S2 S3

Fe wt % 48% 65% 75%
Ap 1.96 1.9 2.5

0 ' . 1 . : dmin (A) 29 34 44

) ) ) ) N (A9 2.5x107° 1.4x107° 0.51x10°°
d, (A) 38

150 S2 rn (A) 9.5 12 15

sr)

-1

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 Il. We can check that the particle radius
(r,=9.5 A), the minimum distance of approacd ,,=29
A), and the mean distance between the partitdgs-38 A),
verify the inequality 2 ,<d,;,<d,,. We have determined,
from the concentratioM of the particles, through the rela-
tion d3=v2/N, valid for a closed-packed structure. This
value is in excellent agreement with the value from magne-
tization data,d,,=38 A, as reported in Table I, which was
found in a similar way by using the relation
d3=4v2r3/3p,, where p,=20% is the volumic fraction.
However, we notice that the x-ray determination of the ra-
dius (r,=9.5 A) is slightly smaller than its estimation from
magnetic measurements,,=12.5 A). The underestimation
. of the radius made by x rays is mostly attributed to inhomo-
0 0.1 0.2 0.3 geneities at the surface of the particles, perhaps to an amor-
q (&1) phous layer of Fe and alumina. This would yield a slightly
inhomogeneous iron densifinstead 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
particle. As shown in Fig. 1, we observe a well-defined maxilargeq tail of the form factor, and thus to the smaller sizes,
mum at aq value of about 0.2 A%, which corresponds to a Whereas magnetic measurements probedh® contribu-
short-range order between particles of similar size, closelyon- o o
packed in a liquidlike state. Accordingly, assuming an assem- Thanks to a calibration of the cross section in absolute

bly of identical spherical particles, we have fitted the crosginits, from the mean electronic contrast we can deduce a
sections by the formufa relation between the iron and alumina densitigg and

dai,o,-

100

50

T
]

X -ray intensity (cm

500

FIG. 1. X-ray intensity of sampleS1, S2, andS3. The straight
lines correspond to the fits.

do
dQ
wherer . is the classical radius of the electrdwthe density
of particles,Ap the difference of electronic densities between
the particle and the matri®/ is the volume of one particle, where Mg, and Mai0, and ng, and Na0, are the atomic

F(q,ry) its chemical form factor, and, its chemical radius. masses and atomic numbers of iron and alumina, respec-
1(q,N,dyy,) is the Aschkroft and Lekner interference tjyely.

function:* It corresponds to a liquidlike arrangement of the  Another relation is deduced from the measurement of the
particles, and depends & and on the minimal distance of ayerage density,, (d,,=3.6+0.6 g/cn?), namely
approach or “excluded diameterd,,,,. C is a flat back-

ground term. 1—p \ 1
dav:(pv+ pu)

(re)ZNAPZVZFZ(ern)I(quvdmin)+Cy (2)
Ap=10"24

(3a

Nrdee  M,0da 203)

Mee M a0,

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

(3b)

dre  dai0,
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FIG. 2. Neutron intensity(q) of sampleS1 after correction of ~ FIG. 3. 14l as a function ofy” for q<0.07 A%, wherel is the
the substrate scattering for several temperatures. intensity scattered by samp®i.

A graphic resolution of these two equations yields the denponSIderlng the lowg values only, and have plotted\zﬁ/

sities dz,=9.6+2 g/cn? and dp o, =2.3+0.6 glcni. The \(ersusqz fpr q2<0.07 '8.‘71 (Fig 3. Above 190 K L varies

273 . linearly with g“, showing that the magnetic signal follows a
large error bars are due to the uncertainty about the absolug.auared Lorentzian law. Below 100 K(q) increases much
value of the neutron cross sectiéd5% and the sample 510 strongly, and we observe deviations from this law at
volume (10%). W]th|n these error bargjpe Is comparable to very small angles. This suggests the onset of an additional
the value of bce irori7.8 g/cm). day 0, is much smaller than signal, with a higher correlation length, which we attribute to
the value for crystalline alumin3.98 g/cni), as expected correlations between the moments of neighboring particles.
for an amorphous sputtered material. This shows that the
model used is rather suitable, and especially that the assump- 2. Analysis
tion of a spherical form factor is reasonable, at least in the

I First, we analyze the intensity at 300 K, where the global
argeq range.

moments of the particles seem to be uncorrelated, implying
that they can be considered paramagnetic atoms. For unpo-

B. Neutron measurements larized neutrons, the total intensity is the sum of the nuclear
and magnetic contributions, and we have described dg-
1. Results pendence by the formula

First of all, we qualitatively describe the spectra. This F 2
description clearly shows the temperature variations of the _ Y= 0 ) 2nMm2E2
magnetization at a microscopic scale, and justifies the morel(q)_AI(q’N’dm'”)F (q,rn)+( B) INMFn(G, ).
quantitative analysis described below. (4)

The q dependence of the corrected spectra is plotted i
Fig. 2. At lowq values, the intensity strongly depends on
temperature, and decreases monotonically with increasing
At higherqg values, we observe a temperature-independe
peak similar to the one studied by x rays. This peak is clearl
of nuclear origin. In contrast, the logintensity is of course
magnetic. The range of ity dependence is the expected one
for the squared form factor of one particle. This suggests th
the magnetic moments of neighboring particles ameorre-
lated In this case, the increase of the lawintensity with

Yhe 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 factdf(q,r,) and the interfer-
nce functionl described above. In the second term,
¥ ,= ye¥mc@=0.5410"2 cm. The expression of the mag-
netic contribution is analogous to the one used for paramag-
netic spinst® Instead of the usual form factor of the atomic
aépin, we have inserted i@) the magnetic form factor of the
particleF ,(q,r,,) (the iron form factor is very close to one

q ing i I dt ) in our g range. The atomic spirS (Ref. 13 is replaced by
ecreasing temperatureé would correspond 1o an increase ff, particle spir§, , which is related to the saturated magne-

the density of magnetization of the particles or to an increasﬁzation densitym, . and to the global particle momem
of their effective magnetic volume. The first effect would bethrough the expr;:ssion p

due to spin waves, the second to the growth of spin correla-
tions at the particle surface. S =M 2 5

As shown in Fig. 1, the nuclear signal is negligible in the p(Sp-r2) pl(Ona)”, ©®
low-q range(q<0.07 A™Y). Therefore, we have character- where M,=msV,, andV, is the volume of the particle.
ized theq and T dependences of the magnetic intensity byWhatever the shape assumed in the following for the particle
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magnetic form factor, the nuclear parametérs, d,;,) 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 radius,, of 9 A close to the nuclear orfe,=9.5
A), and a reasonable value for the magnetic moni@rg
+0.4 uB/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 ofspherical 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 radilgs
creaseswith temperature, which is unphysical.

In a second step, fdf,, we have taken a Lorentzian-like
shape, F.(q)=«2/(q?+ «32)], considered here as an ana-
lytical approach of the magnetic form factor in our experi-
mentalq range. The parametes at the numerator is intro-
duced for normalizationF,=1 for q=0). This shape is
mostly justified by the qualitative analysis reported above,
which shows that it yields a good fit to the data in the
smallq range. Of course, this function cannot be identified
as the Fourier transform of uniform magnetic density in a
finite volume. However, the squared Lorentzi&rﬁ](q),
which represents the intraparticle correlations, is propor-
tional to the Fourier transform of an exponential law
(SyS;)cexp(—kyr). Therefore, the magnetic correlation
length ¢, =1/k,, which describes the spin correlatioinside
the particle, should have a close relation with its radius. With 0 X 0.2 03
this analysis, we obtain good fits to the data down to 100 K. o~

We note that, in a purely superparamagnetic system with q(A’)
uncorrelated particles, or in a purely ferromagnetic one with
perfectly aligned particles moments, we expect a homothetic FIG. 4. Neutron intensity of sampfl for several temperatures
increase of the magnetic intensity with decreasingropor- (500, 300, 121, and 32 K The straight lines are fits to the data
tional to the squared particle momevi?(T). Below 100 K,  using Eq.(6).
deviations from the Lorentzian law suggest that we must take
into account the onset of magnetic correlatitmedween the ) K} C
particles To describe such correlations, we can make, as !(@)=Al(A,N,dmin)F=(q,ry)+ (2 D)2 Pt 2
before, an analogy with the paramagnetic case, the physical ! 2(6)
picture being similar but at a different scale. Thedepen-
dence of the magnetic signal is expressed as the product dhe A term contains the nuclear sign@nd a possible mag-
the squared particle form factor with the Fourier transform ofnetic contribution from perfectly aligned near-neighbor par-
the interparticle correlations. We have kept the same fornticle moments, not explicitly taken into account hefehe B
factor as above 100 K, and have described the interparticleerm corresponds to the single-particle or incoherent mag-
correlations by a simple Lorentzian. For a correlatednetic contribution. TheC term involves the coherent contri-
paramagnet, this Lorentzian function corresponds to the Fousution from correlated particle moments. When there are no
rier  transform of the spin correlations function correlations between the particlés,is equal to zero, ang
(SyS; ) c[exp(— «,r))/r, where the correlation leng#=1/x,  is proportional to the square of the particle moment. When
is much larger than the atomic size. Here the use of thi€+#0, B represents the fraction of the particles or of their
function is purely phenomenological. Actually, this term magnetic moments, which remain uncorrelated.
alone is unsufficient, and we must keep a single-particle con- In Fig. 4, we show a selection of the data, fitted with Eq.
tribution even below 100 K. This is an important difference (6) for several temperatures. In the fit of the data at 51 K
from the behavior of typical paramagnets. Its origin can beshown in Fig. 5, we have also plotted the three contributions
explained by the specific properties of the fluctuating parseparately. Good fits are obtained in the whbleange, and
ticles, as discussed below. yield very reasonable temperature dependences for all the

Within these assumptions, we can analyze the intensity ifitted parametergFigs. 6 and Y. We describe them now,
the wholeq and temperature range with tekameexpression: above and below 100 K.

sr!)

-1

Neutron intensity (cm
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Above 100 K, the intensity is constant, as expected for UL L L L
a purely nuclear signal. This ensures that the magnetic form 3k +/,"‘**\ : g 3”2 _
factor is well taken into account by the Lorentzian shape. We e + 8
have drawn the same conclusion by applying a magnetic j \ L MM 4
field1* The intensityB of the magnetic signal steeply in- o L * )
creases with decreasing temperature. In Fig. 6, we have com- \
pared VB, which in the model is proportional to the total B HDO\O)D\ + N
magnetic moment of the particM ,, with its macroscopic
determination from high-field measurements. Both quantities 1 .
show the same variation with temperature. We notice that, N
with decreasingT, they increase much more steeply than . i e '
expected for a Brillouin function. From the temperature evo- 0 R S R TR SO SO S S M
lution of VB, we determine an increase of the particle mo- 0 100 . 200 300 400 500
ment between 300 and 100 K by a factor of 2. Concomi- ' T(K)

tantly, the correlation lengtlj; increases with decreasirig
and reaches 6.6 A at 100 K. We attribute this strong increase
of the magnetic moment, and of the magnetic effective vol- F'G- 6. Temperature dependence of teB, VB, and¢ pa-
ume of the particles, to a progressive alignment of the spin@@meters deduced from the fit of 84 spectra using Ed6). M is
at the surface. This can be related to observations made joportional to the magnetization of the particis determined by
inelastic measurements as discussed below. agnetization measurementst has been scaled with/E at
Below 100 K, we observe a transfer of the magnetic in—T_136 K.
tensity from the uncoherent terrB), to the coherent ones,

andC (see Figs. 6 and)7TheB term related to uncorrelated ment with magnetic measurements. Moreover, the analysis

moments, shows a maximum around 100 K, then decrease%?low 100 K reveals the onset of a magr_1etic con_tribution at

The C parameter, associated with long-range correlationst. € nuclear mterfe_rence peak, _vvhe_n the interparticle correla-

. . o fions develop. This effect, which in samp& cannot be

increases from zero, and we notice an additional magnet% tected without fitti ) dilv sh th tra of

contribution to the interference terf Clearly, the magnetic theeet(\;vg omerc;l;mlplglsg’a{z (ti(ia:lculsys; dorY(V)?/von € spectra 0

moments of neighboring particles start to align, which is also ' '

shown by an increase of the interparticle correlation length

&,. However, theé, value remains close to the distance be- V. INFLUENCE OF THE IRON CONCENTRATION

tween near-neighbor particles, i_n contrast to the case of a \ye now report the results for the two samples with higher

correlated paramagnet, whegg is much larger than the ko contents.

atomic scale. From the fit we also obtained a slight decrease

of the correlation lengtlg;, associated with the intrapatrticle

correlations, which is unphysical. Therefore, we have Kgpt

constant below 100 K, which does not significantly change The spectra for the more dense sam@2sandS3 are

the quality of the fit. plotted in Fig. 1. We observe, in addition to the interference
Besides the exact meaning of the fitted correlationpeak, an increase of the intensity at very small angles. This

lengths, which remains to be clarified, from this analysis wesuggests the coexistence of nanoparticles with much larger

obtain a self-consistent description of the system, in agreeentities, which could correspond to particle aggregates. We

A. X-ray measurements
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FIG. 7. Tempergture dependence qf Beand & parameters 10 K. In the intermediater range(0.05<q<0.15 Afl), we
deduced from the fit of th&1 spectra using E(6). first observe an increase tfq), between 500 and 300 K,
have fitted the increase of the intensity at low angles by 4hen adecreasewhenT dec_rleases below 300 K. Finally, in
Guinier law’ eXd—(qu)2/3], whereR, should in principle the highg range(q>0.15 A1), the intensity increases con-
correspond to the gyration radius of the biggest entities.

However, the parametéR, deduced from the fit does not .
verify the expected conditioRyq<1, and thus has not been
reported in Table Il. The nanopatrticles, which give rise to the
interference peak, have a radiysof 12 and 15 A in samples
S2 andS3, respectively. The radii estimated from magneti- 500 —
zation data(25 A) rather correspond to the largest entities.
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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 o :
magnetic contribution, the shape of the neutron curves is 0 001 00z , 003 004
very different from that of the x-ray one. We note that the q(A)
interference peak is much less pronounced, and that the in-
tensity either increases or decreases with temperature, de- FIG. 9. Neutron intensity in the small-angierange of sample
pending on they range concerned. S2 after correction of the substrate scattering for several tempera-

In the very lowg range (q<<0.05 A™Y), the intensity tures. Inset: the intensity fay=0.008 A% as a function of tem-
stronglyincreaseswith decreasing temperature, from 500 to perature.
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FIG. 10. Neutron intensity in the high-anglerange of sample
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above, the coherent terntd andC) are dominant at lovet
values and at the peak position, whereas the incoherent one
(B) dominates in the meag-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 meap+ange, 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 saturdsee 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-

S3 after correction of the substrate scattering for several tempergarticle correlations. These two effects were already ex-

tures.

tinuously with decreasing, as in the lowg range. There-
fore, the curves at 500 and 10 K cross each othetwio

pected from anomalies in the macroscopic measurements.
However, thanks to a quantitative analysis which provides
the temperature dependence of two magnetic length séales
and &, defined in the system, the neutron observations bring

points (around 0.05 and 0.13 &), so that the interference a more precise description and reveal additional features in
peak is better observed at low temperature. As discussediie temperature evolution. The use of the x-ray technique,

Neutron intensity (arb.units)

FIG. 11. Neutron intensity in the small-angierange of sample
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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’ The sample studied in Ref. 7 was prepared by the
same cosputtering technique and its characterigfics 35
vol% of iron,r=15 A, andTz=75 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 term#\,/(q°+ «2)?+ A,/q%. The B«] term

of our analysis, equivalent t4,, 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 lengih=«; 1, whereas

the magnetizatiogB actually increases with decreasing tem-
perature. The remarkable agreement/8f{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-
guence is that; cannot be identified as a particle radius.
Concerning the interparticle interactioté), we show their
ferromagnetic character. Actually, this is expected for dipolar
forces, as found from a theoretical wotkwhich predicts a

S3 after correction of the substrate scattering for several temperderromagnetic order for fcc structures.

tures. Inset: the intensity foqy=0.008 A ™! as a function of tem-

perature.

We want to stress now that these two distinct phenomena
of intraparticle and interparticle effects observed in the
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space can be associated with two distinct dynamical evolusystem, attributed to interparticles forcésjn excellent
tions previously observed in energy space. These have beagreement with the change in the correlations observed here.
separated in samplgl using two energy windows. (iii) Sincel(q) corresponds to the energy integration of
(i) with an energy resolution of 150 meV, the energythe longitudinal and transverse dynamical components de-
analysig® reveals the existence of fast fluctuating spinsfined above, one easily explains the origin of the single-
which gradually freeze below 300 K, as they become moregparticle contribution(B term) which persists in the present
spatially correlated. At high temperatufE>300 K), the en-  analysis below 100 K. The huge sensitivity of the relaxation
ergy linewidth is nearly temperature independent, and chatime with the particle volume may significantly prevent in-
acteristic of quasiparamagnetic spifs=0.2 me\j loosely = phase relaxations between some particles even for the quasi-
coupled with soft exchange forces. The effective energynonodispersed sampk&l. In addition, the transverse mag-
(Je=25 K) is much smaller than the expected one for spinnetization of neighboring particles have been found to
waves[T.(Fe)=1040 K]. This reveals the existence of frus- fluctuate independently, as shown by théndependency of
trated spingdue to local oxidation or cut bonds at the par- the energy linewidth. This is found even at low temperature,
ticle surface. We conclude that the increase of the magneti-where the interparticle forces develop.
zation and of the particle radius reported above is associated (iv) In the more concentrated samples, we observe mainly
with the freezing of frustrated spins which progressivelythe same behavior as in tH&l one. The main difference
align with the ferromagnetic core. concerns the interparticle correlations which persist up to the
(i) With an energy resolution of 13 meV, the energy highest measured temperature. At low temperature, we ob-
analysig’ reveals two other dynamical components. One;serve a saturation of the intensity related to these correla-
called “longitudinal,” is attributed to the magnetization com- tions. This indicates some competition between interparticle
ponent which relaxes between the metastable states. Its eimteractions, also suggested by the inelastic neutron study
ergy becomes resolution limited below 300 K. The other oneperformed on sampl&2 1°
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- We are deeply indebted to J. L. Dormann and C. Djega-
ternal field(I'=gugH), provides a temperature-independentMariadassou for providing the samples and for many fruitful
value at high temperatur@®.01 meV), characteristic of the discussions. We also thank A. Betiand R. Ober for their
single-particle anisotropy. It sharply increases below 100 Khelp during the neutron and x-ray experiments, and H. Ca-
This reveals the onset of additional forces in the particlesalta for a critical reading of the manuscript.
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