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A systematic study of Co(Si) granular films by means of transmission electron microsd¢®gM), dc and
ac initial magnetic susceptibility, and thermoremanent magnetiz&li®&M) is presented. The experimental
results are compared with simulations of zero-field-coq2BC) and field-cooled(FC) magnetization and
TRM curves obtained using a simple model of noninteracting nanopatrticles. The simulated ZFC/FC curves,
using the actual parameters obtained from the TEM images, show a different behavior than the experimental
magnetic data. The effect of the dipolar interaction among particles introduces a self-averaging effect over a
correlation length\, which results in a larger average “magnetic” size of the apparent particles together with
a narrower size distribution. The analysis of the ZFC/FC curves in the framework of independent “particle
clusters” of volumeA3, involving about 25 real particles, explains very well the observed difference between
the experimental data for the median blocking temperaftige and their distribution width with respect to the
ones expected from the structural observations by TEM. The experimental TRM curves also differ from those
obtained from the theoretical model, starting to decrease at a lower temperature than expected from the model,
also indicating the strong influence of dipole-dipole interactions.

DOI: 10.1103/PhysRevB.65.064422 PACS nunider75.20—-g, 75.50.Tt, 75.75ta

[. INTRODUCTION fitted using properly weighted Langevin functichg)e most
used techniques are the so-called zero-field-cqgeG)/

In addition to the fundamental importance of unresolvedfield-cooledFC) magnetizatioﬁ and thermoremanent mag-
problems in basic magnetism, the study of nanocrystallinaetization(TRM),® from which it is possible to extract infor-
systems is more and more of practical importance, owing tanation about the average blocking temperatui@nd
the rapid approach to the so-called superparamagnetic limtherefore the mean grain diameter, if the particles considered
on magnetic recording media. Granular magnetic systemare of spherical shape with a known anisotropy conktbine
have been studied since the 1950s, with a renewed interegdispersion of grain sizes can be estimated from the difference
after the discovery of giant magnetoresistance on Cu-Chetween the maximum in the ZFC curve and the bifurcation
films in 199212 between the ZFC and FC curves or from the fit of the TRM

Several factors can influence the magnetic and magnesurve. Although these data are widely used to characterize
totransport behavior of granular systems, namely, the distrinanocrystalline systems, it is worth noting that they should
bution of grain sizes, the shape of the grains, and the madse employed with extreme care, because the dipolar interac-
netic anisotropy of the individual grains. Also, it is well tions may cause strong deviations in the extracted structural
known that the interactions among magnetic particles play @arameters, although the shapes of the curves remain similar
dominant role in the physical properties of these systemgo the ones expected for noninteracting systems. In this paper
Although it has been studied very intensively, it remains unwe show a possible alternative to properly interpret the ex-
clear how the magnetic interactions affect the magnetic beperimental data obtained in a cluster system in which inter-
havior of nanoscopic systems. Due to interactions the behawactions do play a very important role.
ior of a magnetic moment is not only governed by its own To achieve this task, we performed a systematic study of a
intrinsic anisotropy energk,, but also by the coupling with  Co, 34 Si0O,) 65 granular film. This film belongs to a family
its neighbors. The interplay between the dipolar interactiorof Co,(SiO,);_, (x=0.35, 0.41, and 0.44films fabricated
and the distribution of the energy barrieisizes will cer-  for the study of the giant Hall effeét'® This film is appro-
tainly modify the magnetic response of particles. When thepriate for our present work since it has a rather small mag-
interactions are strong enough, the particles may behave ashatic particles concentration, well below the percolation
spin glass:* although a true phase transition needs the comlimit, and the only possible magnetic interactions are of di-
bined effects of dipolar interaction and anisotrdpy. polar origin. From transmission electron microscdp¥gM)

Several magnetic techniques are currently employed témages, the real particle size distribution was obtained and
indirectly infer the structural parameters and intrinsic mag-well fitted by a log-normal distribution function. Magnetic
netic properties. In addition to hysteresis loops that can b@roperties, such as initial susceptibility and thermoremanent
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magnetization, were measured as functiong.oThe mag- In Egs.(1) and(2) the first term comes from the superpara-
netic results are then compared with simulations of ZFC andanagnetic particles whereas the second term comes from the
FC magnetization and TRM curves with the particle sizeblocked particles.
parameters obtained from the TEM images, using a simple To model the FC susceptibility we use the same contribu-
model of noninteracting particles. Some hints about the postion from the superparamagnetic particles, but the contribu-
sible effects of dipolar interactions are given in terms of thetion of the blocked particles to the magnetization is supposed
observed results. to be that reached by the superparamagnetic particles in the
small applied field at their blocking temperature. Thus, one

can write the FC susceptibility as
Il. THEORETICAL BACKGROUND

The Neel (Ref. 11) expression of the relaxation time of a = M_§ | tm fTEf TdT
superparamagnetic particle is= roexpE,/ksT), where E, Xee D= 3| 7o) Jo T (Te)dTe
=KV denotes the particle’s energy barrier separating the en-
ergy minima(uniaxial anisotropy, K andV are the magnetic N tn waf(T )T 3
anisotropy constant and the particle volume, respectikgly, )]t Tg * BB
is the Boltzmann’s constant, aridis the absolute tempera-
ture. The preexponential factorr, (estimated to be i.e.,
~1O*9—1(r{1 10 5 is a constant related to gyromagnetic ,
precessiort: The blocking temperaturég, for a system of Mg [to\[1 (T *
particles with mean volumy, is defined as the temperature Xrd(T)= Rln(TJ {TJ'O Tef(Te)dTe+ fT f(TB)dTB}
at which7=t,,, the measurement time. At high temperatures (4)

the magnetic-moment relaxation timecan be so small that
the particles can rapidly achieve thermal equilibrium duringAgain, the first term comes from the superparamagnetic par-
the measurement tintg,. Therefore, whe>Tg, the sys- ticles while the second term is from the blocked ones.
tem will behave as a “superparamagnet,” while o< Ty To obtain TRM curves we have cooled the sample down
the particles are said to be blocked, i.e., their magnetic moto @ low temperature in a high applied figld0 kOe in the
ments remain at a fixed direction during a single measurePresent casestrong enough to saturate the sample, followed
ment. The initial susceptibility for a single particle of volume by magnetization measurements at increasing temperatures.
V is given by? Xsp=M§V/3kBT for T>Tg and y, At e_ach temperature the sa_lmple was submi;ted to this high
— M§/3K for T<Tg, whereM, is the saturation magnetiza- applied fle_l_d fo_r 60 s, the field was then SW|tche_d o_ff, and
tion of the bulk material. after a waiting time of 100 s the remanent magnetization was
The ZFC magnetization curve is obtained after COO“ngmeasured. Thus the remanent magnetization measured here

the sample in zero field from high temperature by measurin&s_a measure of the magnetic-moment of all clusters that are

the magnetization at stepwise increasing temperatures in 3/l Plocked at a given temperature for a time scaleof
small applied field20 Oe in the present cas@he FC mag- 100 s. It therefore reflects the probability of finding clusters

netization curve is obtained by measurikgin the cooling  With @ blocking temperatureTg) higher than the measure-
process in the same small applied field. In these experiment8€nt temperaturd, i.e., the complementary partition func-
the typical measuring time,, at each temperature was ap- 1on of the blocking temperaturés Then, the TRM can be
proximately 100 s. In any real fine particle system there is £XPressed as

distribution of particle sizes which gives rise to a distribution

of blocking temperatL_lreﬁ'B. _The init_ial sus_ceptib?lity_ of_ MTRM(T)/MSZO+yfxf(TB)dTBa (5)
such a system of noninteracting particles with a distribution T

of particle volumes and blocking temperature's is ) ] )
where the factory is equal to the crystallographic orienta-

5 5 tional average of the blocked magnetic moments randomly
~ M) ka(T \dT +%f°°f TydT distributed in a hemispherey=0.5 in the case of uniaxial

XZFCT3keT Jo(Tay &7 BT 3K ¢ (Te)dTs, anisotropy. Since the applied field is zero when the mea-
(1) surement is made, there is no contribution from the un-

blocked particlegthe zero term was just inserted to stress

wheref(Tg) is the distribution function of blocking tempera- that facj.

tures,(V) is an “average” volume, andTg) an “average” This simple model allows one to analyze the effect of
blocking temperature that are related through thelleex-  various factors on the ZFC, FC, and TRM curves. One sees
pression fort=t,,. Actually, using this relationship between that, for noninteracting particles, the different kinds of mea-

(V) and(Tg), Eq. (1) can be rewritten as surements differ only by the prefactors. In particular the
curve obtained from the difference between FC and ZFC

M2 ( T curves should show similar temperature dependence to the
__s m B ” TRM curve, and the derivatives with respect to temperature
=—|In|—| | = + . '
Xzrd )= 3¢ {In( To) fo 7 (Te)dTs fT f(TB)dTB} T of both curves parallel the distribution of blocking tem-
(2  peratures(Tg).
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ized to the values ai=2 K, for granular Cg(Si0O,), _, films with

FIG. 1. Zero-field-cooledZFC) and field-cooled FC) dc mag- x=0.35. 041 and 0.44

netic susceptibility, measured at 20 Oe for granulag(SiD,)

films with x=0.35, 0.41, and 0.44. .
the maximum of the ZFC curve would correspond to the

average blocking temperature. Figure 2 shows the results of
TRM experiments, performed on the same set of samples

The 1m thick granular CgSiO,);_ films with metal (notice the logarithmic scale on theaxis). The curves re-
volume fractionsx=0.35, 0.41, and 0.44 were prepared bysemble clearly the sigmoidal curve expected for a well-
cosputtering the cobalt and SiQargets mounted on two behaved superparamagnetic system, with the inflection point
separate guns. The glass substrates were hefe=ai50°C  corresponding to the typical blocking temperature of the sys-
and were rotated during sputtering, to ensure compositiofeM- However, one immediately sees that the average block-
uniformity. The magnetic metal volume fraction was con-ing temperatures that would be deduced from the two kinds
trolled by the relative sputtering rates, and was then detefof measurements, ZFC/FC and TRM, are in total disagree-
mined by energy-dispersive x-ray spectroscopy using a Philent. Actually it was found impossible to fit both results to
ips EDAX XL30 on films deposited in the same run on the above-quoted equations using the same distribution of
Kapton tape. The samples deposited on Kapton tape wefdg). In order to further understand this behavior, we con-
also used for magnetic measurements. Structural characteientrated our efforts on the gg(Si0;)o 65 film, that has the
ization was performed with TEM using a JEOL JEM- Iqwest magnetic grain concentration, and on smaller grain
3010 microscope. Dc magnetization was measured on @lZ€S.

Quantum Design MPMS XL7 system in the temperature Figure 3a) shows a cross-sectional TEM bright field im-
range 5—-380 K and fields up to 7 T. Ac susceptibiligT) ~ age and dark field imadéig. 3(b)] of an as-prepared granu-
measurements were done using the Quantum Design phydgr film with x=0.35. The bright field image displays a mi-
cal property measurement system in the available frequenc§rostructure characteristic of typical granular metal films,
range 10—19 Hz. The susceptibility was measured in an accontaining small metallic particles nearly spherical in shape.
magnetic field of 10 Oe after cooling the film in zero field. The dark field TEM images were taken by selecting a quarter

The ZFC procedure was repeated for each frequency and Rf the strong diffraction rings, hence only the grains satisfy-
the temperature range 5—300 K. ing the selected diffraction conditions appear bright. The par-

ticle size histogram, shown in Fig. 4, was determined from
several dark field TEM images, over a total number of 800

I1l. EXPERIMENT

IV. RESULTS AND DISCUSSION particles. The histogram was fitted using a log-normal distri-
Figure 1 shows the ZFC/FC data obtained on thebmIon of particle diameters,
Co,(SiO,),_ films (x=0.35, 0.41, and 0.44 Notice that D
the peaks in the ZFC curves, related to the mean blocking |n2(_)
temperature, shift towards higher temperatures as the con- f(D)= 1 “exp| — (D) (6)
centrationx increases, indicating a continuous increase in the J27o? D 20% '

average grain size. It is noted that the ZFC/FC curves bifur-

cate at a temperature very close to the peak position for affom which we obtained the median particle diametBr)
samples. According to the noninteracting model presented is=3.2 nm and the distribution widthp=0.43. Assuming a
Sec. |, this would be the sign of a narrow distribution of spherical particle shape the log-normal diameter distribution
blocking temperatures, and therefore of particle sizes, andorresponds to a log-normal distribution of particle volume
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FIG. 3. Cross-sectional TEM bright field imade) and dark
field image(b) of the as-prepared granular film with metal volume
fraction x=0.35.

with a median valugV)=(#/6){(D)® and a dispersiofr,
=30p=1.3. Here and throughout the paper we (sg to
denote the median of a distributed variakle

Using the model for ZFC/FC and TRM curves for nonin-
teracting particles, we have fitted the experimental curves to
Eqg. (2) and(4). The result for ZFC/FC curves is shown as a
solid line in Fig. 5 for the Cgs4 SiO,)q 65 Sample. The best
fit was obtained usingTg)=51.3 K ando=0.25. Figure 6
shows the corresponding blocking temperature distribution
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FIG. 5. Experimental ZFC/FC curve for the £@(SiO,)06s5
sample(symbolg and theoretical curve assuming a log-normal dis-
tribution with o=1.3 and(Tg)=30 K (dashed ling The fit (solid
line) of the experimental curve using the model described in the text
gives(Tg)=51.3 K ando=0.25.

obtained from the derivativ[ M zcc— Mgc]/dT of the ex-
perimental data. This distribution was fitted to a log-normal
one, from where we obtaindd’z)=53.7 K ando=0.32, in
good agreement with the values obtained by fitting directly
the ZFC/FC curves. Note that the fits in Figs.Eg. (2) and

(4)] and 6(log-normal distributiondo not match exactly the
experimental data, but they are the best ones within the non-
interacting superparamagnetic model.
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FIG. 6. (a) Experimental ZFC/FC curve for the gg(SiO,) 065
sample(symbol3 and the differencéM c— M ¢ (solid line). (b)
Blocking temperature distribution obtained from the derivative

d[ M zec— M gc]/dT of the experimental dat@olid line) adjusted by

FIG. 4. Particle size histogratbarg obtained from several dark
field TEM images and adjusted by a log-normal cu¢selid line).
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Both analyses show a much narrower distribution of 4
blocking temperatures than expected from the real volume 04l (@) £ .
distribution (o= 1.3). In addition the experimental value of
(Tg)(=54 K) is larger than the valug(Tg)~30 K) esti-
mated using the median particle volume obtained from the
TEM analysis, a typical value{=6x10° ergs/cni) for the
uniaxial anisotropy constant of bulk hcp cobalt, and the time
constantsro=10° s andt,,=100 s. For comparison, Fig.

5 displays the expected ZFC/FC curves, which are in com- o.00F
plete disagreement with the experimental ones. In particular 4

the bifurcation between the simulated FC and ZFC curves
occurs at a much higher temperature than that of the maxi-
mum ZFC curve, which is a consequence of the broad dis-
tribution of the actual particle sizes. As a matter of fact the
difference between the experimental and expected values of
(Tg) could be explained by an anisotropy constant larger
than that of bulk Co, due, for instance, to interface effects
with the SiG matrix. However the much narrower distribu-
tion of Ty stresses the fact that the model of noninteracting
particles simply does not apply to the present case. Most
probably the effect of the size distribution is hidden by the

overall effect of d|p50Iar interactions that couple several pg. 7. Temperature dependence of ac susceptibility for the fre-
neighboring particles’ quencies of 10, 30, 100, 300, 1000, 3000, and 10 000 &lzmagi-
Indeed, the dipolar interaction among particles introducesary part y”(T) and (b) real party’(T). Insets:(a) the plot of
a self-averaging effect over some interaction/correlationn(1/w) vs 1y for y” (symbolg and the linear fitting datésolid
length A, which can obviously explain the narrower distri- line), and(b) the plot of In(1k) vs 1/T,, (symbols, including the
bution of the “magnetic” sizes. Lell be the average number dc point fort,,=100 s, and the linear fitting dataolid line).
of particles contained within the correlation volurnde?®;
probability theory tells us that the volume fluctuations of thetibility was measured in the frequency range—100* Hz.
magnetic clusters of interacting particl¢particle clusters”  Shown in Fig. 7 are the imaginary/() and real ') com-
or “superparticles” composed of magnetically coupled trueponents of ac susceptibility as functions of temperature for
particles will be reduced byN*2 In addition, the “central  different frequencies. One can observe that the peaks in both
limit theorem™* tells us that the distribution of the cluster x”(T) andy’(T) shift towards higher temperatures with in-
volumes should be more Gaussian-like, which is actually obereasing frequency of the ac field. The linear-response theory
served. From the ratio between the experimental dispersioand Kramers-Kronig relations tell us that'(w,T) has a
of Tg(o1~0.25) and the experimental dispersion of the par-maximum whenwr=1, beingw=2=f (f is the frequency
ticle volumes ¢y~1.3) one obtainsN=(oy/07)?~25. of the ac field. Therefore, the frequency dependenceg/bfs
Correspondingly, the average magnetic volume of the “parcommonly used to investigate the relaxation time and can be
ticle clusters” will beN times larger than that of the physical directly associated to the blocking temperatiig.'® The
ones. At first glance this would imply a blocking temperatureinset of Fig. 7a) shows the plot of In(1) as a function of
25 times larger than the expected 30 K for the average physit/T,, where the values of 5, obtained from a Gaussian fit
cal particle, whereas the measurgls)~52 K is only 1.7  to the experimental curves, are the temperatures that corre-
times larger. The reasons for this apparent disagreement aspond to the maximum of” for each frequencythe error
twofold. First, if the particles are interacting, one cannotbars correspond to 2% in the determinationTgj. The plot
compare directly the observed value(df;) with that of the  displays that the blocking temperature does obey an expo-
free particles since the relaxation times may differ considernential law showing thermal activation. However from a lin-
ably in the two cases. Second, the averaging effect of thear fit we deduce a value for the attempt frequency, 1/
interaction also modifies the effective anisotropy of the clus—~10?° s, which is without physical meaning for noninter-
ter and the effective energy barrier. Within the so-called ranacting nanoparticleS’ This excessively large value of the
dom anisotropy modéf,~‘8the effective anisotropy constant attempt frequency is again a clear indication of the important
in the volumeA?® is reduced by a factoK.;/K=x/NY2,  role of interparticle interactions in this systéfAlthough
where x is the volume fraction of the magnetic particles. the real part of ac susceptibility does not peak exactlygat
Therefore if our clustering model is correct we expect thewe have also plotted in Fig.(8) the frequency dependence
average energy barrier for the “particle clusters” to be of the temperaturd,, where the maximumy’ occurs. In
KetfAS=K(X/NY)(N(V)/x), i.e., an increase, with respect such an analysis, one can complement the parameters ob-
to the isolated particle, by a factdt2 only, i.e., 5 in our tained from the ac susceptibility data with the ones obtained
case. from the ZFC data, widening the frequency window from
In order to evaluate the relaxation time and the actuathree orders of magnitudén the case of the imaginary part
energy barrier, the temperature dependence of the ac suscep-six orders of magnitudén the case of the real parfThe
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' ' ' ' ' ture two times lower than the expected B0and 3.5 times
1.0 O experimental 7 lower than the FC/ZFC measurements. On the other hand, it
<T>=158K,c=0.8 must be pointed out that a blocking temperature(®g)
o 08pp <T>-30K o=13 ] =15 K, as observed, would be predicted using the energy
@% b, ? barrier of the single average particle together with the actual
EE 0.6 1 value of , found for the clusters. We tend to believe that the
= K latter agreement is fortuitous. Indeed it does not seem con-
':g 04t & . sistent to attribute to a single-particle relaxation process the
EE attempt frequency found for clusters of correlated particles.
02!l _ However this observation points towards a more individual
e behavior of the relaxation process from the magnetized state.
0.0 L Xerescocceccoco o0 5552 The larger distribution width o g that is deduced from the

TRM curve also supports the claim. It is still lower than
expected from the size histogram, though.

Actually, the “particle clusters” can be considered as
FIG. 8. Experimental TRM curve for the Ge{SiOn)oes domains,” inside which the orientation of the particle mo-

sample(symbolg and theoretical curve assuming a log-normal dis-me?ts ar? highly Corre.late(d]o.t para”?" t.hOUQh separated
tribution with o=1.3 and(Tg)=30 K (dashed ling Adjusting the by “walls” where the dipolar interaction is more frustrated.
experimental curve with Eq5) we obtained(Tg)=15.8 K and The low-field suscep'tlblllty r'ne'asurements prope a collective
o=0.8 (solid line). response of the pgrtlcles within the clust_ers with only weak
relative reorientation between the particle moments. The
TRM differs from the other kinds of measurement since it
plot of In(1/w) as a function of Iy, as shown in the inset starts from a state where all the moments are nearly aligned
of Fig. 7(b) includes the dc measurement tgy=100 s, and along the strong applied field. Then, when the field is re-
shows that the exponential behavior is indeed well obeyeghoved, the relaxation can occur through “domain” nucle-
over more than six decades. ation and “wall” formation, while, for the measurements in
From the linear fit, both sets of data show exactly theweak field, domainlike structures are always present in the
same slope from which we can infer the value of the energgample. Therefore the relaxation process from the saturated
barrier AE/k=3300 K. This value is 4.4 times that com- state to the zero-field std8 involves both collective rear-
puted for the median Co particlé(V)/k=750 K in very  rangements of the cluster moments and large rearrangements
good agreement with the value 5 predicted above. Actuallyf the individual moments within the clusters.
the anisotropy constant of hcp Co lies in the range5 Along this line of thought one can tentatively compare the
—7x10° ergs/cni and we could even find a perfect agree-thermal demagnetization process to the field-induced rever-
ment using 5.%10° ergs/cni instead of the tentative value sal process at low temperature. For a single domain particle
of 6x10° ergs/cm. the coercive field 80 K is equal to the saturation field and
At this stage, we have shown that, without the structurakqual to the anisotropy field. For hcp Co this coercive field is
information, our classical ZFC/FC measurements could babout 8 kOe along the easy axis and for a powder average
erroneously interpreted as arising from an assembly of nonGrandom orientationit is around 4 kOe. In our sample the
interacting particles with a slightly larger volume and a muchcoercive field at 2 K, well below the blocking temperature, is
narrower size distribution than the actual ones. The fre2.2 kOe, which is approximately two times lower than ex-
guency dependence of the susceptibility is thus essential fqgsected. This is in good agreement with the reduction of the
reconciliation of the existence of interactions. In particular,average demagnetizing temperature as measured by TRM
the attempt frequency for the relaxation can no longer bavith respect to the blocking temperature of individual par-
explained in the framework of N#s theory. However, the ticles.
other low-field properties have a behavior quite similar to These observations suggest that we are observing the be-
that of independent particles, provided clusters of correlatedinning of the formation of a collective magnetic state aris-
particles are considered instead of single particles. Indeedhag from the dipolar interactions among individual
they are fully explained assuming clusters Mfcorrelated  particles?* Such magnetic ordering has been called “super-
particles and using the theoretical renormalization factor foferromagnetism” in cases where the dipolar interaction leads
random variables: the volume fluctuations are reduced by t ferromagnetic coupling between the magnetic obj&cts.
factor LNY2 while the energy barrier is increased by a factorIn our case, the distribution of sizes and distances implies a
N2 with respect to noninteracting particles. distribution of the strength and the orientation of the interac-
The effect of interactions is also evidenced from the ex-tion, which would rather lead to a “cluster spin-glass-like”
perimental TRM curves, as shown in Fig. 8. Indeed, the exstate. However the average blocking temperature is higher
perimental TRM starts decreasing at much lower temperaturthan the freezing temperature of the hypothetical spin-glass
than that expected from the simple model. Adjusting the extransitiorf* since the correlation length due to the interaction
perimental curve to Eq5) we obtainedTg)=15.8 K and is still quite small around the blocking temperature. This is
o=0.8. Hence, contrary to the case of ZFC/FC curves, thgrobably why the weak-field properties can still be reason-
experimental TRM curve would suggest a blocking temperaably described in the framework of independent “particle

0 50 100 150 200 250 300
T(K)
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clusters” after a renormalization taking into account the cor-tized state, mixes both collectiidetween clustejsand in-
relation length. On the other hand, the renormalization doedividual (within clusters demagnetizing process involving
not apply to the thermal demagnetization process from @nergy barriers smaller than that for the magnetization rever-
saturated state where individual relaxation must also taksal of a single particle. In other words, the decay from the
place. fully magnetized state is mostly driven by the anisotropy of
the individual particles and their coupling, while the energy
V. CONCLUSION barrier deduced from low-field measurements is that from
) ) ] the reorientation of the “superparticles.” Generally speaking,
We have studied Co(Sip granular films by means of d¢  extreme care must be paid when dealing with nanomagnets,
and ac initial susceptibility and thermoremanent magnetizapecause the dipolar interaction among them can play a fun-
tion. The sample with metal volume fraction=0.35 has  gamental role in the overall magnetic behavior, even at rela-
been studied in more detail, including a complete structuradively low magnetic element concentrations. These results
characterization by means of TEM in order to obtain the reabre particularly important if one wants to obtain indirect
size distribution of the magnetic particles. Using a simplestryctural information through magnetic measurements, be-
model of noninteracting superparamagnetic particles, Weause a single experiment can lead to incorrect estimates of
have shown that important parameters such as median blockyean grain sizes and their distribution. Owing to the dipolar
ing temperature and size distribution of particles deduceghagnetic interactions, the nanocrystalline system macro-
from the analysis of the ZFC/FC and TRM curves differ scopically behaves as composed of larger grains with a nar-
substantially, both being very different from the values ob-row dispersion. As a matter of fact, the most common ex-
tained from the direct structural analysis. We conclude thaperimental curves remain very similar to the ones expected
the dipolar interaction among particles introduces a selffor a noninteracting system, but with a different grain-size
averaging effect over some correlation lengththat results  gistribution. Having more experiments performed on the
in a larger average “magnetic” size of the apparent particlessame sample will make it possible to check for the existence
together with a narrower size distribution. Indeed the FClor absence of interactions, and, in principle, renormalize the
ZFC curves can still be analyzed in the framework of inde-resyits in order to obtain the true nanostructure and properly
pendent clusters of pal’tiC|eS of VOIUm&, inVOIVing around estimate the effect of dip0|ar interactions.
25 real particles in our case. Such renormalization predicts
very well the observed difference between the experimental
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