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FexAg100−x granular thin films, with 20�x�50, have been prepared by the dc-magnetron sputtering depo-
sition technique. With this technique we have been able to obtain samples comprising small Fe nanoparticles
�2.5–3 nm� embedded in a Ag matrix, remaining their size practically constant with increasing Fe content.
Their magnetic behavior has been fully characterized by dc magnetic measurements between 5–350 K. They
have revealed a crossover in the collective magnetic behavior of the Fe nanoparticles around a 35 at. %.
Below such a concentration, a collective freezing of the magnetic moments is observed at low temperatures,
while at high temperatures a transition, mainly mediated by dipolar interactions, to a magnetically disordered
state is obtained. Above this concentration, direct exchange interactions overcome the dipolar magnetic inter-
actions and a long-range order tends to prevail in the range of temperatures analyzed. ac magnetic measure-
ments have indicated a crossover from a superspin glass �x�35� to a superferromagnetic �x�35� behavior for
the magnetic moments of the Fe nanoparticles.
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I. INTRODUCTION

The study of the magnetic behavior of ensembles of mag-
netic nanoparticles has attracted great attention from material
scientists for several years.1–5 The appeal of these systems
arises from the complexity and variety of the magnetic inter-
actions among the magnetic nanoparticles, as well as the
technological potential based on, for instance, giant magne-
toresistance or ultrasoft magnetic properties.6,7 At very low
concentrations, each of the nanoparticles behaves individu-
ally like a superparamagnet.8 As the concentration increases,
interparticle magnetic interactions become more relevant and
a collective magnetic behavior is found. The understanding
of these collective behaviors is important not only from a
theoretical point of view, but also for technological applica-
tions, as magnetic memories or sensitive magnetic field
sensors.9

Binary FexAg100−x granular thin films are ideal systems to
study these phenomena since Fe and Ag present a high value
of positive alloy formation energy �28 kJ/mol�,10 thereby be-
ing highly immiscible and allowing us to obtain samples
consisting of an assembly of Fe nanoparticles embedded in a
diamagnetic metallic Ag matrix for a wide range of compo-
sitions. Their magnetic and magnetotransport properties have
been previously studied.1,2,11,12 As observed by Binns et al.1

for sputtered Fe-Ag granular thin films, at very low atomic
concentrations ��2%� these thin films fulfill the conditions
for ideal superparamagnetism �SPM�: the magnetic behavior
is given by the average over a set of independent noninter-
acting nanoparticles. Single-particle blocking is thus ob-
served at very low temperatures ��5 K�. At atomic fractions
up to �25%, the high-temperature behavior can be described

as interacting superparamagnetism �ISPM� �see Allia et
al.13�: the sample consists of aggregates of nanoparticles
which interact by dipolar magnetic interactions, mainly, and
as the temperature decreases, a collective freezing of the mo-
ments of the aggregates is observed. At high compositions
��60%� and above �50 K, the magnetic configuration is
typical of a correlated superspin glass �CSSG�, in which ran-
dom deviation of the moments from alignment produces a
smooth rotation of the magnetization throughout the system
with a correlation length much larger than the diameter of the
nanoparticles. However, while the range of Fe concentrations
corresponding to low �x�25� and high �x�50� Fe content
has been widely analyzed, there are still many questions con-
cerning the intermediate range �25–50 %� and the nature of
the different competing factors which play a significant role
at these particular concentrations.

However, for Co80Fe20 nanoparticles embedded in glassy
Al2O3 with nanoparticle concentrations below their physical
three-dimensional percolation, Kleemann et al.14 have pro-
posed mainly two kinds of collective magnetic states. For an
intermediate strength of dipolar interactions and randomness
of particle positions, one can observe a superspin glass state
�SSG�.15 Here the superspins �magnetic nanoparticles� freeze
collectively into a spin glass-like state at low temperatures
and low concentrations. For higher densities of nanopar-
ticles, and hence stronger interactions, one can observe a
superferromagnetic state �SFM�, characterized by ferromag-
netic interparticle correlations.16 The terms superspin glass
and superferromagnetism were first coined by Mørup et al.17

to explain the magnetic behavior of interacting crystallites of
antiferromagnetic goethite.

With increasing particle density, the role of magnetic in-
teractions among nanoparticles becomes non-negligible and
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one finds a crossover from single-particle blocking to collec-
tive freezing. Therefore, we are going to study the range of
concentrations around which this collective freezing takes
place. In this paper we face an in-depth study of the magnetic
behavior of small Fe nanoparticles inside sputter deposited
FexAg100−x granular thin films with Fe concentrations 20
�x�50. For these granular systems, we have carried out an
intensive characterization of their magnetic behavior and
analyzed the evolution of the collective magnetic states with
increasing Fe content. These are modulated mainly by the
competition between interparticle magnetic interactions, the
intraparticle anisotropy, the externally applied magnetic field
and the thermal disorder. In order to gain a better description
of these collective magnetic states, apart from the typical dc
magnetic measurements, we have also performed a
frequency-dependent ac susceptibility analysis.

II. EXPERIMENTAL DETAILS

FexAg100−x granular thin films were prepared by sputter-
ing deposition, with composition 20�x�50, as determined
by energy dispersive x-ray analysis. These concentrations are
slightly higher than those indicated by the magnetic satura-
tion values and fall within the experimental error. The Fe-Ag
samples were deposited by dc magnetron sputtering at room
temperature onto Si�100� substrates, using a Pfeiffer Vacuum
Classic 500 system, being the base pressure �10−7 mbar
with approximately 2�10−3 mbar of Ar. The target con-
sisted of a certain number of Fe chips placed on an Ag disk.
By varying the number of Fe chips we managed to obtain
different Fe concentrations from 20 to 50 at. % Fe. The
thickness of the Fe-Ag thin films were kept between 100–
150 nm ��10 nm� as measured by atomic force microscopy
and the final samples were covered with �10 nm of Au in
order to avoid oxidation. During the deposition, we used an
Al sputtering mask covering the substrate to obtain films of
the same shape �squares of 3�3 mm2�, which is very im-
portant in order to properly compare the results obtained for
the different Fe-Ag samples. Magnetic measurements were
performed in a superconducting quantum interference device
magnetometer �Quantum Design MPMS-7�. Zero-field-
cooling/field-cooling �ZFC/FC� measurements �M�T�� were
carried out in both dc and ac mode. dc magnetization curves
were measured with different applied magnetic fields ��0H
=0.5, 1.5, 2.5, 5, and 10 mT� in the temperature range 0
�T�350 K. ac susceptibility measurements were carried
out in the same range of temperatures but with an applied
field �0h=0.3 mT and at several frequencies �0.03� f
�1000 Hz�. All the magnetic measurements have been nor-
malized to the volume of the Fe-Ag thin film �3 mm
�3 mm� thickness�, which allow us to give absolute values
in magnetization with an error of �8%

III. RESULTS AND DISCUSSION

A. dc magnetometry

First of all, we have evaluated the thermal dependence of
the magnetization by the usual procedure of ZFC/FC. In our
case, we have carried out ZFC/FC measurements from 5 to

350 K applying an external dc magnetic field of 0.5 mT. This
field has been initially kept small enough not to mask the
subtle magnetic phenomena taking place during the ZFC/FC
process.

Figure 1 �top� shows these ZFC/FC curves for FexAg100−x
being x=20, 24, 35, 39, 45, and 49. As can be seen, during
the FC process the magnetization decreases progressively
with increasing temperature, except for a small peak centered
at low temperatures, TP-FC, and overlaps the ZFC curve
above a certain irreversibility temperature Tirr. The irrevers-
ibility is a proof of the magnetic disorder produced by the
interparticle interactions �exchange and dipolar, mainly�, the
nanoparticle anisotropy and the random position of the nano-
particles. On the other hand, during the ZFC process the
magnetization generally increases with increasing tempera-
ture until reaching a certain maximum at TP-ZFC �as exempli-
fied in Fig. 1 �bottom��. However, for some samples there is
some remanent contribution to the magnetization at low tem-
peratures. This is due to the deposition process and relates to
the magnetic fields inside the magnetron sputtering chamber.
In order to minimize its effects, we have carried out a de-
magnetization process for each of the analyzed samples just
before measuring them. Above TP-ZFC, the magnetization
starts to decay in a Curie-Weiss way, becoming completely
null at high enough temperatures. This can be explicitly seen
in the inset of Fig. 1 �bottom�, where the good fitting of the
experimental ZFC curve to the Curie-Weiss expression �	
=C / �T−TC

� �� is depicted. TC
� corresponds to the Curie tem-

perature and its value depends on the nature of the interac-
tions. C is the Curie constant which depends on the average
volume V of the nanoparticles: C=x�VMS

2�0 /3kB, being MS
the saturation magnetization of Fe �1745 kA/m at 0 K�, x�
the volume concentration of the nanoparticles �0�x��1�,
and V= �
 /6�D3, where D is the average diameter of the
magnetic nanoparticles. The values of TC

� and D obtained
from these fittings are indicated in Table I, together with the
corresponding values of TP-ZFC and Tirr. As can be seen, TC

� is
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FIG. 1. �Color online� �Top� ZFC/FC curves for FexAg100−x

�20�x�49� �bottom� ZFC/FC curves for samples Fe35Ag65. In the
inset, the fitting to a Curie-Weiss law is depicted.
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always positive, indicating the major ferromagnetic nature of
the interactions. D is around 2.5–3 nm for the samples with
20�x�40. From the fitting of the hysteresis cycles �M�H�
curves measured at room temperature for x=20� to an ISPM
model �not shown here�, we have also obtained an average
diameter for our isolated nanoparticles of 2.5 nm. Remark-
ably, D remains quite constant with increasing Fe content. At
high Fe content ��40%�, the magnetic transition shifts to
higher temperatures and gets out of the range of temperatures
analyzed, so we can no longer carry out the fitting. Since the
size of the nanoparticles keeps quasiconstant, our thin films
present as an ideal system in order to study the evolution of
the collective magnetic behavior of the system as the mag-
netic density increases with increasing Fe content.

The shape of the ZFC/FC curves changes progressively
with increasing Fe concentration. The maximum in the ZFC
curve becomes wider and shifts to higher temperatures. Nor-
mally, a broadening phenomenon of the ZFC peak is related
to an increase in the size distribution of the nanoparticles or
to an effect of the interactions.18 Taking into account the
previous results for the evolution of the average size with the
Fe content and that we are working at considerably high Fe
concentrations, it is clear that this broadening must be mostly
related to the increasing importance of interactions in general
and short-range ferromagnetic interactions in particular, as
the density of nanoparticles increases and the interparticle
distances are shortened. For the sample with the highest Fe
concentration �x=49� no maximum has been measured in the
ZFC curve and the thermal evolution is very similar to that
of the FC curve. TP-ZFC, TC, and Tirr also displace to higher
temperatures as the Fe amount increases, as indicated in
Table I. If we plot these temperatures against the Fe concen-
tration in our samples we obtain an interesting divergence.
As depicted in Fig. 2, the values of all these temperatures
follow the same linear evolution up to a 35 at. % Fe. After
that concentration, the slope of this linear evolution suffers
an appreciable increase �approximately twofold� for all the
previous temperatures at the same time. This clearly reveals
a change in the collective magnetic behavior of the Fe-Ag
thin films as a function of the Fe concentration.

Another remarkable point is the appearance of a small
peak at low temperatures �TP-FC� in the FC curve, as shown
in Fig. 3. In superparamagnets, the FC magnetization always
increases as the temperature is decreased. This is simply be-
cause superspins are blocked in the direction of the field. A
peak in the FC curve like the one obtained for our samples
has been experimentally observed in superspin glass sys-

tems, such as Fe3N nanoparticle systems,19 and can be re-
lated to the presence of strong magnetic dipolar interactions
as has been shown by Monte Carlo simulations, using a
model which includes a summation of dipole fields to take
account of the interactions.20,21 Since this peak disappears
with increasing Fe content, it indicates that the ferromagnetic
exchange interactions progressively overcome the spin glass-
like disorder at low temperatures.

We have further studied the thermal evolution of the mag-
netization in our samples by analyzing the evolution of the
ZFC/FC curves as a function of the applied magnetic field H.
We have focused on the differences in the magnetic response
for samples with concentrations above and below x=35,
which marks the crossover. In Fig. 4 we present the ZFC/FC
curves for the samples Fe20Ag80 and Fe45Ag55 measured at
�0H=0.5, 1.5, 2.5, 5, and 10 mT. As can be seen, the evo-
lution of the ZFC/FC curves with the applied field is com-
pletely different depending on the composition. For the
sample with x�35 �Fig. 4 top�, as we raise the magnetic
field, the ZFC/FC curves become slightly wider and displace
toward lower temperatures. We obtain an slow decrease of
TP-ZFC and TP-FC, and an slight increase of TC

� with increasing
H. This behavior is typical of systems with preponderant
dipolar magnetic interactions, due to the anisotropic nature
of the dipolar interactions, even if there is a certain degree of
ferromagnetic behavior. The response to the field is thereby
relatively weak as precisely observed in the evolution of the
ZFC/FC curves for this Fe20Ag80 thin film. Moreover, we
have observed that as the applied magnetic field increases,
the FC peak becomes less appreciable and displaces toward
lower temperatures as it is typical, again, of samples with
dipolar magnetic interactions.20 On the other hand, for
samples with x�35 �Fig. 4 bottom�, the magnetic response

TABLE I. TP-ZFC, TP-FC, Tirr, TC
� , and D values obtained for FexAg100−x �x=20, 24, 35, 39, 45, and 49�.

TP-ZFC

�K�
TP-FC

�K�
Tirr

�K�
TC

�

�K�
D

�nm�

x=20 86.5�0.5 58.5�0.5 105.3�0.5 119.4�0.2 2.7�0.4

x=24 103.2�0.5 48.1�0.5 133.2�0.5 151.7�0.2 2.9�0.6

x=35 155.0�0.5 37.5�0.5 194.9�0.5 221.9�0.2 2.6�0.5

x=39 184.5�0.5 26.7�0.5 297.8�0.5 286.8�0.1 2.5�0.4

x=45 262.5�0.5 14.5�0.5

x=49 12.0�0.5
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FIG. 2. �Color online� Evolution of the characteristic tempera-
tures TP-ZFC, Tirr, and TC

� as a function of the Fe content. Lines are
guide for the eyes and the error bars are smaller than the symbols.
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is notably faster. Both TP-ZFC, TP-FC, and Tirr displace toward
much lower temperatures, smearing out the irreversibility for
an applied field of �0H=5 mT. These differences in the
thermal magnetic response depending on the Fe concentra-
tion of our samples are more clearly appreciated in Fig. 5,
where the evolution of the TP-ZFC vs H is represented. As
shown, by increasing the field from 0.5 to 2.5 mT, TP-ZFC
reduces in a �30% and 80% for the samples with x=20 and
45, respectively. This can be easily explained because at high
Fe concentrations, the Fe nanoparticles are correlated via di-
rect exchange interactions, allowing them to align their mag-
netic moments in the direction of the applied magnetic field
much more faster than at low Fe content.

We have tried to fit the experimental curves of Fig. 5 to an
appropriate phenomenological model in order to obtain some
information about the evolution of the correlation lengths
and the anisotropies as a function of the concentration. In
order to take into account the interaction effects on the field
dependence of TP-ZFC, we have employed an expression
based on a modified version of the random anisotropy
model22 that can be used to describe the magnetic behavior
of granular systems. This model takes into account the con-
centration and size of the nanoparticles, as well as the field
dependence of the correlation length, and allows a quantita-

tive analysis of the field dependence of the blocking tem-
perature �TP-ZFC�H��, which is given by the following expres-
sion:

TP-ZFC�H� =
K
�D3 + x��LH

3 − D3��
6kB ln��m/�0��1 + x��LH

3 − D3��/D3�1/2

� �1 −
HMS�1 + x��LH

3 − D3�/D3�1/2

2K
	1.5

�1�

being LH=D+ �2A / �MSH+C��1/2 the correlation length as a
function of the applied field, that gives a measure of the
average distance over which magnetization fluctuations are
correlated. A represents the interaction intensity, which for
nanogranular systems corresponds to the intergranular ex-
change constant. K represents the anisotropy of the nanopar-
ticles, D is their diameter, x� is the volume concentration of
the nanoparticles �0�x��1�, �0 corresponds to the charac-
teristic relaxation time of the magnetic moments
�10−9–10−10 s�, �m is the measurement time �typically in the
order of 100 s for dc measurements�, and MS is the saturation
magnetization of Fe. The parameter C is included in order to
overcome the divergence of LH at zero field. It is expected
that C approaches zero for systems of clustered nanopar-
ticles, and increases with the progressive dilution. We have
used this expression to fit our experimental data, as shown in
Fig. 5. The fits represented by the solid lines were carried out
by using the following data: D=2.5 nm, �0=10−9 s, and
�m=100 s. We have also fixed the value of A=3.3
�10−12 J /m, a value obtained by Binns et al.1 for thin films
composed of pure Fe clusters and applied with good results
in Monte Carlo simulations for a wide range of Fe concen-
trations in the case of Fe-Ag granular thin films. K and LH
have been left as free parameters. A good fitting is obtained
with this model, as shown in Fig. 5. The values obtained for
K and the correlation length at zero applied field L0 are rep-
resented in Table II. As can be seen, K becomes smaller with
increasing x while L0 rapidly increases. The obtained K val-
ues are significantly larger than those corresponding to bulk
Fe, as it is usual in nanogranular systems, and compare very
well with those estimated for Fe-Ag granular thin films
�1.75�105 J /m3 for x=25� �Ref. 1� or with those reported
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in FeCuAg granular alloys �4.41�105 J /m3� �Ref. 23� and
in CoCu granular alloys �2�105 J /m3�.24 For the samples
with low concentrations, the relaxations in each particle re-
mains governed mainly by their anisotropic barriers. As the
concentration increases, the anisotropy decreases since the
percolation among the nanoparticles diminishes the effect of
the effective anisotropy. On the other hand, L0�D even for
the sample with x=20. For this sample, magnetically corre-
lated clusters of several particles are formed which interact
mainly by dipolar interactions �the coercive field obtained
from the M�H� curves is quite large �0HC=32.3 mT, at 5
K�. However for the sample with x=45, L0�D, indicating an
important clusterization of the nanoparticles �the coercivity
decreases, �0HC=11.4 mT, at 5 K�. Therefore, as the Fe
concentration increases it becomes more difficult to identify
the individual nanoparticles and largely correlated clusters
are progressively formed, changing the overall magnetic be-
havior of our samples.

To sum up, from this dc analysis we can basically con-
clude that around a 35 at. % Fe we have a crossover in the
magnetic behavior of our nanoparticles. Dipolar interactions,
which were dominant at x�35, are overcome by short-range
ferromagnetic direct exchange interactions with increasing
Fe content. Therefore, the ferromagnetic long-range order
progressively prevails over the dipolar magnetic interactions
and the nanoparticle anisotropy, and some kind of magnetic
percolation takes place near 35 at. % Fe, like in other mag-
netically disordered systems of either metallic origin such as
strongly correlated electron alloys of CeNiCu or oxide com-
pounds with colossal magnetoresistance properties.25–28

B. ac magnetometry

In order to obtain more information about this crossover
revealed by dc magnetic measurements it is relevant to study
the dynamics of the superspins of our nanoparticles. There-
fore ac susceptibility measurements have been carried out for
three samples with different compositions: x=24, 35, and 39
�see Fig. 6�. The applied magnetic field has been fixed at 0.3
mT and different frequencies have been used during the mea-
surements, ranging from 0.03 to 1000 Hz. In all the range of
temperatures analyzed �5�T�300 K�, a frequency depen-
dent maximum appears for every sample at a certain Tmax for
both the real �	�� and the imaginary �	�� components of the
magnetic susceptibility. Such maxima are associated to the
freezing of the magnetic moments of the Fe nanoparticles
with decreasing temperature. Moreover, above this Tmax we
have a dispersionless Curie-Weiss-type decrease in the 	��T�
curve while 	��T� falls to zero with increasing temperature.
All these phenomena clearly confirm the presence of a mag-
netic transition mediated by interactions at T�Tmax, as pre-
viously indicated by the dc magnetic measurements. As the
frequency of the applied magnetic field rises, the peak be-
comes smaller and shifts slightly to higher temperatures, as
in many disordered systems such as canonical SG, reentrant
SG, clustered oxides, etc.

We can determine again the Curie temperatures �TC
� � by

fitting 	��T� to a Curie-Weiss expression or by the tempera-
ture at which 	� becomes null. In both cases, the values of
the Curie temperatures are close to those previously obtained
by dc measurements within the experimental error ��5%�.
The existence of the TC

� corroborates that as the temperature
rises and the thermal disorder increases, the influence of the
interactions among the nanoparticles is reduced, and the sys-
tem suffers a magnetic transition.

We have studied the dynamics of the magnetic moments
at temperatures below TC

� , by analyzing the evolution of the
maximum appearing both in 	� and 	�. A systematic proce-
dure has been followed. We have started by analyzing the
shift of the peak position, �, in 	� as a function of the fre-
quency, 
=2
f , given by the expression

TABLE II. K and L0 parameters obtained from the fittings of the
TB vs H to an expression based on a modified random anisotropy
model for FexAg100−x �x=20 and 45�.

K
�J /m3�

L0

�nm�

x=20 3.0�0.8�105 24�6

x=45 1.8�0.1�105 92�4
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� =
�Tmax

Tmax��log 
�
, �2�

where Tmax corresponds to the peak temperature in the 	��T�
measurements. Depending on the magnetic behavior of the
system, different values of � have been found in the
literature.29 Therefore, we can compare the value of � mea-
sured for our samples with those previously obtained in the
literature, in order to get some idea about the dynamical
magnetic behavior of our system during the freezing of the
magnetic moments. As shown in Table III, the obtained val-
ues for � are very small, close to those typically measured
for spin glasses ��=0.005 Hz� but similar to Fe20Cu20Ag60
nanopowders ��=0.008 Hz�.30 Because of the nanogranular
nature of our Fe-Ag thin films, one would expect that the �
values would be more close to those typically obtained in
cluster spin glass or SSG systems, which are an order of
magnitude greater ���0.05–0.06 Hz�.29 This can be ex-
plained because the values of Tmax measured in our samples
are also much greater than those frequently obtained in the
literature, and thereby, the value of ���1 /Tmax� is smaller
than expected. Therefore, we can talk about a glassy state for
our nanoparticles at low temperatures.

We have tried to get a deeper insight of the freezing pro-
cess analyzing the variation of the peak temperature with the
frequency. Since we have proven that magnetic interactions
are important even in our most diluted samples, the typical
Arrhenius relaxation for ideal SPM would lead to unrealistic
results. Therefore we have used a phenomenological activa-
tion law and analyzed the magnetic behavior as is done in
clustered magnetic systems and especially in SSG. It is nec-
essary to probe the magnetic dynamics following a collective
freezing. For this, we have tried a dynamical critical expo-
nent activation law

� = �0
Tmax − Tg

Tg
�−z�

�3�

being z� precisely the critical exponent and Tg represents the
freezing temperature of the magnetic moments of the nano-
particles when f approaches zero. Following standard
procedures,31 we have fixed �0 to 10−9 s, in order to be able
to compare the results between the different samples studied.
As can be seen in Fig. 7, a very good fitting has been ob-
tained. An estimation of the error of the fittings is given by
	2=���

y−yi

�i
�2� �the closer to 0 the better�, where y is a fitted

value for a given point, yi is the measured data value and �i
is an estimate of the standard deviation for yi. In our case, we
obtain that 	2=0.0015, 0.0079, and 0.0091 for the samples

with x=24, 35, and 39. As shown in Table III, for x=24 the
obtained value of z� compares rather well with those re-
ported on different spin glass systems �5�z��11� as re-
viewed by Souletie and Tholence.32 However there is a clear
tendency for z� to rapidly decrease with increasing Fe con-
tent, progressively approaching to those values correspond-
ing to a mean-field phase transition �z��2�. These results
indicate that the interactions in our samples are strong
enough so as to allow a cooperative behavior during the
freezing of the magnetic moments.

A final test to analyze the nature of the collective freezing
in our samples has been carried out by studying the so called
Cole-Cole or Argand plots, 	� vs 	�. A SPM system would
exhibit an almost complete semicircle, as observed in mag-
netic molecule single crystals.33 However, as depicted in Fig.
8, a strongly flattened semicircle is obtained for the sample
with x=24, which is typical of a SSG system.16 On the other
hand, for the sample with x=35, for low frequencies �right-

TABLE III. �, z�, and Tg parameters obtained from the fittings
of 	� to a dynamical critical exponent activation law for FexAg100−x

�x=24, 35, and 39�.

Freq. shift � Dynamical critical exponent law

x=24 0.010�0.001 z�=8.3�0.6, Tg=132.5�0.3 K

x=35 0.009�0.001 z�=4.7�0.4, Tg=192.7�0.1 K

x=39 0.0035�0.0005 z�=4.3�0.3, Tg=278.9�0.3 K
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hand side� one finds a quarter circle, whereas at high fre-
quencies �left-hand side� an increasing part with positive cur-
vature appears. These features indicate a tendency of the
system toward a SFM ordering16 as the Fe concentration in-
creases.

Therefore, the ac susceptibility analysis clearly indicates a
crossover from a SSG to a SFM state near 35 at. %. Our
results can be summarized by the magnetic phase diagram
appearing in Fig. 9.

At low concentrations �x�35�, a magnetic transition me-
diated by interactions takes place at T�TC

� , due to the in-
creasing thermal disorder. This is revealed by the good fitting
of the 	� decay to a Curie-Weiss transition and by 	� becom-
ing null at T�TC

� . At these temperatures, the system behaves
basically like an ISPM,11 in which the individual nanopar-
ticles and the clusters of the nanoparticles interact mainly by
dipolar interactions. As the temperature decreases, during the
freezing process, the system enters into a magnetically dis-
ordered state at low temperatures, as indicated by the ob-
tained � and z� values. More specifically, the nanoparticles
suffer a collective freezing with decreasing temperature into
a SSG state, mediated mainly by dipolar interactions, the
anisotropy of the nanoparticles and the spatial disorder in the
arrangement of the nanoparticles.

With increasing Fe concentration a process of magnetic
percolation takes place due to the more relevant role of direct
exchange interactions with increasing Fe content. This en-
hances the long-range ferromagnetic order in our samples
and makes the transitions displace toward higher tempera-
tures. This is related to an increasing relevance of the direct
exchange interactions among the nanoparticles. Finally, at x

�35 the magnetic behavior is more similar to the one ex-
pected for a SFM. This implies that the nanostructured nature
of our samples is already being lost because of the percola-
tion and that regions of FM correlated particle moments ap-
pear with increasing Fe concentration. Therefore we can no
longer only think in terms of a collective freezing of the
nanoparticles. Specially illustrative is the clear change in the
shape of 	� for this sample in comparison to those with less
Fe concentration �see Fig. 8�. A similar SFM behavior was
obtained by Bedanta et al. for CoFe nanoparticles embedded
in an Al2O3 insulating matrix, although in our case we have
associated it to the increasing importance of direct exchange
interactions between the nanoparticles as their concentration
increases and the system becomes magnetically percolated,
rather than to the presence of small glue nanoparticles which
allow a tunneling exchange between the bigger ones as pro-
posed in Ref. 34.

Finally, it is necessary to remark that until now we have
established as predominant in our samples the magnetic di-
polar and direct exchange interactions, but other interactions,
particularly, Ruderman-Kittel-Kasuya-Yosida interactions
�RKKY� could also be playing a role. Nevertheless, in pre-
vious studies35 theoretical calculations have been performed
with the result that for nanoparticles with sizes above 1 nm,
RKKY interactions are much less important than these two,
specially at concentrations as high as those we are working
with in our granular thin films.

IV. CONCLUSIONS

FexAg100−x �20�x�50� granular thin films composed of
small Fe nanoparticles �2.5–3 nm� inside a Ag matrix have
been prepared by sputtering deposition technique. The size
of these nanoparticles remains nearly constant with increas-
ing Fe content. Their magnetic characterization has revealed
a definite crossover from a SSG to a SFM state around
35 at. %. This has been attributed to the magnetic percola-
tion of the system motivated by the increasing importance of
direct exchange interactions as the density of Fe nanopar-
ticles increases.
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