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The memory effect was clearly observed in dc-sputtered metallic, magnetic Co-Ag granular films, which
indicates the existence of a spin-glass-like phase at low temperatures. However, the memory effect diminished
dramatically after the films were annealed at 300 °C for 1 h. It was also found that the memory effect
weakened gradually with increasing volume fraction of magnetic clusters. The experimental results indicate
that the dipolar interaction is not the major origin for the formation of low-temperature spin-glass-like �SGL�
phase in metallic, magnetic granular materials. On the other hand, a Ruderman-Kittel-Kasuya-Yosida-like
exchange interaction between the nanoparticles may be responsible for the collective SGL dynamics and the
resulting memory effect.
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INTRODUCTION

The low-temperature dynamics of interacting magnetic
nanoparticles has been a subject of growing interest in the
study of magnetism for several decades.1–12 An assembly of
magnetic nanoparticles is, in general, a disordered system
with random anisotropy and competing interparticle
interactions.12 In a very diluted system, i.e., where interpar-
ticle dipole-dipole interactions are negligibly small in com-
parison with anisotropy energy, the dynamics of particles are
well described by the superparamagnetism framework of the
Néel-Brown model.13,14 That is, the flipping rate ��� of the
magnetic moment of an individual magnetic particle is only
governed by its own anisotropy energy at a given tempera-
ture �T�, ��T�=�0 exp�−KV /kBT�, where �0 is the attempt
frequency in the order of 109–1013; kB is the Boltzmann
constant; K and V are the anisotropy constant and the volume
of particle respectively.15 ��T� decreases exponentially with
decreasing temperature. When KV�kBT, the magnetic mo-
ment is frozen in one direction of its easy axis, that is, the
flipping is blocked. At high temperatures, the moment flip-
ping between two directions of its easy axis is well described
by superparamagnetism.

As the particle concentration increases �the interparticle
distance decreases�, dipole-dipole interactions will certainly
affect the dynamics of magnetic moment. For not very
strongly interacting particles, the dynamics of each magnetic
moment can still be considered individually, i.e., superpara-
magnetism, but with a modified energy barrier. For example,
based on the calculation of interaction energies of a particle
with each of its neighbors, Dormann et al. pointed out that
the effect of dipole-dipole interaction can be considered as
an extra energy barrier adding to its anisotropy energy,16 i.e.,
��T�=�0 exp�−�KV+Eint� /kBT�, where Eint is the interaction
energy. This model predicted that the flipping of magnetic
moment slows down with increasing dipole-dipole interac-
tion. The superparamagnetic model with modified energy
barrier was quite successful in interpreting experimental ob-
servations for different interacting particle systems17–19 and

has been recently confirmed by Monte Carlo simulations.20

Interestingly, Mørup and Tronc21 proposed a different
form of effective energy barrier for the superparamagnetic
model and successfully explained their experimental results
obtained on weakly interacting �-Fe2O3 particles. The effec-
tive barrier, proposed by Mørup and Tronc, decreases with
increasing dipole-dipole interaction, which consequently pre-
dicts an enhanced flipping of magnetic moment by dipole-
dipole interaction.

Contrary to the superparamagnetic model, cooperative
freezing, or spin-glass-like �SGL� phase was proposed to ac-
count for low-temperature phenomena observed experimen-
tally in different interacting-particle systems. The existence
of a low-temperature spin-glass phase in the magnetic nano-
particle systems has been evidenced by the observation of
different effects, such as aging and memory effects,1,3,7,8,10,11

critical slowing down of relaxation rate,1,3,7,8 critical behav-
ior at finite temperature,3,4 and flat field-cooling �FC� curves
below freezing temperature.5 Monte Carlo simulation results
also show that magnetic aging and a drastically broadened
relaxation function appear at low temperature when the in-
teractions become strong enough, which suggests that the
collective nature of the dynamics of particles is important.8

However, one may observe the SGL behavior in noninter-
acting nanoparticles, due to core-shell structures of nanopar-
ticles. For example, oxide particles may have a SGL shell
as observed in NiFe2O4 �Ref. 22� and �-Fe2O3 �Ref. 23�
nanoparticles. To our best knowledge, the SGL phase
has been mainly observed in some special particle systems,
such as the magnetic frozen fluid composed of �-Fe2O3,
�-Fe3N, and FexC1−x particles,3–5,7 and a discontinuous
�Co80Fe20�0.9 nm� /Al2O3�3 nm��10 multilayer.24 In these
samples, there is probably a surface layer on the particles
that does not have the same magnetic state as the particle
core and may exhibit SGL behavior.22,23 Therefore, one may
ask what is the origin of spin-glass-like phenomenon in low-
temperature interacting nanoparticle systems.

In this work, metallic Co-Ag granular films were studied
so as to answer this question. The advantages of using me-
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tallic granular systems are that �a� there is a no-oxide layer
surrounding the magnetic clusters and �b� the sample is
stable and can be used repeatedly. Most studies on how
dipole-dipole interactions lead to SGL phase in particles sys-
tems were carried out by changing the concentration of par-
ticles �particle-particle distance� in the liquid carrier.1–11,14

Here, we studied the same issue by changing the particle �or
cluster� size and the concentration of solute Co atoms in Ag
matrix. We focused on the study of memory effect because it
is usually considered as typical characteristics of the spin-
glass dynamics and has been clearly observed in different
�canonical� spin-glass systems.25–27 Although the spin-glass
state was found in Fe-Cu �Ref. 28� and Co-Cu �Ref. 29�
granular films, and the memory effect in FeCo-Al2O3 discon-
tinuous multilayers,24 we report on the memory effect in me-
tallic, magnetic granular films.

The memory effect was clearly observed in all sputtered
CoxAg1−x granular films with Co volume fractions of 9.6%
�x�19.4%, which indicates the existence of a spin-glass-
like or cooperative freezing phase. The most interesting ob-
servation is that the memory effect dramatically weakened
after the samples were annealed at 300 °C for 1 h.

EXPERIMENTAL

Co-Ag granular films were fabricated by cosputtering
technique on glass or Kapton substrate at room temperature.
The base pressure was below 2�10−7 Torr and the Ar pres-
sure was 4�10−3 Torr during deposition. Films of different
compositions were deposited by adjusting the sputtering
power of Co and Ag targets. The film thickness was kept at
about 0.45 �m for all the samples. The atomic concentra-
tions of the films were obtained using x-ray fluorescence
�XRF� technique, and the volume fraction, x, was then cal-
culated. In this paper, three representative samples with Co
volume fractions of 9.6% �S1�, 12.7% �S2�, and 19.4% �S3�
are discussed. The corresponding Co atomic ratios are
14.1%, 18.4%, and 27.2%, respectively. To investigate the
effect of annealing, films were cut into several pieces. The
as-sputtered films were then annealed under vacuum with
pressure lower than 1�10−6 Torr for 1 h at different tem-
peratures. The structures of the films were characterized us-
ing both x-ray diffraction �XRD� and transmission electron
microscopy �TEM�. The magnetic properties of the films
were measured by a commercial Quantum Design supercon-
ducting quantum interference device �SQUID� magnetome-
ter. The magnetoresistance was measured by a standard four-
probe method using a commercial Quantum Design physical
property measurement system �PPMS-9�.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of a representative
sample, i.e., sample S1, in the as-deposited and annealed
states at 300 °C and 400 °C, respectively. Only the face-
centered-cubic �fcc� Ag �111� and �222� peaks can be clearly
observed in the as-deposited state. However, there exists a
“shoulder” around the position of fcc Co �111� peak, indicat-
ing that very small Co particles or clusters were embedded in

the Ag matrix. The other two samples, S2 and S3, had similar
XRD patterns. After annealing, the fcc Co �111� diffraction
peak obviously emerges, indicating the formation and pre-
cipitation of fcc Co-rich particles from the Ag-rich matrix,
which is in agreement with the observation by De Toro et
al.30 The corresponding change in the morphology and struc-
ture of the S1 sample before and after annealing has also
been verified by TEM imaging as shown in Fig. 2. In the
as-deposited sample, Co-rich particles cannot be clearly seen
due to the formation of very small clusters and the meta-
stable alloying with Ag. However, after annealing at 300 °C,
much larger Co-rich particles are clearly seen in the TEM
images, indicating that Co and Ag are well separated. The
texture and microstructure of these Co-rich particles can also
be verified by high-resolution TEM �HRTEM� and selected
area diffraction �SAD� �not shown here�. The Co-rich par-
ticles are approximately spherical with a size distribution
from 2 to 5 nm. These microscopic features are very similar
to those described in previous studies.31

Although the mutual solubility equilibrium of Ag and Co
is very low, a much larger concentration of solute Co atoms
should be expected in Co-Ag films deposited by the nonequi-
librium sputtering technique at room temperature. Since the
concentration of solute Co atoms in the matrix plays an im-
portant role in determining the interactions within the granu-
lar films,30,32 we extracted the concentration of solute Co
atoms in the as-deposited and annealed films. The concentra-
tion of solute Co atoms can be easily calculated from the
shift in the Bragg diffraction peaks of Ag �111� or �222� from
the bulk solutions if we assume the alloying of Co and Ag
follows Vegard’s law.33 The calculated values are 6.9%,
3.5%, and 3.0% for as-deposited and annealed at 300 °C and
400 °C, respectively, of the S1 samples. These results show
unambiguously that in the as-deposited Co-Ag film, a fairly
large amount of cobalt atoms dissolve in the silver matrix
and that the concentration of solute Co atoms is dramatically
reduced after annealing at a temperature higher than 300 °C
due to remarkable segregation of cobalt from the matrix.30,32

The above arguments may also be supported by the giant
magnetoresistance �GMR� data. Magnetoresistance �MR�
measurements were carried out under a magnetic field of

FIG. 1. X-ray diffraction patterns of the S1 samples of as-
deposited, annealed at 300 °C and 400 °C for 1 h, respectively.
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5 T. For sample S1, the GMR decreased monotonically from
21.0% to 5.0% when temperature increased from 5 K to
300 K; after it was annealed at 300 °C, the GMR dropped
from 24.3% to 7.8% as temperature increased from
5 to 300 K, i.e., the MR was enhanced in the whole tempera-
ture range. The enhanced MR, in spite of the reduction of
interface density due to particle coalescence �see Fig. 2�,
indicates that the indirect exchange interactions mediated by
solute Co atoms weakened as the Co concentration deceased
in Ag matrix.30

We also measured the field-dependent magnetization,
M-H, loops for all samples before and after annealing within
a temperature range of 5 to 300 K. As was discussed by Al-
lia et al., dipole-dipole interaction between the clusters can
be evidenced by a thin, elongated hysteresis loop measured
at a temperature much higher than blocking temperature.34

And noninteracting clusters must show a reversible magne-
tization curve at a temperature much higher than their block-
ing temperatures, i.e., the coercive field is zero. The thin,
elongated hysteresis loops have been clearly observed for all
our samples. Shown in Figs. 3�a� and 3�b� are the 300 K
hysteresis loops in the vicinity of zero field for sample S1
before and after annealing at 300 °C. The insets of the Fig. 3

are the corresponding hysteresis loops in the field range of
−50 to 50 kOe. The thin, elongated loops in Fig. 3 clearly
indicate the existence of dipole-dipole interaction in both
samples. Most interestingly, the coercive field in the an-
nealed sample, HC=11.5 Oe, is much larger than HC
=6.5 Oe in the as-deposited film, which strongly suggests
that the dipole-dipole interaction was significantly enhanced
after annealing. The enhanced dipole-dipole interaction can
be understood through the simple model described later.

Figure 4 shows the temperature-dependent magnetization
measured in the zero-field-cooled �ZFC� and field-cooled
�FC� processes with a 20 Oe field on the S1 samples �as-
deposited and annealed at 300 °C�, S2 and S3 samples. The
peak temperatures of the ZFC curves are 30 K, 43.5 K, and
83 K for S1, S2, and S3, respectively. For the as-deposited
samples, the ZFC and FC curves separate at a temperature
�bifurcation temperature�, which is very close to the peak
temperature of ZFC curves, suggesting a collective spin-
glass-like behavior below Tp.35 The existence of a coopera-

FIG. 2. TEM images of the S1 sample, �a� as-deposited and �b�
annealed at 300 °C for 1 h.

FIG. 3. M-H loops of S1 sample measured at T=300 K in the
vicinity of zero field, �a� as-deposited and �b� annealed at 300 °C.
Insets are the corresponding hysteresis loops in the field range of
−50 kOe to 50 kOe.
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tive spin-glass phase has been confirmed by the observation
of memory effect, an inherent characteristic of a spin-glass
behavior. The increasing ZFC peak temperature �with in-
creasing Co concentration� indicates, first of all, a higher
intensity in interparticle interactions, since the ZFC maxi-
mum signals a “superspin glass” temperature determined by
those interactions. These increasing interactions, in turn, are
due to larger size and concentration of Co particles.

Figure 4�b� shows the ZFC and FC curves of annealed S1
at 300 °C for 1 h. Two major changes can be clearly seen in
this ZFC-FC curve in comparison with that shown in Fig.
4�a�. First, the bifurcation temperature between ZFC and FC
curves increases significantly. It is well known that the bifur-
cation temperature can be considered as the blocking tem-
perature of the largest particles for a system composed of
weakly interacting particles with a size distribution.15 There-
fore, this increase can be attributed to the growth of Co-rich
particles after they precipitate from the Ag-rich matrix. On
the other hand, Tp decreases from 30 K to 22 K, which can
be ascribed to the reduction of indirect exchange interaction
�the Ruderman-Kittel-Kasuya-Yosida �RKKY� interaction�30

as a consequence of decreasing concentration of the solute
Co atoms in Ag matrix. When the sample was annealed at
400 °C �not shown here�, the bifurcation temperature and Tp
were both higher than 300 K, indicating that most of the Co
clusters are large enough to be stable �in a blocked state� at
room temperature.

In order to explore the effective interactions in Co-Ag
granular system, we plot 	−1 �=H /M� in relation to the tem-
perature of FC curve, as shown in the insets of Fig. 4. It is
well known that in the superparamagnetic regime �T
TB,
where TB denotes the blocking temperature�, the magnetic
susceptibility of a nanoparticle system can be described by
Curie-Weiss law,36

	 =
M

H
=

xVMS
2�T�

3kB�T − T0�
for �H � kBT , �1�

where x is the volume fraction of magnetic particles, V is the
particle volume, MS�T� is the spontaneous magnetization, kB

is the Boltzmann constant, and � �=MSV� is the magnetic
moment of a single particle with volume V. The absolute
value of T0 reflects the strength of interaction.

By extrapolating 	−1 from linear part of the high-
temperature region to 	−1�0, we obtained T0=47 K, 54 K,
and 79 K for samples S1, S2, and S3 respectively, indicating
that the strength of effective interaction among clusters in-
creases monotonically with increasing Co volume fraction.
The positive T0’s indicate that ferromagneticlike interactions
are dominant. Interestingly, T0 decreases dramatically from
47 K to 8 K for the S1 sample after annealing, suggesting
that the effective interaction weakens dramatically.

As described in the introduction, SGL behaviors, such as
the memory effect, can be observed when the dipolar inter-
actions between magnetic nanoparticles are strong enough.
In a typical dc memory experiment, one should follow a
stop-and-wait protocol consisting of three steps:14,24 �a� cool
the sample in a zero-field at a constant rate from a tempera-
ture, TH, which is much higher than Tp, the peak temperature
of ZFC curves; �b� stop the cooling process at a temperature,
Tw, below Tp and wait for tw �=6 h, in our experiments� and
then resume the cooling process down to Tbase �=5 K in our
experiments�; �c� apply a small field at Tbase and measure the
magnetization with increasing temperature up to TH. The dif-
ference between the stop-and-wait ZFC curve and a refer-
ence ZFC curve �without stopping at Tw� at the temperature
Tw can be attributed to the memory effect.

Figures 5�a� and 5�c� show the reference and stop-and-
wait ZFC dc magnetization curves for the S1 sample in the
as-deposited and annealed states. The overlapping region of
the two curves covers almost the entire measuring tempera-
ture range except in the vicinity of Tw. In order to clearly
show the difference between two curves, we plot the differ-
ence in magnetization, �M�T� �=Mref�T�−M�T�� in Figs.
5�b� and 5�d�. The maximum in �M�T� appears exactly at
Tw, which is the signature of memory effect. Similar memory
effects were also observed for S2 and S3 samples with rela-
tively higher Co volume fractions �not shown here�.

The memory effect observed in our samples can certainly
be understood through hierarchical model27,37,38 and droplet

FIG. 4. ZFC-FC magnetization versus temperature curves for �a�
S1 as-deposited, �b� S1 annealed at 300 °C, �c� S2, and �d� S3. The
insets show the inverse susceptibility versus temperature for all the
samples, respectively.

FIG. 5. �a� and �c� show the ZFC magnetization versus tempera-
ture for S1 as-deposited and S1 annealed, respectively. The solid
lines indicate the reference curves and the dotted lines indicate the
stop-and-wait curves. �b� and �d� show the excess magnetization
��M� versus temperature for S1 as deposited and S1 annealed,
respectively.
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model.17,37–40 Both models are quite successful in describing
the memory effect in spin-glass systems.27 We will not reit-
erate them here.

To compare the relative strength of the memory effect, we
introduce a parameter, i.e., the ratio of �M /M at the waiting
temperature �Tw�. We observed that �M depends strongly on
the waiting time because of the logarithmic relaxation.14,41 In
addition, it also varies with Tw. To reduce the complexity
caused by the waiting time and Tw, we fix the waiting time to
be 2.16�104 seconds �i.e., 6 h� and the ratio of Tw/Tp �or
Tw/TF� to be about 0.7, where the magnetic relaxation is
neither too slow nor too fast to observe the memory effect.
Therefore, the �M /M �T=Tw� ratio can reflect the strength
of memory effect nearly quantitatively. Due to different peak
temperatures of the samples, Tw has been chosen to be 20 K,
14.5 K, 29 K, and 57 K for S1 as-deposited, S1 annealed,
S2, and S3 samples, respectively. The calculated values of
�M /M are 4.2%, 1.4%, 3.8%, and 2.8%, respectively. It is
obvious that the value of �M /M decreases, i.e., the memory
effect weakens significantly after annealing. Another surpris-
ing observation is that by increasing the Co content, the ef-
fective interaction enhances significantly �indicated by in-
creasing the value of T0�, while the memory effect weakens
gradually.

What is the major origin or dominant interaction leading
to the SGL collective dynamics or memory effect? It is well
known that, in granular systems with metallic matrices, de-
spite the diverse and complicated correlative interactions,
two types of important interactions should be considered at
the very beginning: the dipolar and RKKY-like interactions.

The energy of interparticle dipole-dipole interactions can
be described as20

ED
�i,j� =

�0

4
��i

� · � j
�

ri,j
3 −

3��i
� ·rij

� ��� j
� · rij

� �

ri,j
5 � �2�

where ri,j is the distance between localized magnetic mo-
ments, �� i and �� j, on different particles �clusters�. The abso-
lute value of magnetic moment �� i can be expressed as � �� �
=MSV, where MS is the saturation magnetization of a par-
ticle and V is its volume.

In order to simplify the calculation and understand the
key feature of dipolar interaction energy in a granular sys-
tem, we make the following approximations: �1� the volume
fraction, �, remains constant before and after annealing, due
to the fact that the annealing temperature in our experiments
is much lower than the evaporating temperature of Co and
Ag; �2� Co clusters are spherical with uniform size �R� and
homogeneous distribution; and �3� Co clusters form a simple
cubic lattice with a lattice constant, A. Therefore, � can be
simplified as

� =
4

3
	R

A

3

, �3�

where R is the radius of the cluster. Since the values of first
and second terms in Eq. �2� are both proportional to �2 /r3,
the order of dipolar interaction energy can be evaluated as

ED

kB
�

�0

4kB

�2

A3 =
�0

4kB

	MS
4

3
R3
2

A3 =
4�0MS

2

9kB
	R

A

3

R3.

�4�

Therefore, by substituting Eq. �2� in Eq. �4�, Eq. �4� can be
written as32

ED

kB
�

�0

4kB
MS

2V� . �5�

Here, V= �4 /3�R3. It is well known that the diameter of
clusters in the annealed sample �R2� is usually larger than
that in the as-prepared samples �R1�, i.e., R2
R1, which is
confirmed by the TEM image shown in Fig. 2. Then,

ED
1

ED
2 = 	R1

R2

3

� 1.

Therefore, we expect a much stronger dipole-dipole interac-
tion in the annealed samples. One may argue that the model
may be too simplified and may neglect some other factors
which influence the dipolar interaction. For example, after
annealing, the shape of the magnetic clusters may change to
a “pancake” shape with the short axis along the film’s
normal.42 The dipolar interaction may not be enhanced as
fast as �R2 /R1�3. However, according to the above simple
analysis, it is reasonable to believe that the dipole-dipole
interaction between magnetic clusters should be enhanced
after annealing. The enhanced dipole-dipole interaction was
indeed observed from room temperature hysteresis loops
shown in Fig. 3.

If the dipolar interactions play a major role leading to
memory effect �or the SGL phase� in Co-Ag granular films, a
much more pronounced memory effect should be observed in
the annealed samples. This is absolutely contradictory to our
observations, suggesting that the dipole-dipole interaction is
very unlikely to be the dominant interaction leading to the
formation of spin-glass-like phase in these Co-Ag granular
films. Therefore, we wonder which interaction is the domi-
nant one in Co-Ag films.

Since the Co-Ag granular films is a nonequilibrium, me-
tallic magnetic system, RKKY-like interactions should be ex-
pected to exist and strongly enhanced by the presence of
magnetic solute atoms, which has been demonstrated previ-
ously in different metallic, magnetic granular systems.30,32

However, after annealing, the solute cobalt atoms precipitate
from the matrix and the Co-rich particles grow as well. This
will have a dramatic effect on the effectiveness of RKKY-
like interactions due to Co depletion of the shell surrounding
each Co particle.30,32 As a result, the RKKY-like interparticle
interactions become too weak to lead to a collective mag-
netic behavior �SGL phase�. It should be noted that RKKY-
like interactions were also invoked to explain the superspin
glass transition in other nanogranular materials.43

The above arguments seem to be plausible in accounting
for the influence of annealing on the memory effect in our
samples. According to above analysis, the concentration of
solute Co atoms in Ag matrix seems to be an important factor
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mediating the strength of RKKY-like interaction. For S1
sample in the as-deposited state, as we mentioned previously,
the concentration of solute Co atoms in Ag is about 6.9%
�nearly half of the total amount� that dissolved in the Ag
matrix to form a metastable Co-Ag alloy. The rest of cobalt
atoms should form nanometer-scale Co-rich particles or clus-
ters embedded in the Co-Ag alloy. Therefore, RKKY-like
interactions among Co particles are enhanced through solute
Co atoms, which leads to a pronounced memory effect.
However, after annealing at 300 °C, due to precipitation, the
concentration of solute Co atoms in Ag matrix changed to
3.5%. At the same time, the nanoparticles grew larger due to
aggregation or coarsening,30 which was confirmed by the
higher bifurcation temperature in Fig. 4�b�. This process will
undoubtedly reduce RKKY-like interactions significantly and
the SGL phase will not likely be maintained any longer. In
our case, the system seems to be a mixture of spin-glass-like
and superparamagnetic phases because of the fact that
memory effect does not diminish to zero.

The reduction of Tp from 30 K to 22 K after annealing at
300 °C can also be attributed to the inhibition of RKKY-like
interactions.30 The reduction of Tp is consistent with the re-
sults reported by De Toro et al.30 in Co29Ag71 and Co25Ag75
�atomic fractions� granular films with almost the same an-
nealing temperature �298 °C�. However, as we mentioned
previously, if the annealing temperature increases up to
400 °C, the ZFC and FC curves �not shown here� will no
longer coalesce within the measuring temperature range. The
Tp of ZFC curve will also exceeds the room temperature,
indicating that the Co-rich particles are large enough to be at
the blocked state at room temperature. Although the concen-
tration of solute Co is still about 3%, the interparticle RKKY-
like interactions should reduce further due to the increase of
Co depletion shell surrounding Co particles. On the other
hand, the dipolar interaction is not strong enough to lead to a
collective SGL behavior, although it does increase. This has
been demonstrated by the nearly undetectable memory effect
in the annealed samples.

Finally, we discuss the influence of Co concentration on
the memory effect. As we mentioned before, in the as-
deposited samples, the memory effect weakens gradually
with increasing volume fraction of Co from 9.6% to 19.4%
�i.e., atomic ratio of 14.1% to 27.2%�. Based on the XRD
patterns of S2 and S3 samples �not shown here�, we found
that the concentration of solute Co atoms is about 8% in both
cases, which is slightly larger than that in the S1 sample
�6.9%�. This means the enhancement of RKKY interaction in
S2 and S3 arising from dissolved Co atoms should be com-
parable or slightly stronger than that in S1. On the other
hand, the mean size of Co-rich particles should increase with
increasing Co concentration, which can be clearly seen by
the significant increase in the peak temperatures of ZFC
curves in Figs. 4�a�, 4�c�, and 4�d�. Consequently, according
to Eq. �4�, the dipolar interaction should increase dramati-
cally.

The fact that the value of T0 increases monotonically with
increasing Co concentration also reflects the strengthening of
effective interaction. We point out that the dipolar interaction
plays a dominant role in granular films when the Co concen-
tration is above a critical concentration as theoretically
predicted.44 However, the positive T0’s indicate that ferro-
magneticlike interactions are dominant, which favors the su-
perferromagnetic phase rather than spin-glass phase, as ob-
served by De Toro et al.30

Based on the magnetic phase diagram of a granular sys-
tem with an insulating matrix proposed by Petracic et al.,45 at
sufficiently high concentrations, granular systems with dipo-
lar interactions do not exhibit a superspin glass transition,
but a “superferromagnetic transition.” It is natural to believe
that in the metallic, magnetic granular systems, at a high
enough concentration, ferromagneticlike interactions domi-
nate over antiferromagneticlike ones, and thus the condition
of competing interactions leading to spin-glass behavior is
not fulfilled. This will certainly weaken the memory effect
when the concentration of magnetic entities exceeds a certain
value. Actually, in order to verify these arguments, we have
fabricated Co-SiO2 granular films. Since the RKKY-like in-
teraction is absent in these nonmetallic systems, the dipolar
interaction should play a dominant role in the films with
concentrations below the percolation threshold. We found
that when Co volume fraction increases, the strength of
memory effect changes nonmonotonically, i.e., it increases
very slowly with increasing Co concentration from zero and
then decreases dramatically after the Co volume fraction ex-
ceeds 45%. Detailed results will be published elsewhere.46

SUMMARY

We have studied the memory effect in metallic, magnetic
granular films prepared using a cosputtering method. The
memory effect was clearly observed in the as-deposited
samples, indicating the existence of spin-glass-like phase at
low temperatures. The memory effect was significantly
weakened in the annealed samples in which the dipolar in-
teraction should be significantly enhanced. In addition, with
increasing magnetic metal volume fraction, the memory ef-
fect weakens gradually. A simple model suggests that the
dipolar interaction does not play a key role in the formation
of spin-glass-like phase in these metallic Co-Ag granular
films. The observed memory effect may be ascribed to the
RKKY-like interactions mediated by solute Co atoms in the
Ag matrix.
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