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The slow dynamics and concomitant memory �aging� effects seen in nanomagnetic systems are analyzed on
the basis of two separate paradigms: superparamagnets and spin glasses. It is argued that in a large class of
aging phenomena it suffices to invoke superparamagnetic relaxation of individual single domain particles but
with a distribution of their sizes. Cases in which interactions and randomness are important in view of
distinctive experimental signatures are also discussed.
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I. INTRODUCTION

The subjects of both superparamagnetism and spin glasses
are quite old and well studied.1–7 Yet they have been rejuve-
nated in recent years in the context of fascinating memory
and aging properties of nanomagnets. These properties,
which are believed to be of great practical use, have been
recently investigated in a large number of experiments on
magnetic nanoparticles.8–15 The observed slow dynamical
behavior has been variously interpreted, based on the para-
digm of either superparamagnet or spin glass, sometimes
even obscuring the difference between the two distinct physi-
cal phenomena. The purpose of this paper is to reexamine
some of the data, others’ as well as our own, and critically
assess the applicability of the physics of either superpara-
magnets or spin glasses and, occasionally, even a juxtaposi-
tion of the two. Our main point is that spin glasses are
marked by complexity, arising out of two separate
attributes—frustration and disorder. While the manifested
properties, such as stretched exponential relaxation and con-
comitant aging effects, can also occur due to “freezing” of
superparamagnetism, especially in a polydisperse sample,
the physics of spin glasses is naturally much richer than that
of superparamagnets. A discernible experimental signature of
superparamagnetism versus spin-glass behavior seems to be
the magnitude of the field-cooled �FC� magnetization
memory effect that is significantly larger for the interacting
glassy systems than the one in noninteracting superparamag-
netic particles.16 Therefore, invoking spin-glass physics in
interpreting data on the slow dynamics of nanomagnets can
sometimes be like “killing a fly with a sledge hammer,” es-
pecially if a simpler interpretation on the basis of superpara-
magnetism is available. We explore such situations in this
paper.

Superparamagnetism was discussed quite early by Frenkel
and Dorfman and later by Kittel as a property arising out of
single-domain behavior when a bulk ferromagnetic or an an-
tiferromagnetic specimen is reduced to a size below about
50 nm2. For such a small particle size the domination of
surface to bulk interactions yields a monodomain particle
inside which nearly 105 magnetic moments are coherently
locked together in a given direction, thus yielding a giant or
a supermoment. Clearly, for this to happen, the ambient tem-
perature must be much less than the bulk ordering tempera-

ture, so that the integrity of the supermoment is maintained.
However, as Néel pointed out, in the context of magnetic
properties of rocks in geomagnetism, the direction of the
supermoment is not fixed in time.1 Indeed, because of ther-
mal fluctuations, this direction can undergo rotational relax-
ations across an energy barrier due to the anisotropy of the
single-domain particle, governed by the Néel relaxation
time:

� = �0 exp� KV

kBT
� . �1�

In Eq. �1�, the preexponential factor �0 is of the order of
10−9 sec, V is the volume of the particle, and K is the aniso-
tropy energy, the origin of which lies in the details of all the
microscopic interactions. For our purpose K would be treated
as a parameter whose typical value is about 10−1 J /cm3.
Therefore, at room temperature, � can be as small as 10−1 sec
for a particle of diameter 11.5 nm but can be astoundingly as
large as 109 sec for a particle of diameter just about 15 nm.
Thus a slight polydispersity �i.e., a distribution in the volume
V� can yield a plethora of time scales, giving rise to interest-
ing slow dynamics. For instance, if ���E, where �E is a
typical measurement time in a given experiment, the super-
moment would have undergone many rotations within the
“time window” of the experiment, thereby averaging out to
zero the net magnetic moment. One then has superparamag-
netism. On the other hand, if ���E, the supermoment hardly
has time to rotate within the time window, thus yielding a
“frozen-moment” behavior. The consequent nonequilibrium
features have led to the phrase “magnetic viscosity,” while
depicting the time-dependent freezing of moments.3,4,17,18

Further, the transition from superparamagnetism to frozen-
moment behavior occurs at a temperature, referred to in the
literature as the blocking temperature Tb, defined by

�E = �0 exp� KV

kBTb
� . �2�

When the measurement temperature T is less than Tb the
magnetic particles are blocked, whereas in the other extreme
they display facile response to applied fields. Therefore, we
emphasize that even within a single particle picture, sans any
form of interparticle interactions, such as in a dilute nano-
magnetic specimen, one can obtain apparently intriguing ef-
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fects such as “stretched exponential” relaxation simply be-
cause of size distributions. The latter will be shown to be
responsible for much of the data on slow relaxations in na-
nomagnets.

Turning now to spin glasses, historically the phenomenon
was first observed in dilute alloys such as Au1−xFex �or
Cu1−xMnx� in which magnetic impurities Fe �or Mn� in very
low concentrations were “quenched in” from a solid solution
with a host metallic system of Au �or Cu�.19 The localized
spin is coupled with the s-electron of the host metal which
itself interacts with the other conduction electrons via what is
called the Ruderman-Kittel-Kasuya-Yoshida �RKKY�
Hamiltonian, thereby setting up an indirect exchange inter-
action between the localized moments. Because the coupling
constant of the exchange interaction, in view of the RKKY
coupling, alternates in sign �between ferro- and antiferro-
magnetic bonds�, the system is “frustrated.” Thus the ground
state is highly degenerate yielding a zero-temperature en-
tropy. An additional effect is due to disorder. Because the
dilute magnetic moments are quenched in at random sites,
the exchange coupling strengths are randomly distributed.
The dual occurrence of frustration and disorder has led to
different concepts in the statistical mechanics of spin glasses
such as configuration averaging, replica techniques �for com-
puting the free energy�, broken ergodicity, etc.20 Experimen-
tally, spin glasses are characterized by a “cusp” in the sus-
ceptibility and stretched exponential relaxation of time-
dependent correlation functions.19 It is no wonder then that
spin glasses also exhibit slow dynamics with associated
memory and aging effects; albeit the root causes are much
more complex than a system of polydisperse, noninteracting
single-domain nanomagnetic particles, discussed earlier. In-
deed sping lasses, because of their complexity, have been
employed as paradigms for studying real structural glasses,
an unresolved problem of modern condensed matter
physics.21

Given this background on two distinct physical phenom-
ena �and yet manifestly similar properties� of superparamag-
nets and spin glasses, a natural question to ask is can there be
spin-glass-like physics emanating from a collection of
single-domain nanomagnetic particles embedded in a non-
metallic, nonmagnetic host? The answer is clearly yes when
the system is no longer a diluted one such that the supermo-
ments start interacting via dipole-dipole coupling. Because
the dipolar interaction �like the RKKY-mediated exchange
interaction� is also endowed with competing ferro- and anti-
ferromagnetic bonds,22 as well as randomness due to random
locations of the magnetic particles, all the attributes of spin
glasses can be simulated in interacting single-domain par-
ticles. This will be analyzed below.

With the preceding discussion the plan of the paper is as
follows. In Sec. II we apply the results of a rudimentary rate
theory, coupled with polydispersity of the particles, to a large
body of recently published data on the slow dynamics of
nanomagnets. Section III deals with a different set of experi-
ments that necessarily requires incorporation of interactions
between the nanoparticles and hence spin-glass-like physics.
In the concluding section IV we summarize the distinction
between the superparamagnetic and collective dynamics in
nanoparticle systems.

II. SUPERPARAMAGNETIC SLOW DYNAMICS

Recently Sun et al. have made a series of measurements
on a permalloy �Ni81Fe19� nanoparticle sample which dem-
onstrate striking memory effects in the dc magnetization.8

These involve field-cooled �FC� and zero-field-cooled �ZFC�
relaxation measurements under the influence of temperature
and field changes. We have also observed very similar
memory effects in NiFe2O4 magnetic particles in a SiO2
host.9 More recently, Sasaki et al.10 and Tsoi et al.11 have
reported similar results for the noninteracting �or weakly in-
teracting� superparamagnetic system of �-Fe2O3 nanopar-
ticles and ferritin �Fe-N� nanoparticles, respectively. Further,
to understand the mechanisms of the experimental approach
of Sun et al., Zheng et al.12 replicated the experiments on a
dilute magnetic fluid with Co particles and observed similar
phenomena. In this section we present a comparison of simu-
lated results with all the above-mentioned experimental ob-
servations on the basis of a simple two-state noninteracting
model plus a log-normal distribution of particle size, devel-
oped earlier in Chakraverty et al.9 We begin our discussion
from the most basic and well known protocol, viz. the zero-
field-cooled magnetization �ZFCM� and the field-cooled
magnetization �FCM�. The analysis is based on the time-
dependent magnetization, given by the formula:

M̄�t� =� dV P�V�M�V,t� , �3�

where P�V� is a log-normal distribution of volume V:

P�V� =
1

�V�2�
exp�− ln

V2

2�2� , �4�

with � being a fitting parameter. The rate theory expression
for M�V , t� is

M�V,t� = M�V,t = 0�exp�− �̄t� + �VN
	�

�̄
	1 − exp�− �̄t�
 ,

�5�

where

�̄ = �0→� + ��→0, 	� = �0→� − ��→0. �6�

The parameter �0→� is the rate of reorientation of the mag-
netic moment from an angle 0 to �, that are directions par-
allel and antiparallel to the anisotropy axis, along which the
magnetic field h is also applied,

�0→� = �0 exp�−
KV

kBT
�1 +

hMs

2K
�2��1 +

hMs

2K
� , �7�

and ��→0 is obtained by switching the sign of h. Here MS is
the saturation magnetization per unit volume. Note that Eq.
�7� is a generalization of Eq. �1� in order to take cognizance
of an external field h, assuming h to be small.23,24

In the experimental procedure the external field has been
taken to vary between 50 Oe to 100 Oe. The cooling or heat-
ing rate is about 2K/min. The temperature varies between
300 and 4 K. In all the simulations, the results of which are
presented below, we have used a log-normal distribution of

MALAY BANDYOPADHYAY AND SUSHANTA DATTAGUPTA PHYSICAL REVIEW B 74, 214410 �2006�

214410-2



particle sizes wherein the parameter � is set to 0.5. The av-

erage anisotropy energy KV̄ is chosen as the unit of energy as

well as that of temperature by setting kB=1 and V̄
=exp��2 /2�. The volume V is measured in units of the aver-

age volume V̄ and the magnetic field in units of KV̄ /Ms. The
heating or cooling rate is set to r=2.4
1012�0 per tempera-
ture unit. Because �0 for nanoparticles is around 10−9 sec and
a typical experimental time window is about 10 sec, we have
investigated the predictions of our model in the time window
1010�0. After doing the simulation we reexpress the tempera-
ture and time data in K and sec for the purpose of plotting.

In all the previous studies, Sasaki et al.,10 Tsoi et al.,11 and
Zheng et al.12 have numerically reproduced only the ZFC
and FC relaxation measurements of Sun et al. with tempo-
rary cooling. But in this paper we have successfully repro-
duced all other relaxation measurements of Sun et al.8 based
on our simple two state model. Figure 1 shows the simulated
FC-ZFC curves that match well with the experimental results
of Sun et al.8 �Fig. 1�. The ZFCM has a peak at Tmax
=72 K, which corresponds to the blocking temperature Tb.
The magnetization of the FC curve continues to increase
with decreasing temperature as would be expected for a sys-
tem in thermal equilibrium. The two curves depart from one
another at a temperature higher than Tmax. Figure 2 shows the
M-H curve below and above the blocking temperature Tb,
indicating hysteresis below Tb.

The most striking experimental observation of Sun et al.
is the memory effect in the dc magnetization obtained from
the following procedure. The sample is cooled in 50 Oe field

at a constant cooling rate of 2K/min from 200 K �TH� to
10 K �Tbase�. After reaching Tbase, the sample is heated con-
tinuously at the same rate to TH. The obtained M�T� curve is
the normal FC curve which is referred to as the reference
curve. Then the sample is cooled again at the same rate, but
the cooling is arrested three times �at T=70, 50, and 30 K�
below Tb with a wait of tw=4h at each stop. During tw, the
applied field is also turned off to let the magnetization decay.
After each stop and wait period, the 50 Oe field is reapplied
and cooling is resumed. The cooling procedure produces a
steplike M�T� curve. After reaching the base temperature, the
sample is warmed continuously at the same rate to TH in the
continual presence of the 50 Oe field. Surprisingly, the M�T�
curve obtained in this way also shows the steplike behavior.
Similar memory effects, following the same protocol, were
seen by us in the NiFe2O4 sample in which the magnetic
particles were embedded in a host SiO2 matrix.9 Although
the effects were earlier explained in terms of a bimodal dis-
tribution of particle size,9 a log normal distribution in the
simulation also indicates satisfactory agreement with experi-
ments, as seen in Fig. 3.

In the Sun et al. measurements8 for magnetic relaxation
with temporary cooling and field change for the ZFC method
the sample is cooled to T0=30 K in zero field. Then a 50 Oe
field is applied and the magnetization is measured for a time
t1. After t1, the sample is quenched to temperature T=22 K
in the absence of an external field and the magnetization is
recorded for a time t2. Finally the temperature is returned
back to T0 and the field is turned on again. The magnetiza-
tion is measured for a time t3.

In Fig. 4 we show our corresponding numerically simu-
lated results. When a field of 50 Oe is applied the magneti-
zation immediately reaches a certain value, because the par-
ticles with Tb�30 K equilibrate rapidly. Then a slow
logarithmic response begins which is due to the energy dis-
tribution of the particles.25 Now as the field is turned off, we
observe a sharp jump in M�t� due to those particles with
Tb�22 K which reach their equilibrium state at T=22 K and
hence do not contribute to the magnetization. However, the
particles with Tb�30 K are not in equilibrium and relax ex-
tremely slow at T=22 K, so we get a constant curve during
t2. Now as the field is turned on again and the temperature of
the sample is increased to T=30 K, the particles with Tb
�30 K and those flipped during time t1+ t2 come back to the
new equilibrium state which is same as that pertaining before
quenching. Therefore, the relaxation in t3 is the continuation
of that during the time t1.

FIG. 1. �Color online� Numerically calculated dc magnetization
for the FC and ZFC processes.

FIG. 2. �Color online� Numerically calculated M versus H curve
below and above Tb.

FIG. 3. �Color online� Numerically simulated memory effect
observed in dc magnetization curves.
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In the FC magnetic relaxation with temporary cooling and
field change the sample is cooled to T0=30 K in a 50 Oe
field and then the relaxation is measured for a time t1 after
the field is cut off. The field is turned on again and the
sample is cooled to T=22 K and the magnetization is re-
corded for a time t2. Finally the temperature is turned back to
T0 and the field is switched off again. The relaxation is now
measured for a time t3.

We represent our numerical results for the same protocol
in Fig. 5. When the field is cut off the particles with Tb
�30 K do not contribute to the magnetization. After t1,
when the sample is quenched to 22 K and the field is turned
on, there is naturally a sudden jump in the magnetization due
to the particles with Tb�22 K which have much higher
magnetization than the value just before quenching. As dis-
cussed earlier the particles with Tb�30 K are not in equilib-
rium and their relaxation is very slow at T=22 K, which
explains an almost constant curve during t2. After t2, the field
is turned off, and the temperature is turned back to T0. Natu-
rally, the magnetization jumps down, because the particles
with Tb�30 K reach a new equilibrium state which has al-
most zero magnetization immediately following the field and
temperature changes and the system returns back to its state
prevailing before quenching.

Finally, Sun et al. have studied magnetic relaxation after a
temporary heating �instead of temporary cooling� from
30 to 38 K which does not exhibit any memory effect. After
temporary heating, when the temperature returns to T0, the
system does not come back to its previous state before heat-
ing. Sun et al. suggested that this asymmetric response with
respect to negative/positive temperature cycling is consistent

with a hierarchical model of the spin-glass phase. However,
we have numerically reproduced the same results as that of
Sun et al. based on our two-state independent particle model,
as shown in Fig. 6. No memory effect appears after positive
heating which can be explained as follows. In the FC method
the sample is cooled to T0=30 K in the presence of a 50 Oe
field and then the field is cut off and the relaxation is mea-
sured for a time t1. So the magnetization decreases with time
for a time t1. Now as the temperature is increased all the
particles with Tb�38 K respond to this temperature change
and relax to the new equilibrium state. Since thermal agita-
tion increases with the increase of temperature, the magneti-
zation decreases further for the time t2. As the temperature
returns back to T=30 K, the particles with Tb�30 K are
unable to respond to this temperature change. Thus the par-
ticles with Tb�30 K actually follow the path during time t2
rather than t1. Because all the particles which had flipped
during the time t1+ t2 cannot return back to their previous
state as that before heating, no memory effect is observed.

In the ZFC method the sample is cooled to T0 in the
absence of an external field and then a 50 Oe field is turned
on and relaxation is measured for a time t1, yielding a finite
magnetization, for particles with Tb�30 K. Then a slow
logarithmic relaxation begins which is due to the energy dis-
tribution of the particles. As the sample is further heated to
T=38 K, all the particles with Tb=38 K respond to this tem-
perature change. Thus the logarithmic relaxation is continued
but there is a jump in magnetization, because the particles
with Tb�38 K and those flipped during t1 reach a new equi-
librium state. As the temperature of the sample is returned
back to T=30 K thermal agitation is reduced, so there is a

FIG. 4. �Color online� �a� Nu-
merically simulated ZFC relax-
ation curves with temporary cool-
ing and field change; �b� the same
data vs the total time spent at
30 K on a logarithmic scale.

FIG. 5. �Color online� �a� Nu-
merically simulated FC relaxation
curves with temporary cooling
and field change; �b� the same
data vs the total time spent at
30 K on a logarithmic scale.
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jump in magnetization. But now only the particles with Tb
�30 K are allowed to relax and their relaxation is very slow
at T=30 K, so we obtain an almost flat curve.

We conclude this section by underscoring that our simu-
lations based on the simple two-state noninteracting model
reproduce all the features of the memory effects observed by
Sun et al. in the Permalloy �Ni81Fe19�. Secondly, positive
heating does not yield memory effect whereas temporary
cooling does. So there is an asymmetric response with re-
spect to negative/positive temperature cycling. This asymme-
try is due to the fact that after temporary cooling only
smaller nanoparticles are able to respond to the temperature
or field change and relax to the new equilibrium state. The
larger nanoparticles are frozen. Upon returning to the initial
temperature or field value, the smaller particles rapidly re-
spond to the change such that this new state is essentially the
same as that before the temporary cooling, and the larger
nanoparticles are now able to resume relaxing to the equilib-
rium state. This results in a continuation of the magnetic
relaxation after the temporary temperature or field change. In
contrast, for positive heating, all the particles, smaller as well
as bigger, are able to respond to the temperature or field
change. Therefore, after returning to the initial temperature,
the bigger particles do not respond at all whereas the smaller
particles take time to respond, thus leading to no memory
effect in the positive heating cycle.

III. SPIN-GLASS-LIKE SLOW DYNAMICS

Time-dependent magnetization measurements suggest
that dense nanoparticle samples may exhibit glassy dynamics
due to dipolar interparticle interaction;16,26–28 disorder and
frustration are induced by the randomness in the particle po-
sitions and anisotropy axis distributions. As discussed within
a simple mean field theory picture, adapted to the two-state
model of Chakraverty et al.,9 the random dipolar interaction
can be accounted for in terms of a local, self-consistent field
that has the form

H = �V� tanh��VH
kBT

� , �8�

� being a random variable. As Eq. �8� admits both positive
and negative solutions for H, corresponding to ferro- and
antiferromagnetic bonds, frustration is automatically incor-
porated within the simplified two-state picture. The rate con-
stant in Eq. �7� is thus modified replacing h by h+H.

The ZFC and FC behavior �for the magnetization� for the
dense magnetic nanoparticle system, as measured by Sasaki
et al.,10 is numerically simulated by us and shown in Fig. 7.
We observe a peak in the ZFCM which corresponds to an
average blocking temperature �Tb�. In the superparamagnetic
case the ZFC-FC curves bifurcate at a temperature away
from the peak position of the ZFCM �see Fig. 1�. On the
other hand, for the dense system the ZFCM-FCM curves
bifurcate at a temperature very close to the peak position of
the ZFCM. The FCM of the dense system does not increase
but stays almost constant below �Tb� which is the primary
indicator for the glassy state.10

In order to have a better understanding of glassy relax-
ation, time-dependent magnetization studies under various
heating and cooling protocols were performed by Sasaki et
al.10 on dense Fe-N nanoparticle systems, by Sankar et al.14

on LaMnO3.13, by Kundu et al. on La07Ca0.3CoO3 �Ref. 15�,
and by Telem-Shafir and Markovich on the MICS76
sample.16 In a double memory experiment �DME� under FC
protocol the system is cooled under a field of 50 Oe. The
field is cut off during the intermittent stops of the cooling at
T=30 K and at T=40 K for 3000 sec at each stop. After
reaching the lowest temperature the magnetization measure-
ment is repeated in the heating mode without any intermit-

FIG. 6. �Color online� Numerically simulated FC and ZFC re-
laxation curves with temporary heating.

FIG. 7. �Color online� �a� Nu-
merically simulated results for the
double memory experiment
�DME� for the FC method; �b� the
FCM and ZFCM vs temperature
of the interacting system are
shown.

MEMORY IN NANOMAGNETIC SYSTEMS:… PHYSICAL REVIEW B 74, 214410 �2006�

214410-5



tent stop. In Fig. 7�a� we have shown our numerically simu-
lated results of DME based on our interacting nanoparticle
model, which have a striking resemblance to the experimen-
tal results.

Another protocol has been suggested by Sasaki et al. to
confirm whether the observed memory effect is due to glassy
behavior or not. In this, the sample is first rapidly cooled in
zero field from a reference temperature �Tref� to the stop
temperature �Ts�, where it is kept for 9000 sec. The cooling
is then resumed down to the lowest temperature where a
magnetic field is applied and the susceptibility is recorded on
reheating the sample. The conventional ZFC susceptibility is
also recorded. The difference between the aged and the nor-
mal ZFC susceptibility as a function of temperature was
measured by Sasaki et al.10 Figure 8 is our numerically simu-
lated results, which are again very similar to that of the ex-
periment. In the fitting procedure Eq. �8� has been numeri-
cally solved by choosing � randomly between 0 and 1, fixing
h to 0.5, as before.

IV. SUPERPARAMAGNETISM VERSUS SPIN-GLASS

From the above analysis it is evident that the slow dynam-
ics in nanoparticle systems can be classified into two kinds.
The first one is due to the broad distribution of relaxation
times originating solely from the anisotropy energy barriers.
In this noninteracting case the magnetic moment of each
particle relaxes according to its individual energy barrier,
that depends on the magnetic anisotropy, which in turn de-
pends on the volume of the nanoparticle. Therefore, a distri-
bution of particle volumes results in a distribution of energy
barriers and blocking temperatures. In the second kind of
slow dynamics in dense magnetic nanoparticle systems, co-
operative spin-glass-like dynamics, accompanied by frustra-
tion caused by the strong dipolar interactions among the par-
ticles, are the underlying reasons for memory effects. Here
no unique ground state exists but rather many configurations
are equally probable. The local energy barriers between these
configurations are low, enabling a constant development to-
wards equilibrium, but resulting in the inability to reach it.

Which kind of slow dynamics amongst the two scenarios,
presented above, is relevant depends essentially on the con-
centration of the nanoparticles, at least for the data shown
here. One indicator of the difference in the two kinds of slow
dynamics of noninteracting and interacting nanoparticles is
revealed by the field-cooled �FC� magnetization measure-
ments. The extent of the memory effect can be quantified by
a parameter �R� �Ref. 9�

R = �dM

dT
�

T=Tn

dM

dT
, �9�

where �x� is the Heaviside step function and Tn is the tem-
perature at which field is switched off. This parameter mea-
sures the positive slope of the M�T� curve during zero field
heating. We have calculated R for the noninteracting and
interacting cases from Fig. 3 and 7�a�, respectively. The
value of R in the dense system is about eight times larger
than that in the noninteracting case, implying that the mag-
nitude of the FC magnetization memory effect does depend
on the interparticle dipolar interaction. This is in quite good
agreement with the experimental results of Telem-Shafir et
al.16

In the noninteracting case, no memory effect is seen dur-
ing a ZFC process �see Fig. 8� below �Tb�, since the occupa-
tion probabilities of up and down particles are both equal to
0.5 �two-state model�. So this system does not show any
difference between the magnetization curves with and with-
out intermittent stops during the cooling process. But in the
interacting case there exists a huge number of states, because
the local mean dipolar field is a random variable. The system
goes into deeper and deeper valleys with higher and higher
energy barriers as time progresses. Therefore, the energy bar-
rier of the state in which the system is blocked depends on
the aging time of the system, when temperature is low, and
the consequent higher energy barrier makes the system more
reluctant to respond to an applied field. Thus the difference
in the energy barrier with and without intermittent stops on
cooling causes the dip in Fig. 8. Further the memory effect
observed in the ZFC method in the interacting case can be
observed over a temperature range, albeit narrow, below Tb.
It can therefore be said that although no true superparamag-
netic to spin-glass phase transition occurs in the strongly
interacting case, a sharp transition from a superparamagnetic
state towards local domains of stable magnetic moments
does occur very close to Tb.

The third significant difference between “superspin” and
“superparamagnet” is in the behavior of the FCM. The latter
for the superparamagnet increases with the decrease of tem-
perature whereas it not only does not increase but can even
decrease as the temperature is lowered for the interacting
sample �see Figs. 1 and 7�. The individual blocking model
reproduces a monotonous increase in FCM for “superpara-
magnets.” The field-cooled magnetization increases with de-
creasing temperature until all particles are blocked. Such fea-
tures reflect a distribution of Tb, i.e., distribution of particle
volumes. On the other hand, the temperature independence
of the FCM for the “superspins” cannot be explained by the

FIG. 8. �Color online� Numerically simulated results for the
double memory experiment �DME� for the ZFC method in an in-
teracting system �green circle� and in a noninteracting system �blue
square�.
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individual particle model and is a clear indication of progres-
sive freezing of particle moments which behave in a collec-
tive manner.

V. CONCLUSIONS

In conclusion, similarities as well as distinct differences in
the slow dynamics of isolated nanoparticles and of strongly
interacting nanoparticles are discussed. Our interacting and
noninteracting models are adequate to capture all these sig-
natures. From the comparative study, it is well understood

that the similarities are observed in the memory effect fol-
lowing the temperature and field protocol of Sun et al. On
the other hand, the differences are seen in the FC memory
effect, ZFC memory effect, and in the FCM.
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