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NiFe�O� nanoparticles with average sizes of 3.5� 0.4� nm, 5.0� 0.5� nm, and 19� 1.1� nm embedded in the SiO� matrix were
prepared by the sol-gel method. Size and temperature dependence of magnetic relaxation of the ferrite nanoparticles were studied. A
classical logarithmic distribution function was considered to analyze the thermally activated relaxation phenomenon in the nanocom-
posites, but it cannot describe the behavior within the whole range of temperatures and times. An alternative more general approach
called ��� �� scaling was used to generate master curves which allows one to extrapolate the relaxation behavior at times that are
experimentally inaccessible. The mean energy barrier as well as the width, of the energy distribution curves can also be estimated
from this study. These results are in good agreement with those obtained from ac and dc susceptibility measurements.

Index Terms—Ferrites, magnetic relaxation, nanocomposites, nanoparticles.

I. INTRODUCTION

FERRITE nanoparticles are considered very promising
materials that offer several advantages over their metallic

counterpart in a variety of applications. In recent years, they
have firmly been established as an important class of soft mag-
netic materials owing to its attractive magnetic properties at
high frequencies and resistivity in the insulating range [1]–[3].
Therefore, extensive study of static and dynamic magnetic
properties of ferrite nanoparticles is required to check their
suitability for various applications such as in biomedical and
electronics industries.

The magnetic properties of nanometric particles arise from
the interplay between their intrinsic properties, finite size ef-
fects, and due to inter-particle interactions. The clearest exposi-
tion of the finite size effect in nanoparticle systems is superpara-
magnetism, which is completely dependent on the anisotropy
energy of the system, which in turn is proportional to the par-
ticle volume [4]. Superparamagnetism has important effect on
the thermal and time stability of the recording media. This has
imposed much more importance to the study of dynamic mag-
netic properties of the magnetic nanoparticle system. Time- and
frequency-dependent dynamic magnetic properties can also be
exploited in magnetic switches.

In previous publications [5], [6], we thoroughly reported the
dc magnetic properties of NiFe � nanoparticles with varying
particle size, temperature and magnetic field. In the present ar-
ticle, magnetic relaxation behaviors of NiFe O nanoparticles
are studied. Relaxation time for a noninteracting single domain
particle is given from Néel–Brown theory of superparamag-
netism by [7], [18]

(1)

where is the relaxation time and is a constant estimated to be
within – s for noninteracting single domain particles.
Here we investigated how particle size and its distribution affect

the relaxation process in noninteracting single domain NiFe O
nanoparticles embedded in SiO matrix.

II. EXPERIMENTAL

NiFe O ferrite nanoparticles in SiO matrix were prepared
by the sol-gel method [5]. Weighed amounts of nitrate salts
Ni(NO ) 6H O and Fe(NO ) 9H O were dissolved in a
solution of distilled water, absolute ethanol, and tetraethoxy
orthosilicate (TEOS) [Si(OC H ) ] taken in 4:1:1 ratio by
volume. The volume of TEOS was chosen in such a way that
the ratio of the ferrite to SiO in the final sample was 30:70 by
weight and 15:85 by volume. The pH of the solution was main-
tained at 1.0 by adding acid to the solution during preparation.
The whole solution was stirred for 12 h at room temperature
and then left untouched for 24 h. The mixture was then dried
slowly to form the gel. The gel was further heat-treated at
different temperatures for various time durations to produce
samples of different particle sizes. The phase and particle size
were determined by X-ray diffraction (XRD, X’pert Pro, Pan-
alytic) and high-resolution transmission electron microscopy
(HRTEM, JEOL 2010). A MPMS (Quantum design) was used
to investigate the magnetic properties of the nanometric sam-
ples. The relaxation phenomenon of the samples at different
temperatures was studied during a time period of 350 s after
removing a dc magnetizing field of 7 T.

Henceforth, the samples annealed at 700 C for 1 h would
be termed as SA, the samples annealed at 900 C for 2 h, and
1000 C for 6 h would be denoted as SB and SC, respectively.

III. RESULTS AND DISCUSSION

Room-temperature XRD spectra shown earlier [5], [6] con-
firmed the growth of Nickel ferrite nanoparticles. All peaks cor-
responded to the spinel phase of NiFe O embedded in the SiO
matrix. The particle size of the entrapped ferrite particles was es-
timated from the X-ray diffraction peaks using Scherrer equa-
tion [6]. The average particle sizes of the samples determined
from XRD are 3.5 0.4 nm (sample SA), 5.0 0.5 nm
(sample SB), and 19 1.1 nm (sample SC). The TEM mi-
crograph of sample SA is shown in Fig. 1(a). In Fig. 1(b), the
high-resolution TEM image of a single nanoparticle shows the



Fig. 1. (a) TEM micrograph of NiFe O nanoparticles in SiO matrix of
sample SA. (b) High-resolution TEM micrograph of a particle from the sample
SA. HRTEM image shows parallel (220) lattice planes. Inset: The fast Fourier
transformation image of the same lattice plane and two other lattice planes for
the same single particle. (c) The lognormal distribution of particle sizes for the
same sample.

parallel lattice fringes corresponding to (220) planes of cubic
NiFe O with corresponding lattice spacing of 0.298 nm. The
fast Fourier transformed image [inset, Fig. 1(b)] shows the two
additional diffraction spots correspond to (311) and (400) planes
with corresponding lattice spacing of 0.255 nm and 0.215 nm,
respectively. Fig. 1(c) shows the particle size distribution fitted
with lognormal distribution function [6] for sample SA with es-
timated average size of 3.3 0.031 nm and distribution width

0.129 0.013. The average particle-size calculated by fit-
ting log-normal distribution function is close to the sizes calcu-
lated from the XRD spectra.

In case of magnetic relaxation study, samples are field cooled
in presence of a field of 7 T. After the removal of the field, mag-
netizations of all samples evolve with time towards a demagne-
tized state. Experiments were carried out at different tempera-
tures from 5 to 50 K. The versus curves for samples
SA, SB, and SC measured at different temperatures are shown
in Fig. 2 [8]–[10]. In a more extended scale (inset of Fig. 2),
a clear deviation from the linear behavior at the initial stage of
measurement time is observed. The relaxation rates for different
particle sizes differ significantly from each other. As a result,
we obtained an average behavior of the relaxations of the par-
ticles. The degree of this deviation from linearity gradually di-
minishes as the average particle size of the sample increases. As
the particle size increases, the slower relaxation rate dominates
the procedure with larger contributions coming from the bigger
particles of the system. Thus for sample SC, which possesses

Fig. 2. � versus ln(t) curves of samples SA, SB, and SC at different temper-
atures. A closer view to the variation of� with ln(t) at temperature of 5 K is
presented in the insets of the corresponding figures.

Fig. 3. Time evolution of� of samples SA and SC at 50 and 5 K.

the broadest size distribution among all the samples with an av-
erage particle size of 19 nm, the linearity in the versus ln(t)
plot is almost maintained.

It is observed from Fig. 2 that the value of at the start of the
measurement decreases with the increase in temperature. There-
fore, with the rise in temperature higher proportion of re-
laxes before the start of the measurement. Thus, for this type of
thermally activated samples, by adjusting , we can change the
part of relaxation process that falls within the measurement time
window. In Fig. 3, the versus data was plotted at temper-
atures 5 and 50 K for samples SA and SC. For sample SA, the
relaxation rate is much higher at 50 K than at 5 K. Therefore, at
50 K the nanoparticles in samples SA are found to relax signif-
icantly before the start of the measurements. Hence, the mag-
netization data show almost constant behavior over the whole
region of measurement time window with a very small slope at



the initial part, i.e., at 50 K, SA shows a relaxation behavior very
similar to SPM and the particles relaxed almost instantaneously
after the removal of the field [11]. The value of at the start
of the measurement is found to be much smaller in case of SA
compared to SC at both the temperatures (5 and 50 K) due to in-
creased surface-to-volume ratio and less magnetic ordering near
the surface in SA [12].

The “logarithmic approximation” used earlier to describe the
relaxation phenomena has a number of limitations. First of all,
the temperature dependent relaxation curves corresponding to
a given experimental time window, represents the relaxation at
different regions of energy distribution function . Second,
in case of nanomaterials, magnetization changes slowly with
the elapsed time. Therefore, a small curvature in the data within
the observation time window leads to the wrong or oversimpli-
fied interpretation of the measured data. One way to overcome
this problem is to carry out the study of relaxation process for
extremely large time ( s or even larger), which in re-
ality is an experimentally inaccessible time. The other way, as
suggested by different authors [13]–[16], is to find out a scaling
behavior that allows one to plot all the relaxation data taken at
different temperatures on a single master curve. With this pro-
cedure it is possible to estimate the relaxation at the lowest mea-
suring temperature at a time which is not experimentally acces-
sible since in this thermally activated relaxation, any change in
the temperature of the system corresponds to a change in the
time scale of the phenomena. Well below the blocking tempera-
ture, particles are blocked and show a typical thermally activated
relaxation, which follows Arrhenius law [7], [18].

The so-called master curve, previously proposed
by Prejean and Souletie [17], has already been used to study the
magnetic relaxation in many magnetic systems. In this paper, we
have checked the validity of the same approach in our system
consisting of non- or weakly interacting single-domain parti-
cles. In this scaling technique, temperature dependent versus

curves were plotted on a single window and then indi-
vidual curves were shifted by an amount equal to in the

axis. , that governs the relaxation process on an atomic
scale is adjusted to render the curves lie on a single curve. This
process would enable one to extrapolate the relaxation behavior
of the system towards equilibrium at times completely inacces-
sible from the experimental point of view. It also gives the value
of the constant and the macroscopic details of the energy bar-
rier distribution, which produces and governs the relaxation be-
havior of the system.

The relaxation results of samples SA, SB, and SC plotted
on the master curve are shown in Fig. 4. In case
of sample SA, we obtained a well-scaled relaxation curve with

s and , and the data were taken for
temperatures below its blocking temperature, but a mismatch
between the theoretical and the experimental data is observed
for small values of scaling variable . There may be
two possibilities. The first one is that this mismatch occurs due
to nonthermal quantum tunneling effect, but this is improbable
because the temperature range that we have chosen for our mea-
surement is not sufficient to show the quantum tunneling ef-
fect. The second possibility is that our choice of the logarithmic
linear distribution function is not so realistic for lowest energy

Fig. 4. × ������ � scaling for samples SA, SB, and SC. An alternative open and
full circle corresponds to the alternative experimental relaxation curves taken at
different temperatures. The solid line is the theoretical curve obtained by fitting
the scaled master curve considering a logarithmic-linear distribution of ener-
gies. The fitting parameters are shown in the figures for the corresponding par-
ticle sizes. The insets of the figures show the numerical derivative of the master
curve with respect to the scaling variable and it is representing the energy barrier
distribution. The values of � are mentioned in the respective inset in temper-
ature unit.

barriers and might underestimate their contribution to the total
relaxation process of the system [13]. In the case of sample SB,
we again obtained a well-scaled curve with
s and except at the short time regime. The scaling is
not very good for sample SC. Magnetic relaxation of a polydis-
persed nanoparticle system cannot reach their final equilibrium
state within the experimental time window as we have chosen,
because relaxation in larger nanoparticles becomes extremely
slow at the desired temperature. Perhaps this has an effect on
the scaling behavior of sample SC. Hence, although the relax-
ation curves for SC appeared to follow a line (Fig. 2), still there
is a mismatch of slopes of the segmented curves taken at dif-
ferent fixed temperatures for sample SC with its corresponding
simulated master curves. Another reason of this mismatch may
be that the sample SC is not solely a collection of single-domain
particles because of large particle size distribution. Hence, for
this sample the relaxation process is not totally thermally ac-
tivated but perhaps more physics is involved in the relaxation
process of the particles in sample SC incorporating domain wall
rotation and domain wall displacement, but for now, sticking to
the present model, the values of the parameters for the best fit
of the experimental data in case of sample SC was found to be

s and , respectively. The value of
generally lies from 0.4 to 1. Hence, the value of obtained from
the fitting of sample SC is somewhat larger. The reason for this
may be the changed nature of the energy barrier distribution due
to larger particle size and wide size distribution. However, the
relaxation times obtained above are within the range of a non-
interacting single domain particle system.



The drawback of the classical viscosity
is that it cannot be compared

for different temperatures, as the initial and the final state of
relaxation processes change with temperature and the energy
barriers. On the other hand, with the normalized viscosity,
defined by

(2)

it is possible to correlate the relaxation behavior of a small par-
ticle system measured at different temperatures. The variation
of with is shown in the insets of Fig. 4 for the
corresponding sample sizes. The values of , the position of
maximum energy barrier distribution, obtained for different par-
ticles sizes are also written in the corresponding figures and the
corresponding values of obtained from for samples SA,
SB, and SC are J/m J/m , and
J/m , respectively. These values are in good agreement with the
ac susceptibility and dc magnetization measurements [5] if the
volume is expressed in terms of energy units using the relation

, when is in temperature unit.
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