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Abstract

Spinel ferrite NiFe2O4 nanoparticles (p25 nm) in SiO2 matrix were prepared by sol–gel method. The phase and average crystallite size

of the samples were determined by X-ray diffraction method and the particle size distributions were studied by a transmission electron

Keywords: Ferrites; Nanoparticles; Magnetic properties; Sol–gel

microscope. Magnetic properties of the samples were investigated with different ferrite particle sizes and at various temperatures down to

10K. Superparamagnetic properties were observed at room temperature when the particle size is less than 10 nm.In superparamagnetic

state, the field dependence of magnetization follows Langevin function which was originally developed for paramagnetism. The effective

anisotropy constant Keff is found to increase significantly with the decrease in particle volume and an order of magnitude higher than that

of the bulk samples when the particle size is below 5nm due to the dominance of surface anisotropy. In case of nanosized systems, the

effect of size reduction on the law of approach to saturation has also been studied in detail.
1. Introduction

Ultrafine ferrite particles are considered very interesting
new materials for fundamental studies with possibilities to
be used in various technological applications [1–3].
Nanoscale materials build the bridge between the bulk
system and the atoms indicating how the bulk properties
evolve from the atomic properties [4]. Within this size
range, significant deviations from the Bloch law were
observed due to finite size effects [5,6]. Spin canting,
nonsaturated magnetization, significant surface anisotropy
were observed as the manifestations of strong surface
effects [4]. The nanosized ferrite materials have extensive
potential for various uses in recording media, ferrofluids
and other applications in microwave frequency region [7,8].

In the present work, NiFe2O4 nanoparticles in SiO2

matrix were prepared by sol–gel method [9,10]. The size-
dependent magnetic properties of these embedded ferrite
onding author. Tel.: +91332335 5708; fax: +91332335 3477.
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particles were studied at various temperatures down to
10K. The effective anisotropy constant increased by an
order of magnitude when the particle size was below 5 nm
due to the significant contribution from the surface
anisotropy. The Langevin function used to explain para-
magnetism was found to describe well the field dependence
of magnetization of these samples consisting of weakly
interacting single domain particles in the superparamag-
netic state.

2. Experimental

NiFe2O4 nanoparticles in SiO2 matrix were prepared by
the sol–gel method as described earlier [9,10]. The weight
ratio of ferrite and silica is 30:70. The phase and crystallite
size was estimated by X-ray diffraction (XRD) method and
a transmission electron microscope (TEM) was used to
study the particle size distributions [11,12]. The magnetic
properties of the samples were measured by a SQUID
(MPMS, Quantum Design) and a vibrating sample
magnetometer.
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Fig. 1. X-ray diffraction patterns of NiFe2O4 nanoparticles in SiO2 matrix

(samples A, C, D and E).
3. Results and discussion

Table 1 shows the sample name, their crystallite size
determined from XRD and the corresponding heat
treatment given to the gel. Figure 1 shows the XRD
spectra of four samples having crystallite size 3.0 nm
(sample A), 6.8 nm (sample C), 19.0 nm (sample D) and
25 nm (sample E). The XRD peaks reveal the single-phase
spinel ferrite and the peaks become sharper with the
increase in crystallite size. The TEM of sample A and the
FFT pattern of a ferrite particle are shown in Fig. 2. The
average crystallite size obtained from XRD and the
average particle size estimated from the TEM micrograph
are close to each other. Usually the crystallite and particle
size are almost the same when the particle size is less than
100 nm [13]. Both XRD and TEM indicate the increase in
crystallite/particle size with the increase in preparation
temperature or the duration of heat treatment. The particle
size distributions obtained from TEM micrograph follow
log-normal distribution function [11,12].

The experimental data of zero field cooled (ZFC) and
field cooled (FC) magnetization (with H ¼ 100Oe) against
temperature are plotted in Fig. 3 for samples A, B, D, and
E. The ZFC curve shows a peak at a temperature Tp,
beyond which they merge with the FC curve. The ZFC
peak broadens with the increase in particle size due to
wider particle size distributions and more interactions
among the particles. For a single nanoparticle, ZFC
magnetization increases with T as the small thermal
fluctuations help orienting the direction of magnetization
towards the field direction. Beyond a certain temperature
TB, called blocking temperature, the thermal energy is
more than the anisotropy energy and because of the
random thermal fluctuations, magnetization decreases with
the increase in temperature. As a particle size distribution is
present within a sample, a broad peak is observed instead
of a sharp peak near TB. For FC measurement, magnetiza-
tion continuously decreases with the increase in T. In this
case, the magnetization was initially oriented along the
direction of H and higher thermal fluctuations at higher T

reduces the component of magnetization along the direc-
tion of H.

If the sizes of the particles are reduced to a few
nanometers they become single domain particles. At a
Table 1

Sample names, corresponding heat treatments, average crystallite size, Tp, /T

Sample name Temperature and

duration of heat

treatment

Average crystallite

size from XRD (nm)

with standard

deviation

Sample A 700 1C, 1 h 3.0 (0.5)

Sample B 900 1C, 2 h 5.0 (0.8)

Sample C 1000 1C, 2 h 6.8 (1.6)

Sample D 1000 1C, 6 h 19.0 (2.4)

Sample E 1000 1C, 24 h 25.0 (2.8)
finite temperature and in absence of any magnetic field, the
ferromagnetically aligned magnetic moments within these
single-domain particles fluctuate between their two en-
ergetically degenerate ground states on a time scale given
by [14]

t ¼ to exp
KeffVP

kBT

� �
, (1)

where t is the relaxation time, to a constant estimated to be
between 10�9 and 10�13 s and KeffVP the total anisotropy
energy EA of the particle. The blocking temperature TB of a
particle is the temperature at which t ¼ tm, the measure-
ment time of the instrument. The magnetic moment
relaxation time t decreases with increase in sample
BS and Keff

Temperature of the

peak, TP (K)

Average blocking

temperature, /TBS
(K)

Effective anisotropy

constant, Keff

(� 106) erg/cm3

100 53 1.22

108 61 0.82

115 66 0.63

135 75 0.22

195 104 0.24



ARTICLE IN PRESS
temperature. For T4TB, the particles rapidly achieve
thermal equilibrium during the measurement time as totm
and the system behaves as a superparamagnet. On the
other hand, at ToTB the particles are said to be blocked,
i.e, their magnetic moments remain at a fixed direction
during a single measurement as t4tm.

The initial susceptibility for a single particle of volume V

is given by wsp ¼M2
SV=3kBT for T4TB and wbl ¼

M2
S=3Keff for ToTB, where MS is the saturation magne-

tization of the material [15]. Considering the distribution of
particle size and blocking temperature, the initial suscept-
ibility of a system of non-interacting particles can be
10 nm

21 n/m

(440)

(220)

2 nm

(a) (b)

(c)

Fig. 2. TEM micrograph of sample A (a) and FFT (b) of a ferrite particle

(c) also shown in the figure.
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Fig. 3. Zero field cooled (ZFC) and field cooled (FC) magnetization (H ¼ 1

experimental data are fitted with Eq. (3) and Eq. (4), respectively. Inset: M�1
FC
written as [16,17]

wZFC ¼
M2

S Vh i

3kBT

Z T

0

TB

TBh i
f ðTBÞdTB þ

M2
S

3Keff

Z 1
T

f ðTBÞdTB,

(2)

where f(TB) is the log-normal distribution function of
blocking temperature, /VS and /TBS are, respectively,
average volume and blocking temperature. The first term in
Eq. (2) is contributed by the superparamagnet particles
whereas the second term comes from the blocked particles.
Using the relationship between /VS and /TBS through
Eq. (1) at t ¼ tm, Eq. (2) can be rewritten as [16,17]

wZFCðTÞ ¼
M2

S

3Keff
ln

tm
to

� �� Z T

0

TB

T
f ðTBÞdTB

þ

Z T

0

f ðTBÞdTB

�
. ð3Þ

The FC susceptibility can also be fitted with a similar
theoretical model and wFC can be written as [16,17]

wFCðTÞ ¼
M2

S

3Keff
ln

tm
to

� �
1

T

� Z T

0

TBf ðTBÞdTB

þ

Z 1
T

f ðTBÞdTB

�
. ð4Þ

Temperature dependence of ZFC and FC susceptibility
have been fitted with Eq. (3) and (4), respectively, taking
f(TB ) as the log-normal distribution function of TB. The
values of average blocking temperature /TBS and effective
anisotropy constant Keff obtained from the fitting are
shown in Table 1 for various particle sizes. /TBS increases
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00Oe) vs. temperature curves of samples A, B, D and E. ZFC and FC

vs. temperature curve of samples A and B.
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Fig. 4. Magnetic irreversibility, defined as (MFC�MZFC)/(MFC)max vs.

temperature curves of samples A, B, D and E. Inset (a) effective

anisotropy constant Keff vs. particle diameter, y. Inset (b) surface

anisotropy constant KS vs. particle diameter, y.
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Fig. 5. Magnetic hysteresis loops of sample A at 10, 50, 100 and 300K.
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Fig. 6. Magnetic hysteresis loops of samples D at 10, 50, 100 and 300K.
from �53K for sample A to �104K for sample E. For all
the samples, /TBS is much less than Tp (also shown in
Table 1) and Tp ¼ C/TBS with C is close to 2. M�1

FC vs. T

curves of the samples A and B have been plotted in the
inset of Fig. 3 to check the linear region where Curie law is
valid [18]. Though /TBS of the samples lies below their Tp,
a full superparamegnetic regime characterized by a linear
M�1

FC vs T curve is observed at much higher temperature
[18] as shown in the inset of Fig. 3.

The variation of effective anisotropy constant Keff

obtained from Eq. (3) as a function of particle size have
been plotted in the inset (a) of Fig. 4. Keff increases
drastically with the decrease in particle volume and an
order of magnitude higher than that of bulk when the
particle diameter yo5 nm.The increased values of Keff

confirm the dominance of surface anisotropy within the
investigated size range. Keff is related to the bulk
anisotropy constant KV and surface anisotropy constant
KS through the expression Keff ¼ KV+6KS/y. Taking the
value of KV ¼ 1.1� 105 erg/cm3, the calculated values of
surface anisotropy constant KS as a function of particle size
are shown in the inset (b) of Fig. 4. KS remains almost
constant with the change in particle size.

The irreversibility between the ZFC and FC measure-
ments of magnetization originates because of the interplay
between thermal energy and the energy barrier that hinders
relaxation towards equilibrium [18]. The magnetic irrever-
sibility in nanoparticles is conventionally associated with
the energy required for a particle moment reorientation,
overcoming a barrier due to shape, magnetoelasticity or
crystalline anisotropy. Fig. 4 shows the magnetic irrever-
sibility calculated by the difference between the FC and
ZFC magnetizations divided by the maximum FC value as
a function of temperature. At a particular temperature, the
higher values of irreversibility with larger particle size
indicates higher degree of magnetic correlation.
Magnetic hysteresis loops of the samples A and D are

plotted, respectively, in Figs. 5 and 6 at 10K, 50K, 100K
and 300K. Sample A, having particle size �3 nm, shows
negligible hysteresis loss down to 100K whereas sample D
(�19 nm) shows significant hysteresis effect even at 300K.
Temperature dependence of coercivity of samples A, C and
D is shown in Fig. 7. The coercivity HC increases with the
decrease in temperature. For an assembly of monodis-
persed, non-interacting, ferro or ferrimagnetically ordered
single domain particles, the temperature dependence of
coercivity HC(T) can be expressed as [18]

HCðTÞ ¼ HCð0Þ 1�
T

TB

� �1=2
" #

. (5)

Experimental values of HC(T) have been plotted against
T1/2 in the inset (a) of Fig. 7. Linear region increases and
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slope of the curves decreases with the increase in particle
size. Taking the average blocking temperature, /TBS from
Table 1, and HC(0) from Fig. 7, HC(T)/HC(0) vs. T/TB of
samples A and C have been plotted in the inset (b) of
Fig. 7. The experimental points of samples A and C merge
with each other below the superparamagnetic region. But
similar plot of sample D does not merge with that of
samples A and C. Therefore much generality cannot be
attached to HC(T)/HC(0) vs. T/TB plot as the variation of
HC(T) with temperature is not only due to the thermal
effects discussed above but also to other causes such as the
variation of anisotropy constants, saturation magnetiza-
tion with temperature.

In superparamagnetic state, the temperature and field
dependence of the measured global magnetization M(T, H)
and susceptibility w(T, H) are similar to those of a classical
paramagnet if the atomic moment is replaced by the
particle moment. In this state, the magnetic moment of a
sample containing N non-interacting particles can be
described by the relation [11]

mðHÞ ¼ NmpL
mpH

kBT

� �
, (6)

where the Langevin function L ¼ coth(mpH/kBT)�(kBT/
mpH) and each particle has the magnetic moment
mp ¼MSVP, MS and VP being the bulk saturation
magnetization and the particle volume, respectively. Con-
sidering the log-normal distribution function for particle-
size distribution, the average magnetic moment of the
sample containing N particles of different sizes could be
written as [11,12]

mav ¼
Z 1
0

xNmpL
mpH

kT

� �
PðyÞdy, (7)

where P(y) is the log-normal distribution function of
diameter y and x is the volume fraction of ferrite in the
sample. M vs. H experimental data of sample A taken at
various temperatures above TB and presented in Fig. 8 are
fitted with Eq. (7). In superparamagnetic state the
theoretical curve fits the experimental data at different
temperatures very well and the most probable particle size,
yo obtained from the fitting (�2.6 nm) is close to that
obtained from the XRD measurement. In this calculation,
MS is determined by extrapolating M vs. 1/H curve with
high values of H as at the high field limit, L(mpH/
kBT)E(1�kBT/mpH) [11]. If the M vs H curves at different
temperatures are replotted as M vs. H/T, all the curves
merge to a single curve (inset of Fig. 8) confirming the
superparamagnetic state of the sample.
In the approach to saturation region at high magnetic

field, the temperature and field dependence of spontaneous
magnetization M (T, H) can be described by an empirical
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Table 2

Fitting parameters MS, a and b of law of approach to saturation (Eq. (9)) and the corresponding wp and K1

Size (nm) Ms (emu/gm) a
ffiffiffiffiffiffi
Oe
p

b� 106 (Oe2) wp� 10�4 (emu/gm-Oe) K1� 106 (emu/cm3)

3.0 10.33 13.0 1.6 1.6 0.26

6.8 23.67 20.1 0.06 0.9 0.012

19.0 28.64 23.3 0.018 0.9 0.076
law [19]

MðT ;HÞ ¼MSð0Þð1� BT3=2Þ þ
X1
n¼1

an=ðmoHÞn=2 þ DMpara.

(8)

The first two terms corresponds to T3/2 Bloch’s law. The
second term is a power series describing the effect of spin
inhomogeneties due to lattice imperfections. The last term
corresponds to the para effect due to the partial suppression
of spin waves by an applied magnetic field and can be
expressed as DMpara ¼ wpH where wP is the high field
susceptibility . To study the effect of size reduction in
nanosize systems on the law of approach to saturation,
paraprocesses and anisotropy energy, anhysteric magnetiza-
tion curves of samples A, C and D have been measured at
10K where intrinsic effects of spin wave are significantly
suppressed. The experimental results are shown in Fig. 9 and
can be fitted well with the reduced version of Eq. (8) [19,20]:

M ¼MSð1�
affiffiffiffiffi
H
p �

b

H2
Þ þ wPH. (9)

Contributions from other higher-order terms are not
significant and therefore neglected. a=

ffiffiffiffiffi
H
p

term is contributed
by the point-like defects and intrinsic magnetostatic fluctua-
tions, which are strongly size dependent in case of
nanomaterials [19]. The b/H2 term is attributed mainly to
the anisotropy energy where b ¼ ð8=105ÞðK1=MSmoÞ

2 [21] for
polycrystalline cubic system. K1 is equivalent to Keff in Eq.
(3). The values of MS, a, b, K1 and wp are given in Table 2. MS

increases while b and K1 both decrease with the increase in
particle size. The values of K1 are less than the corresponding
Keff values.

4. Conclusions

NiFe2O4 nanoparticles (p25 nm) in SiO2 matrix were
prepared by sol–gel method. The particle size was be varied
by changing the temperature and duration of heat
treatment during the preparation of the sample. Super-
paramagnetic behavior was observed at room temperature
when the particle size was less than 10 nm.The Langevin
function used to explain paramagnetism was found to
describe well the magnetization behaviour of these samples
consisting of weakly interacting single domain particles in
the superparamagnetic state. The anisotropy energy is
found to be an order of magnitude higher than that of the
bulk samples when the particle diameter is below 5 nm due
to the dominance of surface anisotropy.
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