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Abstract
Electrical conductivity and dielectric measurements have been performed for
nanocrystalline NiFe2O4 spinel for four different average grain sizes, ranging
from 8 to 97 nm. The activation energy for the grain and grain boundary
conduction and its variation with grain size have been reported in this paper.
The conduction mechanism is found to be due to the hopping of both electrons
and holes. The high-temperature conductivity shows a change of slope at
about 500 K for grain sizes of 8 and 12 nm and this is attributed to the hole
hopping in tetrahedral sites of NiFe2O4. Since the activation energy for the
dielectric relaxation is found to be almost equal to that of the dc conductivity,
the mechanism of electrical conduction must be the same as that of the dielectric
polarization. The real part ε′ of the dielectric constant and the dielectric loss
tanδ for the 8 and 12 nm grain size samples are about two orders of magnitude
smaller than those of the bulk NiFe2O4. The anomalous frequency dependence
of ε′ has been explained on the basis of hopping of both electrons and holes. The
electrical modulus analysis shows the non-Debye nature of the nanocrystalline
nickel ferrite.

1. Introduction

In nanocrystalline materials the physical properties are predominantly controlled more by
the grain boundaries than by the grains. Spinel ferrites have high electrical resistivities and
consequently low eddy currents and dielectric losses. They find wide applications in microwave
devices, computer memories and magnetic recording. Spinel ferrites have the general chemical
formula (M2+

1−δFe3+
δ )[M2+

δ Fe3+
2−δ]O

2−
4 [1]. The divalent metal ions M2+ can occupy either

tetrahedral (A) or octahedral (B) sites or both the sites of the spinel (MgAl2O4) structure
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depending upon the system. The inversion parameter δ is a measure of the fraction of Fe3+

ions at A sites. The strong interaction between magnetic ions in the A and B sites gives rise to
ferrimagnetic ordering.

Recently spinel ferrites have been shown to exhibit interesting magnetic properties in
the nanocrystalline form compared with those of the micrometre-size grains [2–7]. In our
earlier study [7] we reported that NiFe2O4, in the nanocrystalline form, exhibits a mixed spinel
structure with Ni2+ ions occupying both A and B sites, but the bulk NiFe2O4 is a well known
inverse spinel, with Ni2+ ions occupying only the B sites. Because of this structural change
nanocrystalline NiFe2O4 was shown to exhibit interesting magnetic properties with respect
to spin structure, Curie temperature, coercivity etc [6, 7]. Several reports are available in the
literature on the electrical conductivity and dielectric properties of bulk NiFe2O4. However,
to our knowledge, such reports are not available, so far, for the nanocrystalline spinel ferrites
in general and nanocrystalline NiFe2O4 in particular. This has motivated us to carry out
electrical and dielectric measurements of nanocrystalline NiFe2O4. In this paper we report
the impedance measurements on nanocrystalline NiFe2O4. The conduction due to grain and
grain boundary, the mechanism of conduction and the effect of grain size on conductivity, the
dielectric constant and dielectric loss have been studied. The electrical relaxation data have
been analysed using modulus spectroscopy to investigate whether the nanocrystalline NiFe2O4

exhibits Debye- or non-Debye-like relaxation.

2. Experimental details

The bulk NiFe2O4 spinel was prepared by thoroughly mixing NiO and α-Fe2O3 in the atomic
ratio 1:1, heating the mixture slowly to 900 ◦C in air and keeping it at this temperature for
5 h. The powder was then ground in an agate mortar and pelletized with an applied pressure
of 50 MPa. The pellets were sintered at 1150 ◦C for 5 h. The formation of the spinel
phase was verified using the x-ray powder diffraction (XRD) technique with the help of a
Rigaku-make high-precision Guinier x-ray diffractometer, with Mo Kα radiation of wavelength
λ = 0.709 26 Å. The milling of the as-prepared ferrite (sample A) was carried out in a high-
energy ball mill (Fritsch Pulverisette P7) using zirconia balls and vials at room temperature
(RT) with a ball to powder ratio of 8:1 for 40 h to prepare nanocrystalline NiFe2O4 (sample B).
The milled sample was found to retain the spinel phase and no impurity phase was detected.
Part of sample B was annealed at 500 ◦C for 2 h (sample C) and another part was annealed at
1200 ◦C for 15 h (sample D). The average grain sizes were determined from the (311) reflection
of the XRD patterns using the Scherrer formula [8].

The impedance and dc conductivity measurements were performed for all four samples.
Nanocrystalline NiFe2O4 powder was made into pellets of 8 mm diameter and 1 mm thickness
for impedance measurements. Prior to the measurements, the sample, which is spring loaded
between Pt electrodes, was heated to 150 ◦C, so as to homogenize the charge carriers and to
remove simultaneously the moisture content therein. The real (Z′) and imaginary (Z′′) parts
of the complex impedance (Z∗) were measured as a parametric function of both frequency and
temperature in the range 5 Hz–15 MHz and 300–600 K respectively, using an impedance/gain
phase analyser (Solartron 1260) together with a dedicated computer and software to acquire
the impedance data. Shielded test leads were used for electrical connections from the analyser
to the sample to avoid any parasitic impedance due to connecting cables. The heating rate was
2 ◦C min−1. The temperature of the furnace was measured with a resolution of ±1 ◦C using a
Eurotherm (818 P) PID temperature controller. The data were collected during both heating
and cooling cycles. It was found that the data were consistent during both the thermal cycles.
The conductivity (σ ) and the real (ε′) and imaginary (ε′′) parts of the dielectric constant ε∗
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Figure 1. XRD patterns of the NiFe2O4 spinel samples (A) as prepared, (B) milled for 40 h, (C)
milled sample annealed at 500 ◦C for 2 h and (D) milled sample annealed at 1200 ◦C for 15 h.

as well as real (M ′) and imaginary (M ′′) parts of the complex electric modulus, M∗, were
calculated using the raw data of Z′ and Z′′ and the sample dimensions.

3. Results and discussion

3.1. Crystal structure

Figure 1 gives the XRD patterns of samples A–D. The increase in the width of the x-ray
diffraction lines gives evidence for the decrease of the mean particle size of the ball-milled
sample. The average particle sizes were found to be 70, 8, 12 and 97 nm for samples A, B, C
and D respectively.

3.2. Electrical properties

3.2.1. Dc conductivity. Impedance measurements were carried out for all the samples at
selected temperatures in the frequency range 5 Hz–15 MHz. Figure 2 shows the impedance
plot for sample A at RT. This consists of two semicircular arcs. The arc on the low-frequency
side is due to the grain boundary conduction and that on the high-frequency side is due to the
grain conduction; the latter is shown as an inset to figure 2. The equivalent circuit based on the
impedance data for the as-prepared sample is shown in figure 3. The parameters Rg , Cg and
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Figure 2. Complex impedance spectrum of sample A. The continuous curves are the fitted
semicircles. The inset shows a magnification of the high-frequency region corresponding to the
grain conduction.

 

 

Cgb Cg 

Rg Rgb 

Figure 3. Proposed model for the impedance behaviour shown in figure 2 where Cg is the bulk
capacitance, Rg is the bulk resistance, Cgb is the grain boundary capacitance and Rgb is the grain
boundary resistance.
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Figure 4. Complex impedance spectra for sample A at various temperatures.

(ωp)g correspond to the resistance, capacitance and the relaxation frequency (=1/τ ) of the
grain and Rgb, Cgb and (ωp)gb are the corresponding quantities for the grain boundary. These
parameters were obtained for each temperature by analysing the data using the non-linear least-
squares (NLLS) fitting routine. The resistance values Rg and Rgb were used to calculate the dc
conductivity of the grain and the grain boundary respectively. For the as-prepared sample (sam-
ple A) and sample D, two semicircles corresponding to the conduction due to grain and grain
boundary were obtained whereas only one semicircle was obtained for the other two samples, B
and C, suggesting a predominant contribution from the grain boundary and that the contribution
from the grain is not well resolved in the present study. Hence we presume that the conduc-
tivity for samples B and C is mainly due to the grain boundary contribution. Figure 4 presents
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Figure 5. Arrhenius plots of the NiFe2O4 spinel samples. The solid lines are the best fit to
equation (1) (g, grain, and gb, grain boundary).

Table 1. Relaxation frequencies of NiFe2O4 for four different grain sizes at different temperatures.

ωp(kHz)
Temperature
(K) 97 nm 70 nm 12 nm 8 nm

373 630 139 3.3 3.0
423 1725 695 24.0 17.0
473 8976 2261 130.0 83.0

the measured complex impedance spectra for sample A at six different temperatures. Similar
measurements have also been made for other samples. The relaxation frequency (ωp) for the
grain boundary shifts to lower values with the decrease in crystallite size as shown in table 1.

Figure 5 shows the temperature dependence of the dc conductivities due to both the
grain and grain boundary of samples A and D and that of the grain boundary for samples
B and C. The conductivity is found to increase with temperature and grain size. Since the
activation energies for the grain boundary conduction are nearly the same up to 500 K, the
conductivity mechanism should be the same, for all the samples, in this temperature range.
However, for samples B and C there is a change in the slope of the curve beyond approximately
500 K. It is well known that electron hopping between Fe2+ and Fe3+ ions and hole hopping
between Ni3+ and Ni2+ ions in B sites, with an activation energy ≈0.45 eV, are responsible for
electrical conduction and dielectric polarization in bulk NiFe2O4 [9]. The values of activation
energies obtained in this study also suggest that the hopping of charge carriers is responsible
for the electrical conductivity. In such a hopping process, the carrier mobility is temperature
dependent, characterized by an activation energy, which corresponds to the energy picture of
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Table 2. The values of activation energies of NiFe2O4 with various grain sizes. Ea is the activation
energy obtained from the conductivity data for the low-temperature region (<500 K) and E′

a

is that for the high-temperature region (>500 K). Ep is the activation energy obtained from the
hopping frequency for the low-temperature region (<500 K) andE′

p is that for the high-temperature
region (>500 K).

Activation energy from Activation energy from hopping
conductivity data frequency

Grain size
(nm) Ea (eV) E′

a (eV) Ep (eV) E′
p (eV)

97 0.44 — 0.43 —
70 0.47 — 0.46 —
12 0.48 0.73 0.45 0.72

8 0.50 0.83 0.48 0.82

the crystal lattice around the site of electrons. The increase in dc conductivity with temperature
is due to the increase in the thermally activated drift mobility of charge carriers according to
the hopping conduction mechanism. The activation energy for the thermally activated hopping
process was obtained by fitting the dc conductivity data with the Arrhenius relation,

σT = σ0 exp

[−Ea

kT

]
(1)

where σ0 is the pre-exponential factor with the dimensions of (� cm)−1 K, Ea is the activation
energy for dc conductivity and k is the Boltzmann constant. The activation energy Ea for the
grain conduction in samples A and D was obtained as 0.17 and 0.13 eV. The values of Ea for
the grain boundary conduction are given in table 2. As seen from table 2, the value of Ea for
the grain boundary conduction increases with grain size reduction. The slight increase in the
activation energy and decrease in conductivity reflect the blocking nature of the grain boundary.

Since the activation energies (E′
a) are higher for temperatures above 500 K, the conduction

mechanism for this temperature region must be different from that for the temperature region
below 500 K. In ferrites the electrons are localized and there is little overlap between the
wavefunctions of ions on adjacent sites. As a result, the electrons/holes are not free to move
through the lattice. However, in the presence of the lattice vibrations the ions occasionally
come close enough that the transfer of electrons from one ion to another occurs with a high
probability. Hence the carrier mobility is temperature dependent, characterized by activation
energy. In ferrites the distance between the cations in A sites (0.357 nm) is larger than the
distance between cations (0.292 nm) in B sites [7] and also the degree of covalency for the
A-site ions is known to be higher than that of the B-site cations. Because of this structural
difference and the higher degree of covalency in A sites, the mobility of the holes due to
Ni2+ ↔ Ni3+ transitions in the A sites is expected to be smaller with a higher activation energy
than that in the B sites. The conduction due to holes in A sites can therefore be appreciable
only at a higher temperature compared with that of the holes in the B sites. The increase in
the slope of the σT versus 1/T plot beyond 500 K can therefore be attributed to the start
of conduction due to the holes in A sites. As the number of Ni ions occupying the A sites
has been reported to increase with grain size reduction [7], the slope and hence the activation
energy increases with grain size reduction. Samples A and D with grain sizes 70 and 97 nm
do not exhibit any change in the slope of the σT versus 1/T plot beyond 500 K as the grain
sizes for these samples are very high and hence the ferrite will be exhibiting only the inverse
spinel structure with all the Ni2+ ions occupying the B sites only. For samples B and C, the
σT versus 1/T plot shows two slopes, the slope of the former being higher than that of the
latter, and this is commensurate with the higher number of Ni ions in A sites for sample B.
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The decrease in conductivity with grain size reduction may be attributed to the size effects
as reported in [10,11] and also due to the increase in grain boundary volume and the associated
impedance to the flow of charge carriers. If the crystallite size is smaller than the electron
mean free path, grain boundary scattering dominates and hence the electrical resistivity as well
as the temperature coefficient are expected to increase. The electrical resistivity is also very
sensitive to lattice imperfections in solids, such as vacancies and dislocations. As pointed out
by Bakonyi et al [12], besides the crystallite boundaries, the presence of a large number of other
types of lattice imperfection has also been found to have an effect on the electrical resistivity in
nanocrystalline materials. The change in cation distribution in nanocrystalline NiFe2O4 may
also contribute to the observed decrease in conductivity. Normally the bulk NiFe2O4 is an
inverse spinel with all nickel ions in B sites and the iron ions equally distributed between A
and B sites, but in our earlier work [7] it was reported that NiFe2O4 exhibits a mixed spinel
structure when the grain size is reduced to a few nanometres. In the mixed spinel structure
some of the nickel ions occupy the A sites, displacing an equal number of iron ions to the B
sites. If the hopping frequency of the holes through Ni3+ ↔ Ni2+ pairs in A sites is smaller
than that in B sites, the conductivity should decrease with grain size reduction as the number of
nickel ions occupying the A sites has been reported to increase with decrease in grain size [7].

The conductivities of samples B, C and D were also measured at a fixed frequency (110 Hz)
as a function of temperature with a close scanning of temperature. It is observed that the grain
boundary conductivity of sample D with a grain size of 97 nm is due to a simple hopping mech-
anism with a single activation energy, while samples B (8 nm) and C (12 nm) clearly exhibit
two semiconducting regions with two different activation energies as seen from figure 6. This
behaviour is found to be in agreement with that observed from the complex impedance mea-
surements as discussed earlier. However, the activation energies were found to be about 15%
higher than those obtained from the complex impedance measurements. Since the resistance
obtained from the complex impedance measurements should be more accurate than the resis-
tance from measurements at a fixed frequency, we prefer to consider the values of the activation
energies obtained from the complex impedance measurements for further discussions.

Figure 7 shows the plot of hopping frequency versus temperature. This hopping frequency
refers to the dipolar orientational relaxation frequency. The temperature dependence of the
dielectric relaxation frequency ωp could be written in the following form [13]:

ωp = ω0 exp

[−Ep

kT

]
(2)

where ω0 is the pre-exponential factor, Ep is the activation energy for dielectric relaxation and
k is the Boltzmann constant. It is interesting to note that the hopping frequencies for all the
samples have a temperature dependence similar to that of the dc conductivity. The increase in
relaxation frequency with temperature is due to the thermal activation of the localized electric
charge carriers forming dipoles, which are responsible for dielectric polarization [14]. The
activation energy Ep for dielectric relaxation was calculated from the slope of the straight
lines in figure 7 for various grain sizes. In table 2, a comparison is made between Ep for
the dielectric relaxation and the values of Ea for the dc conduction. Since they are almost
equal, it is noted that the mechanism of electrical conduction is the same as that of dielectric
polarization in these ferrites [15].

It is known that the main features of dielectric loss in conducting materials are (i) very
broad dielectric loss peaks with a temperature-independent shape and an almost frequency-
independent loss at high frequencies and (ii) an Arrhenius temperature-dependent dielectric
loss peak frequency ωp with the same activation energy as that of the dc conductivity. This
means that the ωp and σdc are proportional and the constant of proportionality is almost
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Figure 6. The temperature dependence of the dc conductivity at 110 Hz for samples B, C and D.
The solid lines are the best fit to equation (1).
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universal, varying only weakly with temperature. A closer analysis of the proportionality was
carried out by Barton, Nakajima and Namikawa (BNN), who found the following equation to
be valid for most of the conductive materials:

σdc = 1

4πHR

ε0�εωp (3)

where HR is the Haven ratio, which indicates the degree of correlation between the successive
hops, ε0 is the free-space permittivity, �ε (=ε(0)− ε(∞)) is the permittivity change from the
unrelaxed baseline (ε(∞)) to the fully relaxed level (ε(0)) and ωp is the hopping frequency.
The BNN relation conveys the important information that ac and dc conductions are closely
correlated to each other and that they are of the same mechanism. Our interest is to find whether
the BNN relation is obeyed in the case of nanocrystalline NiFe2O4 or not. For this purpose we
have plotted log10 σdc versus log10 ωp in figure 8 for various crystallite sizes, where the values
of σdc and ωp were obtained from the best fits from the NLLS fitting. The solid lines are the
least-squares straight-line fits, all of which give a slope almost equal to unity, implying that
the dc and ac conductions are correlated with each other in nanocrystalline NiFe2O4 and that
they are governed by the same mechanism [16].

3.2.2. Conduction mechanism. The temperature dependence of dc conductivities of the
samples with grain sizes 8 and 12 nm exhibits two semiconducting regions, one with an
average Ea of 0.47 eV for the low-temperature region and the other with an average Ea of
0.78 eV for the high-temperature region. In order to understand the conduction mechanism
in the milled ferrite (sample B) we measured the capacitance of the sample for various bias
voltages (potential) as reported by Na et al [17]. Figure 9 shows the plot of 1/C2 versus bias
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Figure 9. 1/C2 versus bias voltage plot for the NiFe2O4 spinel with 8 nm average grain size
(sample B) at RT and 600 K. The continuous curve is a guide to the eye.

voltage for the sample with 8 nm grain size at RT and at 600 K. At RT the capacitance decreases
initially, reaches a minimum, increases slightly and almost saturates at high bias voltages. The
negative slope for small bias voltages suggests that the initial conduction is due to electrons.
At higher bias voltages, holes also take part in conduction, resulting in a flat curve. However,
1/C2 versus bias voltage at 600 K gives a flat response, suggesting that both the electrons
and the holes play competing roles for the conduction at this temperature. This response is
similar to that at RT for high bias voltages. Either high bias or high temperature enables both
holes and electrons to take part in the conduction process. This measurement makes it clear
that the low-temperature conductivity is mainly due to electrons and at high temperatures both
electrons and holes take part in conduction.

3.2.3. Dielectric behaviour. The existence of Fe3+ ions and the minority Fe2+ ions have
rendered ferrite materials dipolar. Rotational displacements of the dipoles result in orientational
polarization. In the case of ferrites, the rotation of Fe2+–Fe3+ dipoles may be visualized as
the exchange of electrons between the ions so that the dipoles align themselves with the
alternating field. The existence of inertia to the charge movement would cause a relaxation to
the polarization. The effects of frequency (ω) on the dielectric constant ε′ and dielectric loss
factor tan δ (at 373 K) for samples with various crystallite sizes are illustrated in figures 10 and
11 respectively. In the literature the real part ε′ of the dielectric constant has been reported to
be of the order of 104 at 373 K for the bulk NiFe2O4 [9]. In our measurements ε′ is found to be
two orders of magnitude smaller for the nanocrystalline NiFe2O4 of grain sizes 8 and 12 nm.
Similarly the dielectric loss is also found to be two orders of magnitude smaller for the grain
sizes of 8 and 12 nm.



Electrical conductivity and dielectric behaviour of nanocrystalline NiFe2O4 spinel 3231

102 103 104 105 106

10
2

10
3

104

B
C

D

 8 nm
 12 nm
 70 nm
 97 nm

ε'

ω (Radian)

0 2000 4000 6000 8000 10000
50

100

150

200

250

300

350

400

450

A

 8 nm
 12 nm
 70 nm

ε '

ω (Radian)

Figure 10. The real part ε′ of the dielectric constant at 373 K as a function of frequency for four
samples of NiFe2O4.

102 103 104 105 106

10
-1

10
0

10
1

10
2

10
3

B
C

D
A

 8 nm
 12 nm
 70 nm
 97 nm

ta
n 

δ

ω (Radian)

Figure 11. The dielectric loss factor tan δ at 373 K as a function of frequency for four samples of
NiFe2O4 spinel.



3232 N Ponpandian et al

The dielectric constant ε′ shows an anomalous behaviour with frequency for samples
A, B and C. It initially increases with frequency, reaches a maximum and then decreases
with further increase in frequency. The value of ε′ decreases and the peak position shifts
to a lower frequency on grain size reduction. In the normal behaviour, the polarization
(or dielectric constant) will monotonically decrease with frequency as in the case of sample D.
This happens as the electronic exchange between Fe2+ ↔ Fe3+ cannot follow the alternating
field beyond a certain frequency. In NiFe2O4 the presence of Ni3+ and Ni2+ ions gives rise to
p-type carriers. The local displacements of p carriers in the direction of the external electric
field also contribute to the net polarization in addition to the n-type carriers. However, the
contribution of the p-type carriers should be smaller than that from the electronic exchange
between Fe2+ ↔ Fe3+ and also it has an opposite sign. Since the mobility of the p-type carriers
is smaller than that of the n-type carriers, the contribution to polarization from the former
will decrease more rapidly and even at lower frequencies than from the latter. As a result the
net contribution will increase initially and then decrease with frequency as observed in the
present samples. A similar behaviour has been reported for Cu–Ni ferrites by Rezlescu and
Rezlescu [18].

The shift in the position of the maximum towards lower frequencies when the grain size
is reduced can be explained by proposing a decrease in the number of p-type carriers in the B
sites as has been reported earlier in the case of CuxNi1−xFe2O4 [18]. Our earlier Mössbauer
studies [7] have shown that the number of Ni ions displaced from the B sites to the A sites
increases when the grain size is reduced. This will lead to a decrease in the number of
Ni3+ ↔ Ni2+ pairs and hence the number of available p-type carriers in the B sites. The same
mechanism also explains the decrease in the value of ε′ with grain size reduction. The real
part of the dielectric constant decreases with frequency and also the loss is lower for smaller
grain size as the resistivity increases with grain size reduction.

The anomalous temperature dependence of ε′ for samples A, B and C, as seen from
figure 12, could be explained as in the case of its frequency dependence. The contributions of
the two types of carrier to polarization depend on temperature. Since the temperature could
influence the electronic exchange Fe2+ ↔ Fe3+ more than it could the displacements of p-type
carriers, ε′ will increase with temperature at the beginning, but above a certain temperature
the contribution from the p-type carriers also becomes significant and thus ε′ will begin to
decrease since the two contributions oppose each other. The dielectric losses, as seen from
figure 13, increase as a result of the decreasing resistivity of the samples with temperature.
Also, the loss decreases with grain size reduction. The shift of the maximum of the ε′ curve
for sample B to higher temperatures as noticed from figure 14 with increasing frequency is
because of the increase of the hopping frequency of the carriers with temperature. As seen
from figure 15, the dielectric loss of sample B increases with temperature as in the case of any
dielectric material.

3.2.4. Electrical modulus studies. The electrical relaxation in ionically and electronically
conducting materials has been extensively studied and analysed in terms of modulus
formalism [19, 20]. The advantage of representing the electrical relaxation in modulus
formalism is that the electrode polarization effects are suppressed in this representation. The
transition from the frequency-independent to frequency-dependent conductivity indicates the
onset of a relaxation phenomenon, which is here analysed in the framework of the modulus
formalism. According to Macedo et al [20] and Moynihan et al [21] the electric modulus was
defined as the electric analogue of the dynamical mechanical modulus and was related to the
complex permittivity ε∗(ω) by
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Figure 12. The temperature dependence of ε′ for four samples of NiFe2O4 at 100 Hz.
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Figure 13. The temperature dependence of tan δ for four samples of NiFe2O4 at 100 Hz.
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Figure 14. The temperature dependence of ε′ at various frequencies for sample B of NiFe2O4.
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Figure 16. The modulus spectra for samples A, B and C of NiFe2O4 spinel at 300 K. The solid
curves are the best fits to equation (4).

M∗(ω) = 1

ε∗(ω)
= {ε′(ω) − iε′′(ω)}|ε∗(ω)|2 = M ′(ω) + iM ′′(ω) (4)

M∞ =
[

1 −
∫ ∞

0
e−iωt

{
dφ

dt

}
dt

]
(5)

whereM ′(ω) andM ′′(ω) are the real and imaginary parts of the electric modulus, M∞ = 1/ε∞
is the inverse of the high-frequency dielectric permittivity and the function φ(t) gives the time
evolution of the electric field within the dielectrics and is related to relaxation time by the
decay function proposed by Kohlrausch, Williams and Watts (KWW) [22]; it is given by

φ(t) = exp

[
−

(
t

τm

)β]
, 0 < β < 1 (6)

where τm is defined as the most probable relaxation time and β is the stretched exponent
parameter, the value of which decides whether the relaxation in a given material is Debye or
non-Debye in nature and is related to the full width at half maximum of a suitably normalized
M ′′(ω) versus ω curve.

Figure 16 shows the real (M ′) and imaginary (M ′′) parts of the electrical modulus for
the nanocrystalline NiFe2O4 for various crystallite sizes at 300 K. The value of β is equal to
unity for an ideal dielectric for which the dipole–dipole interaction is negligible, but for the
system where dipole–dipole interaction is significant the β value is always less than unity. We
fitted the modulus data with the KWW function by varying the β and τ parameters. The β

value turned out to be very much less than unity for our NiFe2O4 samples and the values are
given in figure 16. Since the grain boundary volume increases due to the reduction of grain
size, the number of dipoles in the grain boundary also increases significantly. As a result
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the interaction among the dipoles within the grain boundary increases and hence the dipole
relaxation becomes slower, reducing the relaxation frequency. The fact that the value of β
is very much less than unity shows the non-Debye nature of nanocrystalline NiFe2O4. The
β-value decreases with grain size reduction, showing that the interaction between the dipoles
increases in the grain boundary.

4. Conclusion

The electrical conductivity and dielectric behaviour of nanocrystalline NiFe2O4 have been
studied. The impedance spectra show two semicircles corresponding to grain and grain
boundary conductions for the 70 and 97 nm samples and only one semicircle corresponding
to the predominant grain boundary contribution for the 8 and 12 nm samples. The values of
activation energy obtained are characteristic of the hopping of charge carriers. The activation
energy slightly increases with the grain size reduction due to the blocking nature of the grain
boundary and lattice imperfections. The change of slope of the Arrhenius plot above 500 K
for the 8 and 12 nm samples has been attributed to the conduction due to holes in tetrahedral
sites. The dc and ac conductivities are governed by the same mechanism, as the BNN relation
is found to be valid, and also due to the fact that the activation energy is the same for both
ac and dc conduction. The real part ε′ of the dielectric constant and the dielectric loss for
the 8 and 12 nm grain size samples are smaller than those of the bulk NiFe2O4 by two orders
of magnitude. The anomalous frequency dependence of ε′ has been explained on the basis
of hopping of both electrons and holes. The nanocrystalline NiFe2O4 exhibits non-Debye
behaviour with the value of the stretched exponent (β) decreasing with grain size reduction
because of the increasing disorder in the grain boundary.
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