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Nanostructured NiO samples having different average particle sizes were prepared and the
variations of the real and imaginary components of the complex dielectric function ε∗ were
studied as a function of the frequency of the applied signal and temperature. The dielectric
relaxation mechanism is discussed considering nanostructured NiO as a carrier dominated
dielectric with high density of hopping charge carriers. The observed ωn−1 dependence of
the real and imaginary components of ε∗ is discussed in the light of the ‘Universal’ model of
dielectric response. The various contributions to the measured dielectric loss ε′′ such as the
steady state charge transport, delayed readjustment of screening charges and the Debye
delays are discussed. It is shown that the temperature dependence of both the real and
imaginary components of ε∗ are in accordance with the models used for discussing the
dielectric relaxation and loss mechanisms. The variation of ε′ with average particle size
seems to be rather complex depending on a number of parameters associated with the
interfacial region which vary with the average particle size. C© 2003 Kluwer Academic
Publishers

1. Introduction
The electrical properties of nanostructured materials,
which in most cases precipitously differ from those of
their single crystalline, coarse-grained polycrystalline
and thin film counterparts is of great theoretical and
technological importance. The high surface to volume
ratio of the grains, enhanced contribution from the in-
terfacial region, possibility of high defect density, band
structure modification and quantum confinement of
charge carriers are some of the major factors determin-
ing the electrical response of nanostructured materials
[1–8].

NiO is classified as a Mott-Hubbard insulator, for
which the collective electron treatment used by Bloch
and Wilson fails to explain the very low value of the ex-
perimentally observed conductivity, which is of the or-
der of 10−13 ohm−1 cm−1 at room temperature [9–16].
Conductivity of NiO may be increased by introduction
of Ni2+ vacancies and or by doping with monovalent
cations like Li+ [9–16]. Studies of the complex dielec-
tric constant ε∗ of NiO single crystals, polycrystals and
thin films have been reported [16–20]. In undoped NiO,
electrical conduction is primarily due to the hopping of
holes associated with the Ni2+ vacancies [9–16]. How-
ever, the contribution of these hopping charge carriers
to polarization is not fully understood [9–20]. Further,
studies of the complex dielectric constant of nanostruc-
tured NiO has not been reported so far. In our earlier
studies, the dc and ac conductivities of nanostructred
NiO was found to be enhanced by six to eight orders of
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magnitude over those of NiO single crystals [21–23].
The present paper reports the studies of the complex di-
electric function of consolidated nanoparticles of NiO
having different average particle sizes as a function of
frequency of the applied signal and temperature.

2. Experimental
Nickel carbonate nanoparticles were prepared through
arrested chemical precipitation method. NiO nanopar-
ticles having different average particle sizes were ob-
tained by the thermal decomposition of the carbonate
precursor followed by air annealing. Details of sample
preparation are reported elsewhere [21–23]. The aver-
age size of the particles were calculated from the line
broadening of the X-ray diffraction peaks corrected for
instrumental broadening using Scherrer’s equation and
are listed in Table I together with the sample codes as-
signed for convenience [24].

The nanoparticle samples were consolidated in the
form of cylindrical pellets of 13 mm diameter and thick-
ness about 1 mm by applying a uniaxial force of 4 tons
for two minutes using a hydraulic press. Conducting sil-
ver epoxy was applied on both the faces of the pellets
to serve as electrodes. The pellets were first air dried
for 30 min and then heat treated at 90◦C for 15 min
in a hot air oven for electrode curing. Electrical mea-
surements were carried out in an evacuated dielectric
cell. Before taking measurements each pellet was sub-
jected to a heat and cool run between 313 and 413 K in
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T ABL E I Details of nanostructured NiO samples

Sample code Average particle size (nm)

N1 2–3
N2 4–5
N3 5–7
N4 12–13
N5 16–17

vacuum for removing any residual strain due to pelleti-
sation. The complex impedance Z∗ and the phase angle
θ were measured at different signal frequencies rang-
ing from 100 Hz to 3 MHz using a Hioki Model 3531
Z-Hi Tester. The measured parameters Z∗ and θ were
found to be independent of the magnitude of the input
signal voltages ranging from 0.1 to 1 V. This implies
that the observed dielectric response is not associated
with the electrode-sample interface, which would have
been very non-linear in this range of voltages [25–27].
Parallel equivalent circuit model was chosen for analyz-
ing the data due to the high dielectric loss exhibited by
the samples [26]. The real and imaginary components
of the complex dielectric function ε∗ was calculated
from the measured data knowing the dimensions of the
pellets [25, 26].

3. Results
Figs 1a, b, 2a and b show the frequency dependence of
the real part ε′ and the imaginary part ε′′ of the complex
dielectric constant of the samples at three different tem-
peratures in the frequency range 100 Hz–3 MHz. The
values of ε′ of all the samples show large variation as

Figure 1 Variation of ε′ with frequency for samples: (a) N1, N2, N3 and (b) N4 and N5.

the frequency of the applied signal is varied (Fig. 1a
and b). The numerical value of ε′ at low frequencies for
samples N1, N2 and N3 is of the order of 104 to 103

while it is of the order of 103 to 102 for samples N4 and
N5. The frequency dispersion of all the samples exhibit
two distinct regions of frequency response. The two dis-
tinct regions with markedly different slopes are more
clearly notable in the frequency dispersion of samples
N1 and N2, having smaller average particle sizes than
in the case of samples N3, N4 and N5 with relatively
larger average particle sizes (Fig. 1a and b). Also for
none of the samples the value of ε′ reach a frequency
independent high frequency limiting value (ε′

∝) even
at 3 MHz, the highest frequency in the present study.
This is in sharp contrast with the case of both single
crystalline and coarse-grained polycrystalline NiO for
which ε′ has a limiting value of ≈11.9 at frequencies
≥∼10 kHz [17–19]. From Fig. 2a and b it is clear that
the dielectric loss ε′′ of all the samples have large values
∼104 to 106 at low frequencies, which falls off as the
frequency of the applied signal is increased. The fre-
quency response of ε′′ does not show any well-defined
loss peak for any of the samples in the region of ob-
servation. However, a careful analysis of the frequency
response of ε′′ for sample N2 show possible presence of
a loss peak centered at ∼50 kHz. It may be noted from
Figs 1 and 2 that in the low frequency region, the imag-
inary component ε′′ shows a comparatively steeper rise
with decrease in the applied signal frequency than the
real component ε′.

The temperature dependent variation of ε′ for the
samples at three different frequencies is shown in Fig. 3
and that of ε′′ is shown in Fig. 4. Both ε′ and ε′′
increase with increase in temperature over the entire
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Figure 2 Variation of ε′′ with frequency for samples: (a) N1, N2, N3 and (b) N4 and N5.

Figure 3 Variation of ε′ with temperature for samples N1, N2, N3, N4
and N5.

frequency range with well defined activation energies
(Figs 3 and 4).

4. Discussion
It has been reported that nanoparticles of semiconduc-
tors like ZnS, ZnO and superionic conductors such as
AgHgI4 show an increase in the values of both ε′ and ε′′
in comparison with their single crystalline counterparts
[6–8]. Size effects on the dielectric constant, ferroelec-

Figure 4 Variation of ε′′ with temperature for samples N1, N2, N3, N4
and N5.

tricity and domain structure of nanocrystalline PbTiO3
and BaTiO3 have also been reported [3, 4]. In our earlier
studies, we had observed that both dc and ac conductivi-
ties of consolidated nanoparticles of NiO was enhanced
by six to eight orders over that of undoped NiO single
crystals [21–23]. This was attributed to the high con-
centration of Ni2+ vacancies associated with the grain
boundaries of NiO nanoparticles, which was estimated
to be ∼1014 to 1016 cm−3 [21–23].

In undoped NiO, each Ni2+ vacancy in the lattice
causes the transformation of two adjacent Ni2+ ions into
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Ni3+ ions for acquiring charge neutrality and this trans-
formation induces a local lattice distortion [9, 10]. The
lowest possible energy state for this system consisting
of one Ni2+ vacancy and two adjacent Ni3+ ions is that
of a quadrupole complex [10]. In presence of an elec-
tric field, the two holes associated with the quadrupole
complex can contribute to conduction by hopping [9–
11]. The energy barrier to be overcome by the holes for
hopping between lattice sites will depend on a num-
ber of factors. At a single lattice site, a short range
localization energy will arise because of the random
fluctuations in the site separation or atomic configura-
tion or polaron effects. In addition, associated with each
Ni2+ vacancy, there exists a long range potential well
that affects the localization energy within a few lattice
spacings [11, 28]. When an electric field is applied,
two types of hopping processes can occur in NiO—the
long range inter-well hopping which involves the hop-
ping of holes between sites located in adjacent defect
potential wells and the short range intra-well hopping of
holes between sites located within one defect potential
well. The inter-well hopping corresponds to steady state
transport of charge carriers between the electrodes, i.e.,
the dc contribution to the total ac conductivity, while the
intra-well hopping constitutes the pure ac conduction
[11, 28]. The frequency and temperature dependence
of the inter-well and intra-well hopping mechanisms
are markedly different from one another [11, 28]. In
the following discussion an analysis of the respective
contributions of the inter-well and intra-well hopping
to ε′ and ε′′ of nanostructured NiO is presented.

The sample pellets used in the present study were dry
pressed and were not sintered and hence some poros-
ity may be present in them. Since, the samples were
prepared by thermal decomposition of the carbonate
precursor followed by annealing, the possibility of pres-
ence of pore fluids and adsorbed water is exceedingly
small. The only possible moisture content should be
that from air occluded during pelletisation. However,
all the pellets were subjected to heat and cool runs be-
tween 313 and 413 K in vacuum before the electrical
measurements and hence the moisture content and oc-
cluded air, if any, might almost completely be removed.
Nan et al., had reported that the contribution of pores to
the ac electrical data will manifest as a low frequency
semicircular arc in the complex Z ′−Z ′′ plot with equiv-
alent circuit parameters having the same temperature
dependence as those for the high frequency semicircu-
lar arc representing the grain interior ac response [2].
This in turn means that the relaxation times correspond-
ing to the electrical processes associated with the grain
interior and porosity will have the same temperature de-
pendence. In our earlier impedance spectroscopic study
of nanostructured NiO samples, we had observed that
the Z ′ − Z ′′ plots consist of two well resolved semi-
circular arcs—one at high frequencies and the other
at low frequencies—with relaxation times exhibiting
markedly different temperature dependences indicating
that the low frequency semicircular arc is not associated
with the pores [21]. We concluded that the contribution
of pores to ac conductivity data of the nanostructured
NiO samples, if at all any, is minimal.

4.1. Dielectric relaxation mechanism
As stated earlier, the nanostructured NiO samples in
the present study have a high density of Ni2+ vacancies
(1014 to 1016 cm−3) each of which can contribute two
holes for charge transport [21–23]. Hence, nanostruc-
tured NiO can be picturised as a dielectric material with
very high concentration of hopping charge carriers—
viz. carrier dominated dielectric. A wide range of carrier
dominated dielectrics have been reported to have very
large values of both ε′ and ε′′ at low frequencies and
strong frequency dispersion similar to our observation
(Figs 1 and 2) [27, 29–33]. The large values of ε′ at low
frequencies in dielectrics with high density of hopping
charge carriers may be understood on the basis of the
definition of polarization as the dipole moment per unit
volume

P =
∑

∝
xαqα (1)

where α takes into account all charged particles in the
system, q represents the respective charges and x the
displacement under an applied electric field [27]. It is
known that a ‘typical’ molecular displacement of an
electron cloud with respect to the nucleus or two neigh-
boring ions with respect to one another in an applied
field of the order of 106 Vm−1 may be of the order of
10−4 nm [27]. In dielectrics with hopping carriers, a
few inter atomic jumps involving several atomic dis-
placements typically of the order of a few Å to a few
nm result in a considerable increase of polarization and
hence of apparent ε′ [27]. Further, the high density of
hopping charge carriers causing high dc conductivity
accounts for the high dielectric loss at low frequencies.

In NiO samples, when an ac field is applied both
inter-well and intra-well hopping mechanisms do have
a finite probability of occurrence, their relative proba-
bilities being dependent on the energy of the charge car-
riers, frequency of the applied signal and concentration,
mean site separation, depth and extent of percolation
of the potential wells associated with Ni2+ vacancies
[11, 28]. According to the Correlated Barrier Hopping
(CBH) model, the inter-well hopping is the predom-
inant process at low frequencies [11, 28]. In general,
inter-well hopping which corresponds to the steady
state transport of charge carriers between the electrodes
does not contribute to polarization [11, 28]. However, in
nanostructured NiO, owing to the high density of Ni2+
vacancies concentrated at the highly disordered grain
boundaries, there will be a reasonable extent of perco-
lation of adjacent defect potential wells. According to
earlier reports, such an overlapping of defect potential
wells will manifest as a decrease in the activation energy
for dc conduction [11, 28]. We had observed that the
activation energy for dc conductivity of nanostructred
NiO is about 0.2 eV less than that for corresponding
single crystals in agreement with the above report and
indicating the probability of overlapping of defect po-
tential wells [22]. This probability for overlapping of
potential wells leads to the argument that at least a few
holes executing inter-well hopping do reverse the direc-
tion of motion when the electric field direction reverses
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and thus inter-well hopping may also contribute to di-
electric relaxation at low frequencies. This reasoning
is consistent with the high density of Ni2+ vacancies
is nanostructured NiO. The average hopping distance
for inter-well hopping is the mean site separation of
the Ni2+ vacancies, which is roughly estimated to be of
the order of a few nanometers from the Ni2+ vacancy
concentration obtained from the conductivity studies
[21–23]. This according to Equation 1 corresponds to
very high value of polarization and hence of apparent
ε′ of the order of 102 to 104 [11, 21–23, 28]. Thus the
large values of ε′ observed for all the NiO nanoparticle
samples in the present study at frequencies less than or
equal to 103 Hz may be attributed to the contribution
from a portion of charge carriers undergoing inter-well
hopping which reverses the direction of motion on re-
versal of the field.

As the signal frequency is increased to higher val-
ues, the probability of occurrence of intra-well hop-
ping becomes large since the charge carriers do not get
enough time for long range hopping before field rever-
sal [32]. The average hopping distance for intra-well
hopping is one lattice spacing, ≈4.2 Å for NiO, while
it is of the order of a few nanometers for inter-well hop-
ping as already mentioned [11, 28]. Thus according to
Equation 1 polarization decreases as the signal fre-
quency is increased. At still higher frequencies, i.e., in
the MHz range, the charge carriers would barely have
started to move before the field alters its direction and
ε′ falls rapidly to very smaller values. The observation
that the high frequency values of ε′ for nanostructured
NiO falls below ε′

∝ for single crystalline NiO is possibly
due to the high concentration of holes associated with
the grain boundaries of nanostructured samples and the
fact that the grain interior of nanocrystalline samples
is generally devoid of defects and inhomogeneties [34,
35]. As discussed earlier, at high frequencies, >1 MHz,
the hopping charge carriers, associated with the Ni2+
vacancies mainly concentrated at the grain boundaries
contribute very little to ε′. Also the lattice contribu-
tion to ε′ from the grain interior will be very less since
barely any charge carriers will be present at the grain
interior. The above argument that the grain interior of
nanostructured NiO is practically devoid of hopping
charge carriers is well complemented by reported stud-
ies on the electrical nature of NiO grain boundaries
and molecular dynamics studies [36–41]. The studies
of the electrical nature of NiO surfaces conclude that
the Ni2+ vacanices and hence associated charge carri-
ers are concentrated near the grain boundaries leading
to high surface conduction while the molecular dynam-
ics studies through quantitative estimations establishes
that the accumulation of Ni2+ vacancies near the surface
region corresponds to an energetically more favorable
condition [36–41].

The above discussion may be extended for explain-
ing the observed high values of ε′′ at low frequencies
as well as its stronger frequency dependence in the low
frequencey region in comparison with that of ε′. As dis-
cussed earlier, in the low frequency region inter-well
hopping which corresponds to the steady state conduc-
tion is the predominant process. This explains the high

dielectric loss in the low frequency region [27, 29, 30].
Also, according to the above discussion, due to the over-
lapping of the defect potential wells only a small frac-
tion of the total number of holes executing long-range
hopping reverses direction on field reversal and thus
contributing to polarization, while the majority of the
holes contribute to energy loss due to steady state charge
transport between the electrodes. This explains why the
increase of ε′′ with decrease in frequency is steeper in
comparison with that of ε′ in the low frequency region.

4.2. Frequency dispersion
In this section the observed frequency dispersion of
both the real and imaginary parts of ε∗ will be analyzed
on the basis of the ‘Universal’ dielectric response model
of solids, emphasizing the physical basis for such a re-
sponse to occur in dielectrics with high concentration of
hopping carriers such as nanostructured NiO. It may be
noted that the frequency dispersion of ε′′ presented in
Fig. 2, which show no loss peaks, includes the contribu-
tion due to the steady state transport of charge carriers
between electrodes (dc conduction), since no dc correc-
tion has been applied. According to the earlier studies
on carrier dominated dielectrics with high concentra-
tion of charge carriers, the dc contribution will cause
a nearly 1/ω dependence of ε′′ at lower frequencies
and loss peak associated with any possible relaxation
mechanism will be submerged in the dominant dc con-
tribution [27, 29, 30]. Further, the steady state transport
of charge carriers will not generally contribute to polar-
ization and hence to ε′ since the dc conduction does not
change the center of gravity of charge distribution [27,
29]. This makes ε′ a comparatively weaker function
of frequency in the low frequency region. The above
discussion together with the analysis of Figs 1 and 2
suggest that the frequency response of ε′′ of nanostruc-
tured NiO samples is dominated by dc contribution and
dc correction should be done for detailed analysis.

In order to find the dc contribution (σdc) to the mea-
sured ac conduction, a two step curve fitting procedure
devised by Jonscher was employed [27, 30]. In the first
step nonlinear least square fitting was done on Y ′′ − ω

plots using the equation Y ′′ = An(ω)n where Y ′′ =
Sin θ/|Z∗| is the imaginary part of the complex ad-
mittance function, An is a constant, ω = 2π f is the
angular frequency of the applied ac signal and n (with
0 < n < 1) is a measure of the deviation of the sample
from ideal Debye behavior [27, 30]. In the second step
nonlinear least square fitting was done on Y ′ − ω plots
using the equation Y ′ = [Gv +ωn An Cot (nπ/2)] using
the values of An and n obtained from the first curve fit-
ting procedure. Here Y ′ = Cosθ/|Z∗| is the real part of
the complex admittance function (measured ac conduc-
tance) and Gv is the pure dc contribution to Y ′. From
Gv values, σdc values were calculated knowing the di-
mensions of the pellets for all the samples. The results
of curve fitting procedure for the sample N2 at 333 K
are shown in Fig. 5a and b.

The dispersion of ε′′ after dc correction for sample
N2 at different temperatures are shown in Fig. 6a and
those for different samples at two different temperatures
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Figure 5 Results of curve fitting procedure for the sample N2 at 333 K:
(a) Y ′ − ω plot and (b) Y ′′ − ω plot.

Figure 6 Variation of dc corrected ε′′ with frequency: (a) for sample
N2 at different temperatures and (b) for different samples at 413 K and
313 K.

are shown in Fig. 6b. Fig. 6a and b show that after dc
correction the broad loss peaks are well resolved for
samples N1 and N2 of smaller particle sizes while those
for samples N3, N4 and N5 of larger particle sizes are
not so resolved. The shifting of the loss peak maxima
shifts to higher frequencies with increase in temperature
as seen from Fig. 6a implies that the relaxation time
constant τ = 1/ωm, ωm being the frequency of the
applied signal at the peak maxima, corresponds to a
thermally activated process and that it has a negative
temperature coefficient.

Analysis of Figs 1, 2 and 6 reveal that the frequency
dispersion of the real and imaginary components of
ε∗ deviate from ideal Debye response [42–50]. Rather,
both ε′ and ε′′ data exhibit ωn−1 dependence with n < 1
in accordance with the “Universal model” of dielectric
response of solids put forward by Jonscher [42–50].

The usual practice of accounting for such non-Debye
behavior is to introduce an arbitrary distribution func-
tion g(τ ) for the time constant in the Debye equation,
which corresponds to a superposition of Debye-like
relaxation times [42–46, 49]. The concept of g(τ ) is
superficially very plausible especially for disordered
systems such as nanostructured NiO samples in the
present study, but has physically little meaning [42–
46, 49]. However, the ‘Universal’ model does not relay
on any arbitrary function for explaining the non-Debye
behavior and envisages that rather than being the re-
sult of a superposition of Debye-like relaxation times
the ωn−1 dependence is the manifestation of a univer-
sal mechanism for which the ratio of the energy lost
per cycle to the energy gained per cycle is independent
of frequency [42–50]. The ωn−1 dependence exhibited
by a wide range of solid dielectrics is in fact due to
the many body interactions in these materials in pres-
ence of an ac electric field [44–46, 49, 50]. In fact, the
Debye theory has nothing in it for including the pos-
sible many body interactions between dipoles or hop-
ping carriers and hence fails to explain the frequency
response of materials for which there exist strong in-
teractions between dipoles or hopping carriers such
as nanostructured NiO. The mechanism of “screened
hoping” of charge carriers, which is the kind of many
body interaction most probable in nanostructured NiO
leading to the observed non-Debye behavior is dis-
cussed below.

For materials with high density of hopping carriers,
as in the present case of NiO nanoparticles, the many
body interpretation of the universal response is based
on a semi quantitative ‘screened hopping model’ [27,
29, 43–45]. The screened hopping model is applicable
to systems in which discontinuous hopping of charge
carriers occurs between localized positions in presence
of a ‘screening charge’ adjusting slowly to the rapid
hopping [43]. Further, the model introduces a param-
eter ‘p’ which characterizes the strength of screening
with: heavy screening (strong many body interactions)
corresponding to p → 0 while the absence of screen-
ing (absence of many body interactions) correspond-
ing to p = 1 [29, 43]. Also it was shown that the
parameter ‘p’ and the exponent ‘n’ are related by
cot(nπ/2) = (1− p)/p. Thus n → 1 when p → 1 and
n → 0 as p → 0 [29, 43]. Hence the numerical value
of the exponent ‘n’ may be considered to be a measure
of the extent of many body interactions in the dielectric
material. In nanostructured NiO samples, there exist a
large number of holes associated with Ni2+ vacancies,
which execute discontinuous hopping between lattice
sites in presence of an ac field [21–23]. Each hole local-
ized at a lattice site imposes a coulomb like potential on
the surrounding medium and this tends to repel positive
charges and attract electrons that may be present in the
neighborhood, thus bringing about a partial screening
of the holes. In NiO, which is a dielectric with localized
charges, the screening would not be complete since the
localized charges are not quite free to assume the ex-
act local arrangement demanded by the local value of
the potential [10, 37, 43]. With every single hopping
of the holes, these partial screening charges will be
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readjusting and this causes a reduction in the effective
polarization from qrij to pqrij where 0 < p < 1
is a measure of the extent of screening as already
mentioned. For NiO, ‘q’ is +e and rij is the hop-
ping distance involved. The reduction in polariza-
tion corresponds to a reduction in potential energy
of the system and the energy loss involved is dissi-
pated through phonon system [43]. This is the major
contribution to the dc corrected ε′′ which show ωn−1

dependence.
A detailed analysis of the frequency dispersions of ε′,

measured ε′′ and dc corrected ε′′ reveals that all the three
quantities show ωn−1 dependence with 0 < n < 1. It
was found that the measured ε′′ of all the five samples
have very small ‘n’ values ranging from 0.03 to 0.2.
This is due to the onset of dc conduction as explained
in the previous section [27, 29, 30]. Further, ε′ and dc
corrected ε′′ data of the samples N1 and N2 (sam-
ples having smaller average particle sizes) show two
well differentiated regions- low frequency and high
frequency- with different ‘n’ values. For both N1 and
N2 the ε′ dispersion has ‘n’ values ranging from 0.6
to 0.85 in the low frequency region while at higher
frequencies ‘n’ lies between 0.2 and 0.6. As men-
tioned earlier, the numerical value of ‘n’ is a mea-
sure of the degree of screening. Thus for samples
N1 and N2, at higher frequencies, the holes undergo
short-range hopping and this leads to only a slight
readjustment of screening charges corresponding to
smaller values of ‘n’. However, at lower frequencies,
the long range hopping demands a greater extent of
readjustment of screening charges. Since the screening
charges in NiO (i.e., electrons) are well localized, this
leads to a decrease in screening and hence increase in
‘n’ [9–15].

It was found that the frequency dispersion of ε′ of
each of the samples N3, N4 and N5 has a single slope
throughout the entire range of frequencies. For all the
three samples the exponent ‘n’ for ε′ dispersion lies be-
tween 0.4 and 0.6. The absence of a marked difference
between the low frequency and high frequency ‘n’ val-
ues for ε′ of the samples N3, N4 and N5 is attributable
to the relatively larger average particle sizes of these
samples in comparison with N1 and N2. It has been
reported that the disordered nature of the grain bound-
aries, mechanical micro stress, surface energy and any
surface domain depolarization phenomena will affect
the dielectric response of nanostructures [3, 4]. From
the presently available data of nanostructured NiO sam-
ples, we can only conclude that the difference in the
low and high frequency dispersions of ε′ is not evident
for samples N3, N4 and N5 due to their lower inter-
facial volume fraction in comparison with that for N1
and N2.

According to the energy criterion leading to ωn−1

dependence, both ε′ and dc corrected ε′′ should have
exactly the same ‘n’ value [42–50]. But in the present
case slightly smaller values of ‘n’ for dc corrected ε′′
than those for ε′ were observed. This is only as expected
because in the above discussion we have considered
the dielectric loss due to the delayed readjustment of
screening charges only. This fraction of the total loss

is over and above that due to any natural Debye delay
in the response of hopping charges which give rise to a
loss given by Debye equation, since such Debye losses
are not excluded from ε′′ on carrying out dc correction
[43]. Since Debye delays do not contribute to the polar-
ization (ε′) but contribute to dielectric loss (ε′′), the dc
corrected ε′′ is more strongly dependent on frequency
(i.e., smaller ‘n’ values) than ε′.

4.3. Temperature dependence
Fig. 3 clearly shows that the real component ε′ increase
with increase in temperature over the entire frequency
range for all the samples with well defined activation
energies which points to the fact that the polarization
is due to some thermally activated mechanisms such as
charge carrier transport rather than due to permanent
dipoles [30]. This is in agreement with our discussion
on the dielectric relaxation mechanism and observed
frequency response based on hopping of holes associ-
ated with Ni2+ vacancies. Activation energies for ε′ of
nanostructured NiO samples was found to lie between
0.1 and 0.3 eV in the present study. Earlier studies on
single crystalline NiO have also reported an increase in
the value of ε′ with increase in temperature with an acti-
vation energy of ≈0.2 eV above 313 K [17]. The above
agreement of the values of the activation energies of ε′
leads to the conclusion that the mechanism of polar-
ization is similar in both single crystalline and nanos-
tructured NiO, while the nanostructured samples differ
enormously from their bulk counterparts in the number
of charge carriers involved, the average hopping dis-
tances and the number, mean site separation, depth and
extend of overlap of the defect potential wells. Also, it
was noted that the activation energies for the measured
ε′′ (without dc correction) which varies between 0.2
and 0.4 (Fig. 4) was very much close to the activation
energies for total ac conductivity σm = σdc + σac ob-
tained in our earlier studies [23]. Further, the activation
energies for the dc corrected ε′′ which lies between
0.1 and 0.3 is in agreement with that for the pure ac
conductivity σac [23]. These results complement our
discussion on the contribution of pure dc conduction
and delayed readjustment of screening charges to the
measured ε′′.

4.4. Dependence on particle size
The variation of ε′ with particle size follows a pattern
similar to that for the dielectric relaxation intensity as
evident from Fig. 7. A similar increase and then fall
in the value of ε′ with increase in particle size was re-
ported for nanostructured BaTiO3 and PbTiO3 samples
where the observations were explained as the resultant
of a number of factors such as the disordered structure
of the surface region (amorphousness), surface energy,
micro mechanical stress, surface domain depolariza-
tion phenomena, domain wall effects, etc. [3, 4]. In our
earlier studies, we have observed a more or less similar
dependence of dc and ac conductivities of nanostruc-
tured NiO on average particle size and have explained
the results semi-quantitatively taking into consideration

4061



Figure 7 Variation of ε′ with average particle size.

the special features of the structure of the interfacial
region of nanostructures [22, 23]. It was pointed out
that at particle sizes less than 10 nm, triple junctions
(intersection lines of three or more grains which are
analogous to dislocations and hence correspond to max-
ima of a potential barrier) constitute a considerable vol-
ume fraction of the total interface and affect the charge
carrier transport [22, 23]. From the presently available
data it is not possible to reach a quantitative explana-
tion for the observed size dependence of ε′ and one
can only conclude that the observed results are mani-
festations of the interplay of a number of factors such
as the structure of the interfacial region, volume frac-
tions of grain boundaries and triple junctions, surface
energy, micro stress, high surface conductance, Ni2+
vacancy distribution, etc., which affect the polarization
mechanism.

5. Conclusion
NiO nanoparticle samples having different average par-
ticle sizes were prepared and the variations of the
real and imaginary components of the complex di-
electric function ε∗ were studied as a function of fre-
quency of the applied signal and temperature. The
dielectric relaxation mechanism is discussed consid-
ering nanostructured NiO as a carrier dominated di-
electric with high density of hopping charges. The
observed ωn−1 dependence of the real and imagi-
nary components of ε∗ is discussed in the light of
the ‘Universal’ model of dielectric response. The size
dependent variation of ε′ seems to be rather com-
plex depending on a number of parameters associated
with the interfacial region which varies with particle
size.
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