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The solid-state reaction route was used to prepare polycrystalline samples of
NiTiOs. Basic x-ray structural analysis confirmed the formation of a single-
phase compound with rhombohedral crystal structure. Study of surface
morphology showed that the sample had well-defined grains with uniform
distribution throughout the surface. The permittivity, tangent loss, electrical
modulus, conductivity, and impedance of the material were obtained over wide
ranges of temperature (25°C to 500°C) and frequency (1 kHz to 1 MHz).
Strong correlation between the electrical parameters and microstructure
(bulk, grain boundary, nature of charge carrier, etc.) of the material has been
established. The dielectric parameters are found to be independent of
temperature in both low and medium temperature ranges. The temperature-
dependent bulk resistance and I-V characteristics exhibit negative tempera-
ture coefficient of resistance behavior of the material similar to that of
semiconductors. The magnetic hysteresis loop revealed that the NiTiO;
ceramic displays antiferromagnetic behavior with weak ferromagnetism at
room temperature. The frequency dependence of the electrical modulus and
impedance of the material shows deviation from ideal Debye-type relaxation.
The frequency and temperature dependence of the alternating-current (AC)
conductivity and activation energy of the system obey Jonscher’s universal
power law with non-Debye type of relaxation. The nature of the hysteresis loop
shows that the material has ferroelectric characteristics at room temperature.
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INTRODUCTION

In the microwave electronics industry, there is
huge demand to develop ideal ceramic components
with high quality factor, high dielectric constant/
permittivity, low dielectric loss, low temperature
variation of resonant frequency, etc. However, it is
difficult to obtain a single-phase material with all
the above properties. Recently, some single-phase
titanates with general formula ATiOs (A = Ni, Fe,
Co, Mn, Cu, Pb, Cd, Zn) have been developed for
wide applications such as electrodes for solid-oxide
fuel cells, metal-air barriers, gas sensors, and high-
performance catalysts.'™ Recently, some materials
with 3d transition-metal ions (substituted at the A
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site) have been investigated extensively due to their
academic*® as well as technological importance.”
Though various properties of this type of material
had been investigated for years, their dielectric
properties were first reported in 2006.'° NiTiO3 is an
important and interesting member of the ATiOj
family because of its antiferromagnetic and semi-
conducting characteristics with a wide bandgap
(3.2 eV) (as given in Table II). Therefore, it holds
tremendous potential for a wide range of applica-
tions such as semiconductor rectifiers,'! high-tem-
perature superconductors, gas sensors,'? etc. Fennie
et al.'® proposed a strategy to design structures
based on a symmetry principle. As polar lattice dis-
tortion induces weak ferromagnetism, some mag-
netic perovskites such as FeTiOs;, MnTiOs, and
NiTiOg3 can be used as multiferroics. The Ti ions in
3d° state of NiTiO; dominate the ferroelectric
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polarization, whereas Ni ions (having partially filled
orbitals) are considered to contribute to the antifer-
romagnetic properties of NiTiOs. Detailed literature
survey shows that not much work on the multiferroic
characteristics, beyond synthesis of NiTiOj;, has
been reported so far. NiTiOj3 particles and thin films
have been synthesized by different methods such as
solution combustion,™* polymerlc precursor,'® sol—
gel s 2pm coating, sol 1gel .18 modlﬁed Pech1m 19
flux,”" stearic acid § coprecipitation,?? and mol-
ten salt synthesis.?® This motivated us to investigate
the structure, dielectric properties, and magnetic
properties of NiTiO3 ceramic synthesized using a
simple and low-cost but standard method.

EXPERIMENTAL PROCEDURES

A polycrystalline sample of NiTiO3; was prepared
by the standard solid-state reaction technique. Pure
(>99%) fine powders of NiO (M/s HiMedia Lab) and
TiO, (M/s Loba Chemie), taken in proper stoichi-
ometric ratio, were thoroughly mixed in dry atmo-
sphere (air) using a mortar and pestle for 1 h, and in
wet atmosphere (methanol) for 2 h. The homoge-
neous mixture of the ingredients was then calcined
at 1100°C for 4 h in a high-purity alumina crucible.
The calcined powder of the prepared compound
mixed with a small amount of polyvinyl alcohol
(PVA) was pressed into pellets using a uniaxial
hydraulic press at pressure of 5 x 10° N/m2. The
pellets were sintered at 1150°C for 4 h in air
atmosphere. The phase formation with basic crystal
data of the sample was determined using x-ray dif-
fraction (XRD) data collected by diffractometer (D8
Advance; Bruker) at room temperature over a wide
range of Bragg angle 0 (20° < 20 < 80°) at scan rate
of 3°/min. The micrograph of the sintered pellet was
recorded by scanning electron microscopy (SEM).
For electrical characterization, a thin layer of highly
conducting silver paint was coated on both sides of
the sintered sample, followed by heat treatment at
150°C for 45 min. An impedance analyzer (phase-
sensitive meter) was used to measure the impedance
and related parameters over a wide frequency range
(1 kHz to 1 MHz) at different temperatures (room
temperature to 500°C). The hysteresis loop of the
poled sample was traced using a P-E hysteresis loop
tracer (M/s Marine India Co.) at different tempera-
tures. The current—voltage characteristics of NiTiO3
were measured at intervals of 25°C in the tempera-
ture range from 25°C to 500°C using a programma-
ble electrometer (model 6517B; Keithley).

RESULTS AND DISCUSSION
Structural and Microstructural Analysis

Figure 1 shows the room-temperature XRD pattern
of NiTiOs. All the peaks of the XRD pattern were
1ndexed using PowdMult standard computer soft-
ware.?* On heating the pellet sample from 1100°C to
higher temperatures, the sharpness and intensity of
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Fig. 1. X-ray diffraction pattern of NiTiO; powder at room
temperature.

the XRD peaks of the sample increased (Fig. 1). Based
on the minimum value of the difference between the
observed (obs) and calculated (cal) interplanar spacing
(dops — dea1 = minimum), a rhombohedral crystal
system was selected, in accordance with earlier
reports.?>?® The 1attlce parameters (obtained from the
above calculations) were refined using the least-
squares refinement subroutine of PowdMult. The least-
squares refined unit cell parameters are: a = 5,0294 A,

¢ =18.7947 A, c/a = 2.7428, and V = 302.18 A® (w1th
estimated standard deviation of the unit cell parame-
ters of 0.011 A). The crystallite size (P) of NiTiO3 was
estimated from the peak broadening f3,» (peak width at
half-height) and peak position (20) of some higher-angle
reflections using Scherrer’s relation,?® P = £/f1scos 0
(k = constant = 0.89,/ = 0.15407 nm). The value ofthe
crystallite size was found to be 61 nm. Broadening due
to strain, the instrument, and other sources was
ignored in the calculation of P. The crystallite size of
NiTiO3 synthesized by the molten salt method was
reported to be 70 nm,?®* and for the wet chemical
method it was reported to be 65 nm (for high calcination
temperature).?” The crystallite size of NiTiO3 synthe-
sized by the solid-state reaction method is highly con-
sistent with values reported earlier.

Figure 2 shows a SEM micrograph of the sintered
pellet. It is observed that grains of different
dimensions and shapes are uniformly distributed
(with small voids) over the entire surface of the
sample. The grain size was found to be in the range
of 3 um to 10 um.

Dielectric Studies

Frequency-Dependent Dielectric Parameters

The dielectric constant (permittivity) is one of the
basic electrical properties of insulators. Measure-
ment of the dielectric constant and tangent loss as a
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Fig. 2. SEM micrograph of NiTiO3 at room temperature.

function of frequency and temperature is of great
interest from both a theoretical as well as practical
point of view. Practically, the presence of a dielectric
between the plates of a capacitor/condenser
enhances the capacitance of the material. Essen-
tially, the relative dielectric constant (¢,.) is a mea-
sure of how easily a material is polarized in an
external electric field. The dependence of the
dielectric constant (¢) and tangent loss (tan ) on the
frequency of an applied AC field was studied over a
wide temperature range (25°C to 500°C) at different
frequencies (1 kHz to 1 MHz) on a pellet sample
(diameter 0.16 cm, thickness 0.92 cm). The dielec-
tric constant was found to lie within the range of
553 to 679. Because of the moderately high value of
the dielectric constant, NiTiO3 can be considered a
high-£ dielectric useful for nonvolatile ferroelectric
random-access memory (FeRAM).

Figure 3 shows the variation of the dielectric
constant and loss tangent as a function of frequency
in the temperature range from 400°C to 500°C. The
dielectric constant decreases rapidly with increas-
ing frequency in the lower frequency range, and
appears to attain its saturation limit for frequencies
greater than 10° kHz. This behavior of NiTiOj
ceramic is exactly similar at all temperatures
applied in the experiment (i.e., 25°C to 500°C). This
suggests that the material can be used as a lossless
material in transistors, microelectronic devices, etc.
Though a similar trend for the variation of the
dielectric constant of NiTiO; was reported ear-
lier,?"?® those values were found to be relatively
lower as compared with the present study. The
variation of the dielectric constant and loss tangent
with frequency at different temperatures may be
attributed to different types of polarization (viz.
ionic, electronic, dipolar, and interfacial or space
charge). Each type of polarization involves a short-
range displacement of charges and contributes to
the total polarization and thus to the dielectric
constant of the material. It is a well-known fact that
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Fig. 3. Variation of relative dielectric constant (¢,) with frequency at

different temperatures for NiTiO3. Inset shows variation of tangent
loss (tan d) as a function of frequency.

the contribution of dipolar polarization and space-
charge polarization is most significant at lower fre-
quencies.?® Hence, the dielectric constant is high in
the low-frequency region. At higher frequencies, the
contribution of space-charge and other polarization
is zero or negligibly small, and only the electronic
polarization contributes to the dielectric constant.
Therefore, the value of the dielectric constant is
lower at higher frequencies. Further, a continuous
decrease of the dielectric constant with increasing
frequency occurs because dipoles are not able to
follow faithfully the applied oscillating field. The
loss tangent decreases in the same manner as the
dielectric constant. As both dielectric parameters
appear to decrease with increasing frequency, this
indicates a normal behavior of the compound having
mobile carriers.*®

Temperature-Dependent Dielectric Parameters

Figure 4 shows the variation of the relative
dielectric constant (¢,) and loss tangent as a function
of temperature at some selected frequencies (1 kHz
to 10% kHz). From the plot of the dielectric constant
(ey) versus temperature it can be seen that the value
of the dielectric constant is almost constant up to
200°C. This value is independent not only of tem-
perature but also of frequency, which indicates that
the intrinsic dielectric response is due to the elec-
tronic and/or ionic polarization. Above 200°C, the
dielectric constant exhibits a weak stepwise
increase up to 350°C with further rise in tempera-
ture, and beyond 350°C, ¢, exhibits a sharp increase
up to 500°C; thus there is a maximum value at
500°C, which is consistent with previous report.?’
The sharp increase in the above parameters may be
due to scattering of thermally activated charge
carriers or may be due to some defects in the
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Fig. 4. Variation of relative dielectric constant and tangent loss with
temperature at different frequencies for NiTiOs.

samples.?! The tangent loss also shows an almost
constant value up to 200°C, then increases with rise
in temperature.

Polarization Study

The reported ferroelectric properties of NiTiO; at
room temperature were reinvestigated by recording
the polarization (P) versus electric field (E) charac-
teristic of our pellet sample. Figure 5 shows the
hysteresis loop of NiTiO3 at different temperatures.
The existence of a hysteresis loop in the low-tem-
perature region confirms the ferroelectricity of the
material. The remnant polarization (2P,) of NiTiO3
at room temperature is found to be 3.932 uC/cm? at
coercive field of 0.85 kV/em. It is seen that, with
increasing temperature, the remnant polarization
decreases. This decrease in P, with rise in temper-
ature is due to the presence of bound charges, which
are randomized with increase in temperature.?! The
nature of the hysteresis loop of the material is lar-
gely normal except for some anomalies in the
polarization (i.e., the maximum value of the polari-
zation is slightly higher than the saturation polar-
ization, and the asymmetric shape). There could be
various reasons for these anomalies, including (i)
influence of electrode at the microscopic level, (ii)
nonuniform polarization due to polarization gradi-
ent, (iii) induced polarization, and (iv) inhomoge-
neous domains created in/on the sample surface.?”
The phase-transition temperature of the compound
is far above room temperature (i.e., 500°C).2
Therefore, the transition temperature is also
expected to be high. As it was not possible to reach
the expected high temperature to confirm the fer-
roelectric—ferromagnetic phase transition with the
existing experimental facilities, some of the hys-
teresis loops recorded up to temperature of 150°C
are presented herein.
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Fig. 5. Comparison of hysteresis loops recorded at different tem-
peratures for NiTiOs.

Impedance and Modulus Spectroscopy
Background and Results

Complex impedance spectroscopy (CIS) is a well-
known technique to study the electrical properties
of ionic and ceramic materials as a function of fre-
quency and temperature. The grain and grain
boundary contributions to the electrical response of
dielectric materials can be well analyzed using this
technique. The frequency dependence of physical
properties of materials can be described via the
complex dielectric permittivity (¢ ), complex imped-
ance (Z), complex admittance (Y), and dielectric
loss (tan 0). These parameters are related to each
other by the following relations:

Complex impedance: Z* = Z'—jZ" = Rs — (j/wCs),
(1)

Complex modulus: M*(w) = 1/¢(w) = M’ +jM"

Complex admittance: Y*(w) =Y’ +jY” = jwCoc*
= (Ry) oGy,
(3)

Complex dielectric permittivity: ¢* = ¢ —j¢’, (4)

Tangent loss : tand = ¢" /¢ = M"/M' = -Z'/Z", (5)

where the angular frequency is o = 2zf, the
geometrical capacitance is Cy = gA/t, and the
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Fig. 6. Variation of Z and M with frequency for NiTiO5 at different
temperatures.
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subscripts “p” and “s” indicate parallel and series,
respectively.The relaxation frequency, wmay, of the
bulk material can be calculated using the relation:
WDmaxT = wmaXRbe =1= 27TfmaxRbe, where Rb is
the bulk resistance and C}, is the bulk capacitance.

Figure 6 shows the variation of Z’ and M’ with
frequency at high temperatures (i.e., 400°C to
500°C). It is observed that Z’ decreases with
increase in frequency and temperature. This plot
also shows that the conductivity increases with rise
in temperature. It shows dispersion at low fre-
quencies. At higher frequencies, all the curves
merge into one, indicating the release of space
charge, which eventually increases the conductivity.
At lower frequencies, it is seen that M’ is nearly
zero. Then, there is a continuous increase in its
value with further increase in the frequency. The
plots show a tendency to saturate at a maximum
asymptotic value in the high-frequency region for
all temperatures. This is attributed to the presence
of conduction phenomena arising due to the short-
range mobility of charge carriers.

Figure 7 shows the variation of Z”7 and M” with
frequency at different temperatures. The values of
these parameters increase initially, attain a peak
value (Z”,.x), then decrease with frequency at all
measured temperatures. The dispersion of the
curves for Z” appears to merge at higher frequen-
cies. This is due to the absence of space-charge
polarization at higher frequencies. With increasing
temperature, the Z” .« peak decreases, indicating
relaxation in the samples. It is seen that the Z” and
M .x peaks broaden with increasing temperature,
indicating relaxation with different time constants
and suggesting the occurrence of non-Debye type of
relaxation in the material. Such relaxation may be
due to (i) defects and oxygen ion vacancies at high
temperatures and (ii) presence of immobile ions at
low temperatures.?®?° The Z” s and M” max peaks
shift towards higher frequency with increasing
temperature, indicating a decrease in the relaxation

time with increasing temperature. This combined
plot is useful to find the effect of the smallest
capacitance and the largest resistance, which helps
to distinguish whether a relaxation process is due to
long- or short-range mobility of charge carriers. If
the process is of short-range type, the peaks of Z” .«
and M” .« do not occur at the same frequency. If
the process is of long-range type, the peaks occur at
the same frequency.>*®® As there is a mismatch
between the peaks of Z” and M”, the relaxation in
the material may be considered to be of non-Debye
type due to short-range mobility of charge carriers.

Analysis of Impedance Spectra

Figure 8 shows the complex impedance spectra
(usually referred to as the Nyquist plot) at different
temperatures in the frequency range from 1 kHz to
1 MHz. It is found that the impedance decreases
with rise in temperature, exhibiting the tempera-
ture dependence of conductivity of the material. For
Debye-type relaxation, a perfect semicircle should be
observed (with center on the Z’ axis). However, these
figures exhibit depressed semicircles with center
depressed below the Z’ axis, suGgagiesting deviation
from ideal Debye-type behavior.?®*’ The intercept of
the first semicircle with the Z’ axis gives the value of
the bulk resistance, and the second semicircle gives
the grain boundary contribution. As can be seen
from the figure, a single semicircle is observed in the
high-frequency region. This arc is associated with
the bulk conduction of the material. This behavior is
due to the contribution of the parallel combination of
both the bulk capacitance C;, and bulk resistance R},
(shown as the inset of Fig. 8) due to the electric
relaxation phenomena. Each semicircle correspond-
ing to each temperature has its own relaxation fre-
quency, thus the relation connecting the relaxation
time (7) with the applied frequency is given by

T :1 ZRbe, (6)
()]
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along with the equivalent circuit.

where @ = 27fihax, and fimax 1s the applied frequency
corresponding to the arc maximum. In the low-fre-
quency region, there is no semicircle, which indi-
cates that grain boundaries do not contribute to the
impedance or electrical parameters; only bulk con-
duction occurs in the material. The diameter of
the semicircle, as obtained by the intercept of the
semicircle with the x-axis, gives the value of the
bulk resistance Ry,. The experimental values were fit
to an equivalent circuit model using the software
ZSimpWin version 2, confirming the accuracy of the
experimental data.

The electrical conduction mechanism in metal
titanates is due to oxygen vacancies, which are the
mobile charge carriers (ionization creates conduc-
tion electrons). The excess electrons and the oxygen
vacancies are formed via the following reduction
reaction®®:

X 1 X
Op — 502(8) + Vo, (7)
Vi -V e, (8)
Vi V™ e 9)

Doubly charged oxygen vacancies are considered to
play an important role in conduction in these oxides.

1
05 — 502(g) + Vi + 2e. (10)

These electrons are responsible for the space-charge
polarization, thus enhancing the conductivity when
thermally activated. Excess electrons so formed can
bond with Ti** to form Ti%*.38
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AC Conductivity

Figure 9 shows the variation of the AC conduc-
tivity with frequency at higher temperatures (380°C
to 500°C). At lower temperatures, the conductivity
increases with increase in frequency, corresponding
to an " characteristic (n = exponent). At higher
temperatures and low frequencies, the conductivity
shows a flat response, while it exhibits "™ depen-
dence at high frequencies. The AC conductivity
was calculated using some dielectric data via the
relation®’

oac = wergptan d, (11)

where w is the angular frequency, ¢, is the relative
dielectric constant, ¢y is the permittivity of free
space, and tan 6 is the tangent loss. Jonscher’s
power law can successfully be applied by knowing
the variation of the AC conductivity (with fre-
quency) using the equation*’

or(w) = a(0) + o1(w) = a9 + A", (12)

where or(w) is the total conductivity, ¢(0) is the
direct-current (DC) conductivity term (independent
of frequency), and ¢1(w) is the dispersive component
of the AC conductivity. A and n are frequency- and
temperature-dependent parameters. A determines
the magnitude of the dispersion, and the value of n
lies between 0 and 1. For an ideal capacitor n = 1,
and for an ideal resistor n = 0.2 The calculated
values of Ry, Cy, and n are listed in Table I. The
value of the bulk capacitance was calculated using
the relation 27f,,.xR,Cy, = 1, being on the order of
picofarads (pF). The high capacitance value shows
that the conduction is through the bulk of the
material. The relaxation time t was calculated by
using Eq. 6. The value of the relaxation time at
different temperatures is given in Table I, and it is
noted that the relaxation time decreases with
increase in temperature, indicating that the diffu-
sion of the carriers is a thermally activated phe-
nomenon. The longer the relaxation time, the
slower the relaxation process. The relaxation time
relies only on the structural/microstructural prop-
erties of the material. According to Jonscher,*! the
origin of the frequency dependence of the conduc-
tivity lies in the relaxation phenomena arising due
to mobile charge carriers. When a mobile charge
carrier hops to a new site from its original site, it
remains in a state of displacement between two
potential energy minima. Also, the conduction
behavior of the material obeys the power law
o(w) < »" with a slope change governed by n in
the low-temperature region. A value of n < 1 sig-
nifies that the hopping process involves transla-
tional motion with sudden hopping of charge
carriers, whereas n > 1 means that the motion
involves localized hopping without the species
leaving the neighborhood.*?> The frequency at
which the change in slope takes place is known as
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the hopping frequency of polarons (w,), being
temperature dependent. The high-frequency dis-
persion has been attributed to the AC conductiv-
ity, whereas the frequency-independent plateau
region corresponds to the DC conductivity. The
material obeys universal power laws, as confirmed
by fitting the above equation to the experimental
data (also shown in Fig. 9). From the nonlinear
fitting it is found that the motion of the charge
carriers is translational because of the small value
of n (<1). (The values of n are given in Table I.)

Figure 10 shows the variation of the AC conduc-
tivity with the inverse of the absolute temperature
at different frequencies. At 25°C, the conductivity is
found to be 1.03 x 107 ¢ Q! m~!, whereas at 500°C
it is 3.77 x 100* Q' m~ 1. This shows that, with
rise in temperature, the AC conductivity increases
drastically, suggesting that the material exhibits
negative temperature coefficient of resistance
(NTCR) behavior. At higher temperatures, all the
conductivity curves at the different frequencies tend
to merge, indicating frequency-independent behav-
ior in this region.
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Fig. 9. Variation of AC conductivity of NiTiO3 with frequency at dif-
ferent temperatures.

DC Conductivity

The DC electrical conductivity was calculated
using the relation opc = ¢/SR),, where ¢ and S are
the thickness and area of the sample, respectively,
and Rj, is the bulk resistance. Figure 11 shows the
variation of the DC conductivity with inverse tem-
perature for the NiTiOsz ceramic sample. The fol-
lowing Arrhenius relation can be used to calculate
the DC conductivity:

opc = ooexp(—E,/ksT), (13)

where kg is the Boltzmann constant, ¢, is the pre-
exponential factor, and E, is the activation energy of
the mobile charge carriers. The activation energy
(bulk) for the sample was estimated to be 0.79 eV for
the high-temperature region, demonstrating that a
small amount of energy is sufficient to activate the
charge carriers for electrical conduction. The slope
of the curve was estimated by using a linear fit. It is
seen that, with rise in temperature, the DC con-
ductivity increases, indicating that the conduction
is via a thermally activated process. This shows that
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Fig. 10. Variation of AC conductivity of NiTiO3 with inverse absolute
temperature at different frequencies.

Table I. Values of Ry,, Cy, 6pc, 69, 7, and n for NiTiO3 ceramic at different temperatures

opc (S em™)

Temp. R x 10°

(°C) (ohm) C, (pF) Nyquist Plot Conductance ¢ (S cm™!) Relaxation Time,t(s) n

380 5.19100 1324  4.50707 x 107° 0.00004 5.87 x 10? 6.87288 x 107° 0.56
400 3.43200 132.7 6.81707 x 107° 0.00006 5.55 x 10* 4.55426 x 107 0.58212
420 2.35000 133.9  9.95583 x 107° 0.0001 5.48 x 10? 3.14665 x 107° 0.60558
440 1.64300 133.9 1.42399 x 107 0.00012 5.41 x 10* 2.19998 x 107° 0.62164
460 1.18300 134.3 1.9777 x 107 0.0002 5.29 x 10? 1.58877 x 107 0.65051
480 0.8654 1349  2.70351 x 10~* 0.00028 5.19 x 10? 1.16223 x 107° 0.65712
500 0.6445 135.6  3.63013 x 10™* 0.00038 5.08 x 10* 8.73942 x 107° 0.65437
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Fig. 11. Variation of DC conductivity with inverse absolute temper-
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Fig. 12. Variation of relaxation time with inverse absolute tempera-
ture.

NiTiO3 exhibits semiconducting behavior. Accord-
ing to Davis and Mott,*? the activation energy alone
does not indicate that the conductivity mechanism
involves extended states above the mobility edge or
by hopping in localized states or due to the effect of
impurities or defects. A distinction between these
mechanisms can be drawn on the basis of the value
of the pre-exponential factor (¢(). It was suggested
by Mott*® that the pre-exponential factor (gq) for
conduction in localized states should be two or three
orders smaller in magnitude than for conduction in
extended states and should become still smaller for
conduction in localized states near the Fermi level.
The value of the pre-exponential factor (gq) in the
range of 10°Q 1em ™! to 10* Q' em ™! indicates
that the conduction is mostly in extended states. A
smaller value of the pre-exponential factor (o)
indicates a wide range of localized states and
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Fig. 14. Variation of magnetic moment (M) with magnetic field (H) for
NiTiO3 at room temperature.

conduction by hopping. In the present system, the
values of the pre-exponential factor (o) are in the
range of 10! Q! cm '. (The value of gy is listed in
Table 1.) Therefore, the possibility of extended state
conduction is completely ruled out, and localized
state conduction (by hopping) in the band tail is
most likely.

Figure 12 shows the variation of In 7, with the
inverse of the absolute temperature. With rise of
temperature, 1}, decreases. From the relaxation-time
plot, the activation energy is calculated to be
0.77 eV.

Leakage Current Characteristics

Figure 13 exhibits the leakage current of NiTiOs.
I-V characteristic curves of the material were
obtained in the temperature range from 275°C to
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Table II. Comparison of properties of NiTiO3, MnTiO3, and FeTiO3

Property FeTiO3
Bandgap (eV) 2.5415
Coerecivity (at 300 K) (Oe) 1246
Remnant magnetization (emu/g) -
Resistivity (for 150°C to 300°C) (Q m) ~0%
Activation energy (eV) 0.21%°

MnTiO; NiTiO;
3.18%8 3.2%6
- 32
0.0014*7 0.002
1.76 x 10°%° 7.8 x 10°-1.4 x 10°
0.05%° 0. 4869

475°C on a pellet sample with diameter of 0.97 cm
and thickness of 0.218 cm. It is observed that, at all
the temperatures, the value of J increases with
increasing E. We also observed an increment in
leakage current with increasing temperature, which
confirms the thermally assisted conduction process
of the material. The increase in the current density
with rise in electric field is nonlinear, which sug-
gests non-Ohmic characteristics of the above
system.

Magnetic Properties

Figure 14 exhibits the M—H hysteresis loop of
NiTiO3; measured at room temperature. The hys-
teresis loop does not show a tendency for saturation
with increasing applied magnetic field. The opening
of the hysteresis loop is not prominent for this
sample. The nature of the curve exhibits field-
dependent alignment of canted spins in this mate-
rial. At room temperature, antiferromagnetic
behavior with weak ferromagnetism was observed
in the sample, with coercive field (H¢) of 32.39 Oe
and remnant magnetization (M,) of 0.002 emu/g.
The coercivity and remnant magnetization of
NiTiO3 ceramics are found to be higher than those
reported for other members of the ATiO3 family (as
shown in Table II). As NiTiO3; shows magnetic and
semiconducting behavior, this material can be
exploited for devices in which both are needed. One
such application is the varistor, which is a device
used for limiting transient voltage surges in a cir-
cuit. A varistor is an electronic component with a
“diode-like” nonlinear current—voltage characteris-
tic. Varistors are often used to protect circuits
against excessive transient voltages by incorporat-
ing them into the circuit in such a way that, when
triggered, they will shunt the current created by the
high voltage away from sensitive components.**

CONCLUSIONS

A polycrystalline sample of NiTiO3 was fabricated
by the standard solid-state reaction method. In the
present work, we report the detailed structural,
electrical, and magnetic properties of NiTiOs. XRD
analysis of NiTiO3 showed a rhombohedral crystal
structure. The dielectric parameters of the com-
pound strongly depend on the working temperature
and frequency. The surface morphology of the com-
pound, studied by SEM, shows homogeneously

distributed grains. The compound has low tangent
loss even at 500°C (0.06 at 500 kHz), which de-
creases with increasing frequency. Due to the low
tangent loss, the quality factor of the material is
high, which is a criterion for many applications
including microwave devices. The nature of the
variation of the permittivity and the appearance of a
hysteresis loop at room temperature confirm the
reported ferroelectricity in this material. The com-
plex impedance plots reveal that the material
exhibits (i) electrical transport (conduction) due to
bulk material, (ii) negative temperature coefficient
of resistance (NTCR) behavior, and (iii) tempera-
ture-dependent relaxation phenomenon. Complex
impedance analysis suggests that the dielectric
relaxation in the material is of polydispersive, non-
Debye type. The frequency dependence of the AC
conductivity obeys Jonscher’s universal power law.
The activation energy for the sample calculated
from the DC conductivity is estimated to be 0.79 eV
and from the relaxation plot is calculated to be
0.77 eV. The values of E, calculated by these two
different methods are very similar. This indicates
that similar types of charge are responsible for
relaxation and conduction in this material. The
magnetic measurements show antiferromagnetic
behavior with weak ferromagnetism for NiTiO3. The
J—E characteristics suggest a non-Ohmic nature of
NiTiOs. Thus, the present study indicates that
NiTiO3 exhibits semiconducting behavior along
with a magnetic nature, which could be exploited for
devices such as varistors in which both are needed.
Since NiTiO3 exhibits ferroelectricity and also
shows antiferromagnetism, there may be magneto-
electric coupling in NiTiO3. Hence, there is a pos-
sibility that NiTiO3 is a multiferroic material, which
could be very useful for multifunctional devices such
as spintronics, etc.
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