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Abstract

Lead-free perovskite NiTiO3 ceramic nanopowder was synthesized using the mixed-oxide method and high-
energy ball milling, and finally uniaxially pressed and sintered at 1375 °C for 4 h. X-ray diffraction (XRD)
confirmed a single-phase trigonal structure (space group R3), with structural parameters refined using Rietveld
analysis. The Williamson-Hall method was used to estimate lattice strain and crystallite size. To see if there
exists any high-temperature phase in the system, high-temperature XRD up to 1000 °C was carried out, which
indicated only an increase in lattice distortion leading to an increment in unit cell volume, and no change of
the phase. The results indicated that dielectric constant remains almost temperature-insensitive up to 100 °C
(temperature coefficient of capacitance, Tcc < 5%) which shows its potential to be used for high temperature
capacitor applications. Impedance spectroscopy and dielectric studies indicated non-Debye relaxation, with
charge transport modelled by correlated barrier hopping theory. Morphological and compositional analyses
verified sample purity. Magnetization studies revealed potential magneto-electric coupling. These properties
suggest NiTiO3; ceramics could be a promising candidate for high-density data storage and multifunctional
applications.
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I. Introduction bine thermal and chemical stability with a stable electri-
cal and magnetic performance. Specifically, they should
exhibit high dielectric constant, low dielectric loss, low
temperature coefficient of capacitance over a working
temperature range, ferroelectric (P,) and magnetic (M)
polarization, high coercive fields, stable insulation re-
sistance over wide temperature ranges, low leakage cur-
rents, etc.

Previous research [9] has demonstrated that TiO,
coatings containing Ni can effectively lubricate the sur-
faces without requiring liquid-lubricants. Significant ef-
forts are being undertaken toward synthesizing NiTiO;
powders and ceramics in pure form. NiTiOs is typically
produced via conventional solid-state reaction method
[6,10—13], as its characteristics are generally influenced
by powder characteristics like purity, particle size and
morphology. Cost-effective synthetic methods, such as
co-precipitation [14,15], citrate [ 16], propionic acid [17]

Titanium-based oxides incorporating various metals,
like MTiO3; (M = Zn, Sr, Ni, Cu, Fe, Co), are well-
established as multifunctional inorganic materials with
broad applications across several fields. These include
usage in solid oxide fuel cells electrodes [1], metal-
air batteries [2], gas sensors [3], high-efficiency cata-
lysts [4], chemical reactions [5] and electronics, due
to their weak magnetism and semiconducting proper-
ties [6]. Among these, NiTiO3 has emerged as a solid-
lubricant, showing potential for lowering wear and fric-
tion in high temperature applications [7,8]. Also, it is
known that for high-temperature ceramic capacitors and
high-density data-storage systems, materials must com-
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and sol-gel techniques [14,18-24], have been widely
explored for the preparation of NiTiO3; nanocrystalline
powders. Alternative synthesis approaches, such as
combustion [25-27], molten salt [28], drop-quenching
[29], polymeric precursor [30,31], hydrothermal [32],
ultrasonic dispersion [33] and solvothermal methods
[34], have also been investigated with the goal of en-
hancing different properties of the material.

To the best of our knowledge, no research has yet
been reported on the formation of NiTiO; ceramic
nanopowder via mechanochemical synthesis and stud-
ied this system at elevated temperatures. Consider-
ing the importance of the material, NiTiOs ceramic
nanopowder was successfully prepared in the present
study using an industrially viable mixed-oxide method.
Fine powders with uniform particle size were obtained
through high-energy ball milling. The as-prepared ce-
ramic nanopowders were thoroughly characterized us-
ing X-ray diffraction (XRD), energy-dispersive X-
ray spectroscopy (EDS), scanning electron microscopy
(SEM), dielectric measurements, impedance spec-
troscopy, AC conductivity analysis and magnetic hys-
teresis studies. Besides, in situ high temperature XRD,
dielectric and impedance studies of NiTiO3; ceramics
prepared from nanopowder have been undertaken with
an aim of getting information about high temperature
dielectric, impedance and AC conductivity behaviour
which shall be able to further widen their intended ap-
plications window.

II. Experimental

2.1. Sample preparation

Polycrystalline NiTiO3; powder was synthesized us-
ing analytical reagent (AR) grade chemicals (>99.9%
pure, Merck), specifically NiCO3; and TiO,, via the
mixed oxide synthesis method in an air atmosphere. The
thermochemical reaction:

NiCO; + TiO; —2 NiTiOs + COx(2)T (1)

was carried out under the optimized calcination con-
dition of 1350°C for 5h, employing controlled heat-
ing and cooling rates. This regimen ensured complete
decomposition of the precursors, facilitated the forma-
tion of the desired perovskite phase, and minimized the
emergence of a secondary phase or unreacted compo-
nents. XRD analysis confirmed the reaction completion
and formation of the NiTiO3 phase. Thereafter, the cal-
cined powder was subjected to extensive ball milling
for 4h to reduce particle size and enhance homogene-
ity. The milled powder was then pressed into a cylin-
drical pellet (10 mm diameter, 1.44 mm height) under a
uniaxial pressure of 650 MPa. The pressed pellet was
sintered at the optimized temperature of 1375 °C for 4 h
in air atmosphere. This temperature-time combination
was selected to promote effective densification and uni-
form grain development, while preventing the formation
of secondary phases or abnormal grain growth. After
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sintering, the pellet exhibited a slight reduction in di-
mensions, with a final diameter of 9.92 mm and a thick-
ness of 1.43 mm, corresponding to shrinkage of approx-
imately 7%. The density of the resulting ceramics was
measured to be greater than 91% of the theoretical den-
sity, indicating successful densification. Powder weight
was monitored before and after sintering, showing a
maximum difference of 1.96 mg out of 10 g, indicating
minimal material loss and consistent composition. Con-
sequently, the final sample composition was assumed to
match the initial stoichiometry.

2.2. Structural characterization techniques

High temperature XRD data of the NiTiOs ceram-
ics were recorded between 30 and 1000 °C using an X-
ray diffractometer (XPERT-PRO, Pan Analytical) with
CuKa radiation (1 = 1.5405 A), scanning a Bragg an-
gle range of 20° < 26 < 90° at a rate of 5.08 °/min.
The room temperature XY (26 vs. intensity) data were
processed in WinPLOTR to determine peak positions,
while unit cell parameters, ikl values and the space
group of NiTiO3; were extracted using DICVOL in the
FullProf 2017 suite, with further refinement performed
via FullProf’s profile matching routine. Bragg peaks
were fitted to the pseudo-Voigt function, with the back-
ground estimated through linear interpolation. The 3D
visualization of the crystal structure of NiTiO; was per-
formed by VESTA software. The Williamson-Hall ap-
proach was employed to calculate the crystallite size (D)
and lattice strain from XRD peak broadening:

KA A
ncosf = — +2—f sin 0
D &

Here 1, K, Aé/é and KA/D are XRD peak width at
half intensity, lattice strain, Scherrer constant (0.89) and
Scherrer particle size distribution, respectively. SEM
micrograph of the calcined NiTiO3; ceramic nanopowder
was obtained by Nova NanoSEM NPEP303. The mi-
crostructure and EDAX analyses of the sintered NiTiO3
sample were conducted on the fractured surface with
a computer-controlled scanning electron microscope
(SEM, Hitachi S-3400N, Japan). SEM image analysis
was performed using OLY SIA m3 software.

2)

2.3. Electric and magnetic properties measurement

The measurement of electrical impedance (Z) and
phase angle (6) was conducted over a frequency range
of 1Hz to 1 MHz and a temperature range of 50 to
900 °C using a Solartron SI1260 impedance/gain-phase
analyser. The analysis was performed on a symmetric
AgINiTiO3]|Ag cell during a cooling cycle, with conduc-
tive Ag paint applied on both faces of the pellet; the
temperature was decreased at a rate of 1 °C/min. From
the impedance data, the real and imaginary permittivity
values were determined using standard equations:

4
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Z/
&'(w)= —— 4
@ = )
here |Z| = [(Z')* + (Z")*]"/. The real and imaginary
components of the electric modulus and AC conduc-
tivity data were derived from the impedance data using
standard equations:

* —_ ! ) 44 — 8/(0)) . S,/(w)
M (w) = M'(w) +iM" (w) = = (@)P l|8*(a))|2 ®))
Tac = wee” (w) (6)

Field-dependent magnetic properties of the test sam-
ple at room temperature were obtained using a vibrating
sample magnetometer (Model 7410, Lake Shore Cry-
otronics, Inc.).
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Figure 1. Rietveld refined pattern of sintered NiTiO; in the
space group R3 (symbols represent the observed data
points and the solid lines their Rietveld fit)

Table 1. The crystal data and refinement factors of the
sintered NiTiO; obtained from XRD data

Parameters Results
Crystal system  Trigonal
Space group ~ R3 (148)
aA] 5.0303
b[A] 5.0303
c[A] 13.7941
a[°] 90.000
B[°] 90.000
v [°] 120.000
V [A%] 302.279
D, [g/cm3] 5.095
R, 65.1
Ry 30.7
Rexp 13.3
Rp 14.4
Rr 18.3
x? 5.329
d 0.6044
Op 2.61
S 2.3
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IT1. Results and discussion

3.1. Structural analysis

The room-temperature XRD data for the sintered
NiTiO3 ceramic sample were refined using the Rietveld
method, with space group R3 (No. 148). As shown in
Fig. 1, the final cycle of refinement produced closely
matched observed and calculated profiles, with a y?
value of 5.329, indicating a reliable fit. The refinement
was based on minimizing the y? function, and XRD
analysis confirmed that the sintered NiTiO3; sample has
a trigonal unit cell (consistent with JCPDS file number
33-0960). Table 1 summarizes the resulting crystal data
and refinement factors.

Figure 2 presents the Williamson-Hall plot for the
as-sintered NiTiO3, with linear least-squares fitting of
n cos 6-sin 6 data yielding an average crystallite size of
71 nm and a lattice strain of 0.0016. The minimal lat-
tice strain is likely due to the thermochemical synthesis,
which imposes fewer structural constraints compared
to methods like extensive ball milling or strained layer
growth [35]. The trigonal unit cell of the as-sintered
NiTiOs, as depicted in inset of Fig. 2, features alternat-
ing layers of Ni and Ti atoms oriented perpendicular to
the c-axis. Oxygen atoms, positioned between the tran-
sition metal layers, are arranged in an octahedral coordi-
nation geometry surrounding the central Ni or Ti atoms.
The atomic coordinates, along with their respective site
multiplicities and Wyckoff notations, for the NiTiO3 ce-
ramics prepared from the nanopowder are provided in
Table 2. Furthermore, Fig. 3 illustrates the temperature
dependent XRD profiles of the NiTiO3 ceramics be-
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Figure 2. The Williamson-Hall plot of sintered NiTiO3
sample (inset is unit cell of NiTiO;)

Table 2. Coordinates of atoms and their sites (multiplicity
and Wyckoff letter) of the sintered NiTiO3 unit cell

Coordinates of atoms .
Atom " e Site

Y
Ni 0.00000 0.00000 0.35070  6¢

Ti 0.00000 0.00000 0.14450  6c¢
(0] 0.31600 0.01490 0.24710 18f
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Figure 3. Temperature dependent XRD profiles of NiTiO3
ceramics between 30 °C to 1000 °C and magnified
XRD peak between 31.5°-33.5°

tween 30 and 1000 °C. It is observed that upon tempera-
ture rising there is a slight shift in the peak positions to-
wards lower angle side (left) and change in intensities of
the peaks, which could clearly be seen in the magnified
region of the major peaks between 31.5°-33.5° (Fig. 3).
The shift in diffraction peaks towards lower Bragg’s an-
gles with increasing temperature indicated the increase
in lattice distortion leading to the increment in unit cell
volume having no indication of phase change in the in-
vestigated temperature region.

Figure 4a presents SEM image of the calcined
NiTiO3 ceramic nanopowder, where the particles ex-
hibit an approximately spherical morphology, with sizes
ranging from 47 to 124nm. The inset of Fig. 4b dis-
plays the SEM micrograph of the sintered NiTiO3 ce-
ramic sample, in which grains of varying sizes (11.3—
20.1 um) are dispersed throughout, indicating a poly-
crystalline microstructure. The average grain size in the
sintered sample is estimated to be 16.2 + 0.3 um. Ad-
ditionally, Fig. 4b shows the EDAX spectrum, where
all peaks are attributed to the constituent elements of
NiTiOs3, confirming its purity. The ratio of the average

crystallite size to the grain size for sintered NiTiOs is
approximately on the order of 1072,

3.2. Analysis of dielectric properties

The variations in frequency dependence of the real
part (g'), the imaginary part (¢”) and the loss tangent
(tand = &”/&’) of the dielectric constant at different
temperatures are depicted in Figs. 5a, 5b, 5c, respec-
tively. Observations reveal that all parameters (&', £”
and tan 0) demonstrate an inverse relationship with fre-
quency. A marked dispersion, coupled with a relatively
high dielectric constant, is apparent in the &'-f curve
at lower frequencies, decreasing significantly at higher
frequencies. This elevated dielectric constant at low fre-
quencies is typical for dielectric materials and may stem
from space charge contributions. At very low frequen-
cies, the dipoles align with the applied field, resulting in
&’ approaching ¢, (the dielectric constant under quasi-
static conditions). As frequency rises, dipoles start to
lag behind the field, causing a minor decline in &', and a
continuous drop of dielectric constant with frequency is
noticed. At extreme frequencies, dipoles can no longer
keep up with the field, and &’ approaches &,.

3.3. Impedance spectroscopy analysis

Temperature dependences of & and tan§ at several
frequencies for the prepared NiTiO; sample are shown
in Figs. 6a and 6b, respectively. Both & and tan¢ in-
crease with the rise in temperature. Additionally, the
tan §-T plot shows a hump-like peak at each frequency,
shifting towards higher temperatures with increase in
frequency. Furthermore, the temperature coefficient of
capacitance (T¢c), an essential parameter indicating
low-temperature capacitance stability, is defined as:

Cr—C
TCF%MOO @)

The obtained results indicate that & remains largely
temperature-insensitive up to 100 °C (T¢¢ < 5%) which
shows its potential to be used for high temperature ca-
pacitor applications. At room temperature, &’ and £” are
found to be 17.1 and 3.4, respectively, at 1 kHz.

Pe— L Ra—

Nova NanoSEM NPEP303

2 4 6 8 10 12 14 16
Energy (keV)

Figure 4. SEM image of calcined NiTiO; ceramic nanopowder (a) and EDAX spectrum and SEM micrograph (inset) of the
sintered NiTiO; ceramics prepared from nanopowder (b)
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Figure 5. Variation of real (a) and imaginary (b) parts of dielectric constant and tangent loss (c) with frequency at different
temperatures for NiTiO; ceramics prepared from nanopowder
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Figure 6. Variation of (a) real part of dielectric constant and (b) tangent loss with temperature at different frequencies
for NiTiO; ceramics

Frequency dependences of the real (Z’) and imagi-
nary (Z”) components of impedance for the prepared
NiTiO3 sample at various temperatures are shown in
Figs. 7a and 7b, respectively. As frequency increases,
a consistent decline in magnitude of Z’ is observed
across all temperatures. Notably, the loss spectrum (Z”'-
[ plots) exhibits significant features, including the ap-
pearance of asymmetric peaks (Z” ), which decrease

max
in magnitude and shift towards higher frequencies with
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temperature rising. The asymmetric broadening in the
Z"-f plots suggests a distribution of relaxation times,
implying a temperature-dependent electrical relaxation
process in the material [36].

Figure 8 presents impedance data over a 1 Hz—1 MHz
frequency range, displayed as a complex impedance
spectra. As the temperature increases, curves bend to-
wards the x-axis, indicating enhanced electrical con-
ductivity. The complex plane plots exhibit a depressed,
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Figure 7. Variation of real (a) and imaginary (b) parts of impedance with frequency at different temperatures
for NiTiO; ceramics
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Figure 8. Cole-Cole plots at different temperatures for
NiTiO; ceramics

asymmetric semicircular arc, with data shifting to
higher values, suggesting the influence of grain bound-
aries. For Debye relaxation, semicircular plots are ex-
pected with centres on the real axis. In contrast, the ob-
served non-Debye relaxation manifests as semicircular
arcs with endpoints on the real axis and centres below it.
This behaviour is described by the complex impedance
expression:

R

Z(w)=Z +iZ = ———
(@) RN FIED

®)
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where a quantifies the deviation from ideal Debye re-
laxation. When « approaches zero, Eq. 8 aligns with the
Debye’s model. The impedance plots show non-ideal
semicircles, with centres below the x-axis, indicating
a > 0, increasing with temperature and suggesting non-
Debye relaxation in NiTiO3, consistent with prior stud-
ies [36-39]. This may result from distributed elements
within the material-electrode interface.

The dielectric response can also be analysed through
the electric modulus, M*(w) = 1/&*(w), a reciprocal
quantity that minimizes artefacts from electrode polar-
ization. Key features of M*(w) include a broad, asym-
metric peak in its imaginary part and a sigmoidal step in
the real part. These patterns resemble the response seen
in the loss and storage of mechanical stress during re-
laxation processes, allowing for similar interpretations.
Frequency dependences of the real (M) and imaginary
(M") components of the electric modulus at various
temperatures are shown in Figs. 9a and 9b, respectively.
The real part, M’, exhibits very low values at low fre-
quencies, followed by a sigmoidal increase as frequency
rises, eventually reaching M. This behaviour likely re-
sult from conduction associated with the short-range
mobility of charge carriers. The imaginary part, M”’, ex-
hibits distinct frequency-dependent characteristics, in-
cluding: i) peaks at unique frequencies across different
temperatures, ii) pronounced peak asymmetry, with po-
sitions in the dispersion region of the M” - f plot and iii)
peak shifts towards higher frequencies as temperature
increases. The low-frequency side of the M" peak re-
flects the frequency range where charge carriers experi-
ence long-range mobility, allowing them to hop between
neighbouring sites. Conversely, the high-frequency side
corresponds to frequencies where carriers are confined
within potential wells, limited to localized movement.
Thus, the peak position in M"” suggests a transition from
long-range to short-range mobility as frequency rises
[37] while the peak in the modulus spectrum provides
a clear indication of conductivity relaxation. Addition-
ally, the M"" peaks broaden with increasing temperature,



K.P. Chandra et al. / Processing and Application of Ceramics 19 [4] (2025) 322-333

H(@)

0.06
50°C-

0.04

M' 0.03

0.01

0.00

/| 9IOOQ‘ /|
10 10° 10*
Frequency (Hz)

10°

10°

2

10'

Figure 9.

0.025

10 10°
Frequency (Hz)

Variation of real (a) and imaginary (b) parts of electric modulus with frequency at different temperatures

for NiTiO; ceramics

10°g
1.0+ 25000 @ Experimental
x L —— Linear fit
w
:5.,: 08}
o
£ N
g osr N r
o N
8 L ) |
e N 16 18 20
® 04 1000/ T (K™)
E
<ZJ 02+
0.0 Lot wl bl sod ol o
10° 10" 10°  10° 10* 10°  10° 107
Frequency (Hz)

Figure 10. Variation of normalized Z” and M"’ with
frequency at 250 °C for NiTiO; ceramics (inset:
temperature dependence of the relaxation time)

indicating enhanced non-Debye behaviour - a unique
trait of electrical relaxation, as most other relaxation
processes (e.g. mechanical or light scattering) tend to
approach Debye-like behaviour with temperatures ris-
ing [38].

The relaxation times, defined as T = 1/w,,, were cal-
culated from the peak frequency (f,,) at M, . (Fig. 9b),
where relaxation occurs at w,, - T = 1. The temperature
dependence of 7 adheres to the Arrhenius relation:

U

kBT) ©)

T =19 exp(
where 7y is the pre-exponential factor and U is the ac-
tivation energy. The inset of Fig. 10 presents a plot of
log T versus 10%/T, yielding values of 79 = 2.798 x
107 s and U = 0.447eV via linear least squares fit-
ting. The small 7 suggests that the dielectric relaxation
in NiTiOj3 likely involves small polaron dynamics, with
70 for typical lattice dipole relaxation near 10~'*s [38].
In order to illustrate that the peaks of the scaled param-

eters (Z"” /2, and M" /M, ) are not occurring at the
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same frequency, their variation at 250 °C (as an exam-
ple) have been plotted in Fig. 10 for the NiTiO3 ceram-
ics. The peaks of these parameters do not align; instead,
they follow a sequence: fz» < fyr indicating different
peak frequencies. This peak mismatch, which increases
with temperature, suggests changes in polarization be-
haviour. While peak overlap signifies long-range con-
ductivity, their divergence implies short-range conduc-
tivity, potentially facilitated by a hopping mechanism
[37,40,41].

Figure 11 presents the scaled plots of Z”(w, T) and
M"(w,T) versus reduced frequency, with f,,,, mark-
ing the peak frequency in the Z”- or M"-frequency
plots. Both Z"- and M”’-data merge into a single, master
curve, and the full width at half maximum (FWHM) ex-
ceeds 1.14 decades. These results suggest that the relax-
ation times’ distribution function is almost temperature-
independent, indicating a non-exponential, non-Debye
relaxation process. This phenomenon follows the rela-
tionship:

t\8
o(0) =exp[—(;) }; 0<p<D  (10)

that is associated to M*(w) as:
M (w) = %o (1 - L(—%)) (11)

where 8 (= 1/W) is the Kohlrausch exponent, L(x) de-
notes the Laplace transform of x, and W is the FWHM.
A lower g value implies greater deviation from Debye-
type relaxation (8 = 1). Such non-exponential relax-
ation suggests ion migration via hopping and the cor-
related mobility of nearby charge carriers [29]. This su-
perposition of data across frequencies points to a similar
thermal activation energy (~0.5 eV) for all dynamic pro-
cesses, indicating the presence of a single type of charge
carrier. Thus, both peaks in Fig. 11 likely represent the
same underlying relaxation process. The results further
suggest that the observed dielectric relaxation in NiTiO;
arises predominantly from bulk effects [39].
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Figure 12a illustrates the frequency-dependent AC
electrical conductivity (o4¢) of the prepared NiTiOj3 ce-
ramics measured across varying temperatures. The con-
ductivity plots exhibit dispersion throughout the stud-
ied frequency range, with higher temperatures lead-
ing to a plateau-like behaviour indicative of reduced
frequency dependence. The transition from frequency-
independent to frequency-dependent regions signifies
the onset of conductivity relaxation, highlighting a shift
from long-range hopping to localized ion motion. This
behaviour aligns with the hopping conduction mecha-
nism, which is characteristic of materials possessing a
high density of localized states within a semiconductor-
like bandgap. Additionally, the formation of polarons
due to the charge carrier localization facilitates nearest-
neighbour hopping conduction [42,43]. Figure 12b dis-
plays the temperature dependence of o4¢ at different
frequencies. The activation energy (E,) for conduction
was determined using the Arrhenius relationship:

|

Linear fitting of the data to this equation yielded
apparent activation energies of 0.97eV and 0.47eV

a

kg

(12)

TAC = UoCXp(—
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for frequencies of 1 kHz and 1 MHz, respectively. The
lower activation energy suggests carrier transport via
hopping between localized states in a disordered ma-
trix [44,45]. The enhanced electrical conductivity ob-
served in the NiTiO3 ceramics can be attributed to oxy-
gen vacancies introduced during the sintering process:
Op — %OzT + Vo*®* + 2e, which increase conduc-
tivity, dielectric loss, and space charge accumulation at
grain boundaries, potentially impacting material perfor-
mance [46]. Further, the o 4¢ in materials with localized
states is typically expressed as:

OACc =0y + Aw’® (13)
Here, o represents the frequency-independent (DC or
electronic) component of conductivity, s (0 < s < 1) is
the frequency exponent, w is the angular frequency of
the applied AC field and A = 7N?¢?/6kzT (2r) is a con-
stant. In this expression, e, T, kg, @ and N are the elec-
tronic charge, absolute temperature, Boltzmann’s con-
stant, polarizability of a site pair, and density of hop-
ping sites per unit volume respectively. This behaviour
arises from the movement of charge carriers, which hop
over a characteristic length Ry between localized sites
distributed randomly within the material. The term Aw?*
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can be interpreted through two principal mechanisms
of charge carrier transport: i) quantum mechanical tun-
nelling (QMT) across the barriers separating localized
sites and ii) correlated barrier hopping (CBH), where
carriers overcome these barriers. Both models predict
distinct temperature- and frequency-dependent trends
in the exponent s, reflecting the underlying conduction
processes. According to QMT model, s remains unaf-
fected by temperature and decreases with increasing w.
In contrast, in CBH model, o-4¢ is described as [47,48]:

4
oac = gezwk,gT[N(Ef)]zof5 [m %] (14)

Here, N(Ey), fo and « are the density of states at Fermi
level, photon frequency and localized wave function
respectively. The frequency exponent s and minimum
hopping distance, R,,;, are further expressed as [49]:

6kpT
=1- 15
s W (15)
262
min — 16
neggW,y, (16)

In this context, W, refers to the binding energy, de-
fined as the energy required to transfer an electron com-
pletely from one site to another. The parameters & and
&o represent the dielectric constants of NiTiO3 and vac-
uum, respectively.

Using Eq. 14, the values of N(E;) were determined
with the assumptions f = 10 Hz and @ = 10'm™!,
across a range of frequencies and temperatures. Figure
13 depicts the frequency-dependent variation of N(E )
at different temperatures. The results show that N(E)
decreases with increasing frequency and converges at
frequencies above 100kHz. The inset of Fig. 13 high-
lights the temperature dependence of N(Ey) at different
frequencies, revealing that N(E) consistently increases
with temperature across all frequencies. At lower fre-
quencies, electrical conduction is influenced by both
frequency and temperature, whereas at higher frequen-
cies, the localized charge carriers are primarily affected
by thermal excitation. These findings align with the
trends observed in the dielectric loss (Fig. 6b) and AC
conductivity (Fig. 12b). The elevated N(E) values indi-
cate a dominant hopping mechanism of charge transport
between pairs of sites in NiTiO3 [42,50,51].

The minimum hopping length, R,;,, was derived
from Eq. 16. Figure 14 illustrates the frequency de-
pendence of R, at various temperatures. At low fre-
quencies, R, exhibits small values (~ 107! m) and
displays dispersion with increasing frequency, eventu-
ally saturating at an asymptotic maximum in the high-
frequency region. This behaviour suggests the absence
of a restoring force governing charge carrier mobility
under an applied electric field, consistent with long-
range charge carrier mobility. Additionally, the sig-
moidal rise in R,;, with frequency, leading to the sat-
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Figure 13. Variation of N(E;) with frequency at different
temperatures for NiTiO; ceramics (inset: temperature
dependence of N(Ey) at different frequencies)
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Figure 14. Variation of R, with frequency at different
temperatures for NiTiO; ceramics (inset: temperature
dependence of R,;, at different frequencies)

uration, suggests short-range charge carrier mobility at
higher frequencies [50,51]. The inset of Fig. 14 presents
the temperature dependence of R,,;, at various frequen-
cies, where R,,;, decreases with temperature at lower
frequencies, reaching a maximum before stabilizing,
supporting the above observations. Notably, R,,;, is ap-
proximately four orders of magnitude smaller than the
grain size of NiTiOs.

The magnetization (M) versus applied magnetic field
(H) curve for the synthesized NiTiO3; ceramic nanopow-
der, recorded at room temperature, is presented in Fig.
15. The M-H plot reveals characteristic ferromagnetic
behaviour, indicative of super-exchange interactions oc-
curring between Ni’* jons mediated via oxygen atoms
[52,53]. The magnetic interactions are primarily at-
tributed to Ni>* ions, which possess a 3d® electronic
configuration with partially filled 3d orbitals (12,)%(e,)?,
conducive to inducing magnetic properties. In contrast,
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Figure 15. Magnetization curve at room temperature
for NiTiO; ceramics

Ti** ions exhibit a 3d° configuration, indicative of dia-
magnetic behaviour. Additionally, the empty 3d° or-
bitals of Ti*" ions contribute to polar behaviour, which
is favourable for inducing ferroelectricity in NiTiO3
[54]. The coercive field (H.), remanent magnetization
(M,), and saturation magnetization (M,) were deter-
mined to be 520.78 Oe, 0.81 emu/g and 2.042 emu/g, re-
spectively. The low H,. value suggests potential applica-
bility in magnetic recording devices. These findings in-
dicate the possibility of magnetoelectric coupling in the
material, suggesting that electric ordering at the micro-
scopic scale may influence magnetic properties.

IV. Conclusions

Polycrystalline NiTiOs ceramics, obtained from
nanopowder synthesized via a high-temperature solid-
state reaction followed by extensive ball milling, ex-
hibits a perovskite-like trigonal structure within the R3
(No. 148) space group. Temperature dependent X-ray
diffraction study suggested the increase in unit cell
volume without the phase change in the system up
to 1000 °C. Dielectric analysis demonstrated the ma-
terial’s suitability for high-temperature capacitor appli-
cations and exhibited non-Debye relaxation behaviour,
with AC conductivity adhering to the universal power
law. Charge transport mechanisms were effectively ex-
plained by the pair approximation-based correlated bar-
rier hopping model, with the minimum hopping length
calculated to be approximately 10~* times smaller than
the grain size. Magnetoelectric coupling was examined
using vibrating sample magnetometry, highlighting the
multifunctional potential of this system. These findings
suggest that the synthesized ceramic nanopowder pos-
sesses multifunctional properties, making it a promising
candidate for high-density data storage technologies.
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