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The polycrystalline sample of La0.5K0.5Ga0.5V0.5O3 (LKGVO) was prepared
using a high-temperature solid-state reaction technique. X-ray structural
analysis of the sample confirmed the formation of a single-phase compound in
an orthorhombic crystal system. Preliminary molecular structural analysis
using infrared (IR) spectroscopy further supports the formation of a single-
phase compound. The optical indirect band gaps in LKGVO were obtained
from the ultraviolet–visible light (UV–Vis) absorption spectral analysis. The
micro-structural study on the LKGVO pellet sample by scanning electron
microscopy shows that well-defined grains are distributed uniformly
throughout the surface of the sample. Detailed studies of dielectric and im-
pedance parameters as a function of temperature and frequency have shown
the significant effect of grains and grain boundaries in the relaxation process.
A I–V characteristic of the material shows a negative temperature co-efficient
of resistance which is similar to that of a semi-conductor. Based on the
appearance of a distinct dielectric anomaly and an unsaturated P–E hys-
teresis loop, like many other compounds, the existence of ferroelectricity in the
compound can be expected in spite of it having moderate ionic conductivity.
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INTRODUCTION

Nowadays, a large number of materials of differ-
ent structural families are available for solid-state
devices. Among them, some oxides of the ABO3

(A = mono-divalent, B = tri-penta valent ions)
family are widely used for multifunctional devices
such as sensors, memory devices, detectors, solid
oxide fuel cells (SOFCs), oxygen pumps, etc. It is
interesting to observe simultaneously insulating
(ferroelectric) as well as conducting (ferrite)
characteristics in some of them, such as bismuth
ferrite, lanthanum gallate, etc. Lanthanum gallate
(LaGaO3; with some modification) has been found to
be a promising material which can be used for
various purposes: (i) as an electrolyte material of
SOFCs,1 (ii) as a substrate material for supercon-
ducting film,2 (iii) as a high dielectric-k material,3

etc. It has a distorted perovskite-type (orthorhom-
bic) structure with a phase transition at 150�C.4 In
order to develop materials for the above devices,
compositional modifications or/and formation of a
composite have been found useful. Therefore, in the
search for a new material for possible multifunc-
tional devices, several attempts have been made to
modify the composition of LaGaO3 with different
types and amounts of substituents at its different
atomic sites. Ishihara et al. suggested5 that high
ionic conductivity in this material can be induced by
introducing an oxide-ion vacancy with partial sub-
stitution of Sr2+ at the La3+ site and Mg2+ at the
Ga3+ site. Doping a small amount of Sr at the La site
and Mg and Co at the Ga site of LaGaO3 has been
found to be effective for increasing the ionic con-
ductivity of the oxide.6,7 Raghavender et al.8 found
that Ba-, Sr- and Mg-doping in LaGaO3 is more
effective for this purpose. On partial substitution,
not only the conducting property, but also the phase(Received June 20, 2015; accepted November 7, 2015;
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transition behavior of the material, can be con-
trolled. From the detailed literature survey, it is
found that not much attention has been paid on the
studies of the effect of structural defects on the
optical and electrical properties (including ionic
conductivity) of a solid solution of ferroelectric and
ionic insulators (KVO3 and LaGaO3) in equal ratios
[i.e., La0.5K0.5Ga0.5V0.5O3 (LKGVO)]. Therefore, we
propose to study the structural, optical and electri-
cal characteristics of the solid solution (LKGVO) at
and above room temperature and at atmospheric
pressure. It is expected that the replacement of La
of LaGaO3 by K ions of KVO3 may help to (i)
stabilize the crystal structure, and (ii) create oxygen
vacancies. These situations can be utilized to
achieve ferroelectricity as well as ionic conductivity
in LKGVO.9

EXPERIMENTAL DETAILS

The polycrystalline sample of La0.5K0.5Ga0.5

V0.5O3 (LKGVO) was prepared using high-purity
La2O3 (99.9%, M/s Loba Chemie), Ga2O3 (99.999%,
M/s Loba Chemie), K2CO3 (99.9%, M/s Loba Che-
mie), and V2O5 (99.9%) by a three-step synthesis
method; (i) mechanical mixing (both dry mixing and
wet mixing), (ii) high-temperature calcinations in
an air atmosphere at 1250�C for 4 h and (iii) high-
temperature sintering at 1300�C for 4 h in an air
atmosphere. The formation and quality of the
material were checked at every step using an
x-ray diffraction (XRD) technique. For structural
analysis, the XRD pattern was obtained in a wide
range of Bragg angles 2h (20� £ 2h £ 80�) with a
k wavelength = 1.5405 Å (CuKa radiation) using an
x-ray powder diffractometer (model D8 Advance,
Bruker Corporation). Study of scanning electron
micrographs of the pellet sample of LKGVO (with a
thickness of 10 mm and area of 73 mm2) at room
temperature depicts the surface morphology (i.e.,
grain size, distribution, voids, etc.) of the sample.
For dielectric and electrical characterizations, both
of the parallel surfaces of the pellets were coated
with high-quality silver paint. The dielectric con-
stant, tangent loss, impedance, and phase angle of
LKGVO were obtained as a function of frequency
(1 kHz – 1 MHz) at different temperatures (25–
450�C) using a phase sensitive meter (PSM 1735,
N4L). I-V characteristics of the sample were mea-
sured at the interval of 25�C from room temperature
to 450�C using a programmable electrometer
(Keithley, model 6517B). The hysteresis loop of the
poled sample was traced using a P–E hysteresis loop
tracer (version 4.9.0 of Radiant Technologies, Inc.).
The Fourier transform infrared (FTIR) spectra were
recorded in a KBr medium between 4000 cm�1 and
400 cm�1 using a JASCO FT/IR-4100 spectrometer.

The UV–Vis spectra were recorded using a JASCO
V-630 spectrometer.

RESULTS AND DISCUSSION

Structural and Micro-Structural Analysis

The room-temperature XRD pattern (Fig. 1a) of the
calcined powder of LKGVO shows the formation of a
single-phase compound. All the peaks of the pattern
were indexed in different crystal systems and unit cell
configurations. Based on the minimum value of dif-
ference in the observed and calculated inter-planar
spacing, an orthorhombic crystal system was selected.
The lattice parameters of the selected unit cell were
refined using the least-squares sub-routine of the
standard computer program ‘‘PowdMult’’.10 The least-
squares refined unit cell parameters are:a = 18.799 Å,
b = 16.529 Å, c = 6.077 Å and V = 1888.3 (A0)3 (with
an estimated standard deviation of the unit cell
parameters = 0.004 Å). Though these values of
LKGVO are different from those of its component
materials (LaGaO3 and KVO3), they are related to and
consistent with those of their component oxides. The
crystallite size (P) of LKGVO was estimated from the
peak broadening b1/2 (peak width at half-height) and
position (2h) of some higher angle reflections using
Scherrer’s relation,11 P = kk/b1/2cosh (k = con-
stant = 0.89, k = 0.15407 nm). The value of the crys-
tallite size was found to be @44 nm. The broadening
due to strain, instruments and others factors was
ignored in the calculation of P because of the use of the
powder sample for the XRD pattern. The tolerance
factor, t, which depicts geometric packing within a
perovskite structure, is defined by the equation,12

t ¼ rA þ rOð Þ
ffiffiffi

2
p

rB þ rOð Þ
ð1Þ

where rA, rB and rO are the average ionic radii of the
A-site cation, B-site cation and anion, respectively.
The estimated value of t was found to be 0.91. The
deviation in the value of t from that of the
stable perovskite structure (t = 1) clearly exhibits
distortion of the perovskite structure to form a new
crystal system with different cell parameters.

The scanning electron micrograph of the surface of
gold-sputtered, sintered pellet sample is shown in
Fig. 1b (inset). The micrograph generally exhibits
platelet-shaped dense grains that are randomly but
uniformly distributed and oriented. The grain size of
the sample is within a range of 3–10 lm. Further-
more, the micrograph indicates the polycrystalline
texture of the compound. Though the presence of
some pores/voids in the microstructure affects the
conductivity and other related parameters, LKGVO
still has reasonably high ionic conductivity which can
be used in fabrication of an electrolyte for SOFCs.
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Infrared Spectral Analysis

As infrared (IR) spectroscopy gives information
about the chemical composition and molecular
structure of the materials, the FTIR spectra of
LKGVO was recorded with a wide range of wave
numbers (4000–400 cm�1) at room temperature
(Fig. 2a). Generally, the La-O asymmetric stretch-
ing band is observed at 514 cm�1,13 but upon
substitution of the K+ ion at the La-site, the band
shifts to the lower frequency. Thus, taking the band
shifting into account, we attribute the mode located
at 495 cm�1 of the FTIR spectrum to an La-O
asymmetric stretching band. Again, Nadi14 ascribed
the band at 970 cm�1 as La–O stretching vibrations.
Because of the substitution of a K+ ion at the La-site
in LKGVO, the band shifts to a slightly lower
frequency; hence, the band at 964 cm�1 is assigned
to La-O stretching vibration. The bands correspond-
ing to the Ga-O stretching modes were observed at
811 cm�1 and 688 cm�1.15,16 The band at 431 cm�1

is assigned to the O-Ga-O bending mode vibration,
which are in accordance with the earlier reports.15

The IR spectra of pure V2O5 exhibits symmetric
stretching modes of the V-O-V bonds at 826 cm�1.17

In comparison to V2O5 , the V–O vibrational fre-
quency mode in LKGVO shifts towards a lower
frequency, and, hence, the symmetric stretching
bands of the V-O-V bonds are observed at
811 cm�1.The IR band at 1023 cm�1 is attributed
to a stretching mode (V=O).17

Ultraviolet–Visible Light Absorption
Spectroscopy Analyses

The optical absorbance spectra of LKGVO powder
are presented in Fig. 2b. The optical band gap
energy (Eg) was estimated by the Wood and Tauc

relation.18 According to the following relation, the
optical band gap is associated with absorbance and
photon energy may be estimated:

hta / ht� Eg

� �k ð2Þ

where a is the absorbance, h is Planck’s constant, t
is the frequency, Eg is the optical band gap and k is a
constant whose value depends on the nature of the
band transitions. For different transitions, the
value of k was estimated to be 0.5, 2, 1.5 and 3 for
direct allowed, indirect allowed, direct forbidden
and indirect forbidden bands, respectively.19 The
band gap of LKGVO powder was evaluated from the
Tauc plot by extrapolating from the linear portion of
the graph (as shown in Fig. 2b). The value of the
indirect band gap for LKGVO came out to be
4.59 eV. The indirect band gap value of LaGaO3

was reported to be 4.22 eV20 and 4.4 eV21 from
experimental analysis which is consistent with the
calculated value (3.74 eV).21 The band gap of KVO3

was reported to be within 4–4.5 eV.22 Thus, the
band gap of LKGVO is found to be increased from its
reactants LaGaO3 and KVO3.

Dielectric Properties

Figure 3a shows the frequency dependence of the
dielectric constant (er) and loss tangent (tand) of
LKGVO at different temperatures (150–400�C). The
values of the dielectric constants are found to be
very high at low frequencies (er = 124,077 at 400�C).
In the low-frequency region, the dielectric constant
decreases strongly, whereas it decreases quite
slowly in the high-frequency region. This type of
dielectric behavior of the material can be explained
by the Maxwell–Wagner and Koop’s phenomenolog-
ical models.23 According to these models, the

Fig. 1. (a) X-ray diffraction pattern of La0.5K0.5Ga0.5V0.5O3, (b) SEM micrograph of La0.5K0.5Ga0.5V0.5O3.
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dielectric structure of the ceramic material is made
up of two layers; one layer has highly conductive
grains, whereas the other has poorly conducting
grain boundaries. The grains are found to be more
effective at higher frequencies, while at lower
frequencies, the grain boundaries are more effec-
tive. The dielectric constant has a larger value in
the low-frequency region, which may be attributed
to large space charge polarization due to accumula-
tion of electrons at poorly conducting grain bound-
aries, which play a dominant role in this frequency
range. The movement of electrons inside the dielec-
tric materials at higher frequencies is hindered
because of the rapid change in their direction of
motion, which may be one of the reasons for
decreasing values of er with frequency.24 The elec-
tron transfer between the states Ga3+ to Ga2+

(depending on oxygen stoichiometry) can lead to
an increase in conductivity,25 and, thus, the ceramic
sample shows relatively high dielectric properties.
But in LKGVO, the electron hopping between Ga3+

to Ga2+ cannot follow the high-frequency ac field
and it may be responsible for the decreasing trend of
er with an increase in frequency.

Figure 3b shows the variation of the tangent loss
(tand) with frequency. In the tand–frequency plot,
well-defined peaks are observed and, with an
increase in temperature these peaks are shifting
to higher frequencies. The shifting of the loss peaks
with temperature suggests the dielectric relaxation
phenomena is occurring in the material.26

The temperature dependence of the relative
dielectric constant (er) and tangent loss (tand) at
different frequencies (1 kHz, 10 kHz, 100 kHz,
500 kHz and 1000 kHz) is shown in Fig. 3c and d,
respectively. It was observed from the plots that the
value of dielectric constant is almost constant in the

low- and medium-temperature ranges (i.e., up to
200�C), and then it gradually increases with
increasing temperature up to its maximum value
(emax) at the Curie temperature (Tc) and then
decreases with a further increase in temperature.
As LKGVO is the combination of two ferroelectric
materials, LaGaO3 and KVO3 have well-defined
transition temperatures at �145�C27 and 322�C28,
respectively. A resultant dielectric anomaly of a new
combined system (LKGVO) is expected within a
range of 145–322�C. A little deviation from our
expected peak was observed at 335�C in the present
dielectric study. This dielectric anomaly is assumed
to be related to the ferroelectric–paraelectric phase
transition, and the appearance of a hysteresis loop
at room temperature (below Tc) confirmed this
assumption. Another very weak, diffused dielectric
anomaly is observed at 249�C. This dielectric
anomaly does not correspond to ferroelectric phase
transitions. It may be related to the change in
conductivity. Above Tc, the decrease in er indicates
the paraelectric behavior of the LKGVO samples.
However, above 375�C, the increase in er can be
understood in terms of a thermally activated trans-
port property and the presence of space charges. As
the sintering temperature of LKGVO is very high,
the contribution of space charge in the dielectric
constant may be due to oxygen vacancies (OVs). As
LKGVO shows the frequency dependence of the
transition temperature, it suggests the existence of
a relaxation process in the material. Figure 3d
shows variation of tand with temperature which
follows a pattern similar to er. In the low-tempera-
ture region, the rate of tand increase is found to be
small, whereas at higher temperatures, it increases
significantly. The generation of a large number of
charge carriers and defects in the sample leads to a

Fig. 2. (a) FTIR spectra of La0.5K0.5Ga0.5V0.5O3, (b) UV spectra of La0.5K0.5Ga0.5V0.5O3.
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rise in conductivity and this may be responsible for
the sharp increase in tand at higher temperatures.
Moreover, the contribution of ferroelectric domain
walls to tand being less causes the rise in tand
values at high temperatures.29 The decrease of the
maximum value of relative dielectric constant and
tangent loss (emax and tandmax) with frequency, as
observed from Fig. 3c and d, is a normal trend in
ferroelectric materials. The loss of oxygen during
high-temperatures sintering leads to ionic conduc-
tivity, which may be attributed to the dispersion of
tand at a higher temperature. In the region of phase
transition the dielectric peaks were found to be
broadened. The degree of disorder or diffusivity of
the peaks can be estimated by calculating the
diffusivity (c) using the empirical relation,30

1

er
� 1

emax
¼ c ln T � Tcð Þ þ constant ð3Þ

where er, emax are the relative dielectric constant
and its maximum value at temperature T and Tc ,
respectively. The type of phase transition can be
determined from the value of c. For materials
obeying the normal Curie–Weiss law, c = 1, whereas
for a completely disordered system, its value is 2.
From Fig. 4b, the diffusivity (c) was found to be 1.8
at 1 kHz and this confirms the diffuse phase
transition of LKGVO.

As LKGVO was sintered at a very high temper-
ature, there may be oxygen vacancy at such a high
sintering temperature and this can be represented
by using Kröger and Vink notation31 as:

Oo ! 1=2O2 " þV 00
0 þ 2e� ð4Þ

where V0¢¢ denotes oxygen vacancies. The defects
such as oxygen vacancies (V0¢¢) induce disorder in
the system,32 and, thus, the diffuse type phase
transition occurs.

Polarization Study

Figure 4a shows the hysteresis loop of the
LKGVO ceramic measured at various electric fields
at room temperature at 200 Hz. The ferroelectricity
of the material at room temperature is confirmed by
the occurrence of a polarization–electric field hys-
teresis loop at that temperature. From the hystere-
sis loop, it is seen that the polarization (2Pr) and
coercive fields (2EC) increase with an increased
electric field. The remnant polarization (2Pr) and
coercive field (2EC) measured at 6 kV (200 Hz) are
found to be 0.48 lC/cm2 and 38.7 kV/cm, respec-
tively, and at 7 kV (200 Hz), these parameters are
found to be 0.58 lC/cm2 and 45.9 kV/cm, respec-
tively. However, the value of the saturation polar-
izations (2Ps) measured at 6 kV and 7 kV are found
to be 0.44 lC/cm2 and 0.52 lC/cm2, respectively.
The remnant polarization in both loops is margin-
ally more than that of saturation polarization. The
reasons behind this may be (i) induced polarization,
(ii) non-uniform polarization because of a polariza-
tion gradient, (iii) inhomogeneous domains created
in/on the surface of sample, and/or (iv) influence of
the electrode at a microscopic level. From the
dielectric data, we obtained the transition

Fig. 3. Variation of (a) relative dielectric constant (er) and (b) tangent loss (tan ð; in inset) with frequency at different temperatures. Variation of
(c) relative to dielectric constant (er) and (d) tangent loss (tan ð; in inset) with temperature at different frequencies of La0.5K0.5Ga0.5V0.5O3.
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temperature at 335�C. It was not possible to check
the transition temperature (obtained with dielectric
study) due to limited experimental temperature
facilities. The nature of the loop clearly suggests
that the lack of a sufficient electric field, the
existence of a high leakage current, a high tangent
loss and the high ionic conductivity of the material
have prevented a saturated hysteresis loop to confirm
proper ferroelectricity in the sample. However, the
observation of ferroelectricity in LKGVO is very
much consistent with others where this property
(ferroelectricity) has been reported in many oxide
ionic conductors of a different structural family,
namely, Na1/2Bi1/2TiO3,33 Bi5TiNbWO15,34 Ca9Bi
(VO4)7,35 Ba5Li2Ti2Nb8O30,

36 Ba3(TiNb4)015,
37 K6Li4

Ta10O30–Pb5Ta10O30.
38 Further, based on the dielec-

tric anomaly and an even unsaturated hysteresis
loss, one may accept the existence of ferroelectricity
in LKGVO. However, some more experiments can
help support the above finding of the materials.

Impedance Spectroscopy

The impedance data recorded over a wide fre-
quency range at various temperatures is shown as a
Nyquist diagram in Fig. 5. The plots are analyzed
by distorted or depressed semicircles, whose centers
lie below the real axis. This decentralization follows
Cole–Cole’s formalism:

Z� xð Þ ¼ R=
�

1 þ jx=xoð Þ1�n� ð5Þ

The depressed semicircle designates a non-Debye
type of relaxation, i.e., a phenomenon with a distri-
bution of relaxation times. The value of n is in
between zero and one. This exponential parameter
shows the distribution of relaxation times.39,40 The

non-ideal or non-Debye behavior is correlated to
several factors as the grain size distribution, grain
orientation, grain boundaries, etc. The appearance of
single semicircular arcs at 150�C in the Nyquist plots
stipulates that electrical conduction is owing to the
bulk effect only, which is well-fitted by a parallel R–C
circuit. The occurrence of double semicircular arcs at
200�C and 250�C manifests that electrical conduc-
tion is owing to the bulk and grain boundary effects,
and modeled by a series combination of two parallel
R–C circuits. As three semicircular arcs are observed
within the temperature range of 280–450�C, electri-
cal conduction in this temperature range owes not
only to the bulk and grain boundary effect but also to
the electrode polarization, which is well fitted by a
series combination of three parallel R–C circuits.41

The intercept of the semicircular arc on the real axis
(Z¢) gives values of bulk resistance (Rb), grain
boundary resistance (Rgb) and electrode resistance
(Re) at different temperatures, which are given in
Table I. From the table, it can be noted that the
values of Rb, Rgb and Re decrease with an increase in
temperature, which points out the reduction in
resistive behavior of the material.

The frequency dependence of Z¢ and Z¢¢ at selected
temperatures is shown in Fig. 6a and b within the
frequency range of 100 Hz to 1 MHz. The value of Z¢
decreases with a rise in both the frequency and
temperature, which indicates an increase in its
conductivity. The decrease in the magnitude of Z¢
with increasing temperature in the low-frequency
region shows the negative temperature coefficient of
resistance (NTCR) behavior of the material. The
release of space charges may be responsible for the
merger of curves42 at a high frequency, and this, in
turn, results in the lowering of the barrier proper-
ties of LKGVO in that frequency at higher
temperatures.

Fig. 4. (a) P–E hysteresis loop for various fields at room temperature of La0.5K0.5Ga0.5V0.5O3, (b) Variation of ln (1/er � 1/emax) with ln (T � Tc)
of La0.5K0.5Ga0.5V0.5O3.
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The frequency dependence of Z¢¢ at some selected
temperatures is shown in Fig. 6b. This plot is
suitable for evaluation of the relaxation frequency
of the most resistive contribution. The absence of

peaks (up to a temperature of 300�C) in the plot
suggests the absence of current dissipation in this
temperature region within a frequency range of
1 kHz–1 MHz. The low-temperature peaks

Fig. 5. Variation of Z¢ with Z¢¢ of La0.5K0.5Ga0.5V0.5O3 at different temperatures.

Table I. Comparison of bulk resistances (Rb), grain boundary resistances (Rgb), electrode resistances (Re), n
values and dc conductivities (from Nyquist plots and conductivity measurements) at various temperatures

Temperature (in �C) Rb (in X cm2) Rgb (in X cm2) Re (in X cm2) N rDC (S cm21) rDC (S cm21)

100 6.57 9 107 – – 0.68 2.76 9 10�7 2.35 9 10�7

150 1.20 9 107 – – 0.6 1.50 9 10�6 4.45 9 10�6

200 5.28 9 105 2.25 9 105 – 0.5 3.4 9 10�5 3.0 9 10�5

250 4.66 9 104 1.96 9 104 – 0.49 3.8 9 10�4 1.2 9 10�4

300 1.37 9 104 856.6 884.4 0.48 1.3 9 10�3 2.0 9 10�3

350 580.3 380.7 528.9 0.47 3.1 9 10�2 1.2 9 10�2

400 373.4 87.28 13.87 0.46 4.8 9 10�2 3.0 9 10�2

Fig. 6. Variation of (a) Z¢ with frequency, (b) Z¢¢ with frequency of La0.5K0.5Ga0.5V0.5O3 at different temperatures.
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(<300�C) were expected to be beyond the range of
frequency used. Again, in LKGVO, there may be the
presence of an electrical relaxation process with the
temperature dependence of the relaxation time,
because with an increase in temperature, the asym-
metrically broadened peaks are shifting toward the
higher frequency side.40

Electrical Conductivity Analysis

Figure 7a shows the variation of the ac conduc-
tivity (rac) of LKGVO with frequencies. The value of
ac conductivity was calculated from the dielectric
data using the relation: rac = xere0tand, where x is
the angular frequency, er is the relative dielectric
constant, e0 is the permittivity of free space and tand
is the tangent loss. The nonlinear response of
conductance to the application of frequency can be
clearly seen (Fig. 7). The conductance remains
constant for a lower frequency and then starts
increasing with the increase in frequency. This
value of frequency up to which the ac conductivity is
constant is known as hopping frequency and, on
increasing temperature, it shifts towards the higher
frequency. The part below the hopping frequency
corresponds to the rdc. These features suggest that
the mechanism of electrical conduction in the
material is a hopping type, which follows the
Jonscher’s power equation.

rac xð Þ ¼ r 0ð Þ þ r1 xð Þ ¼ rdc þ Axn ð6Þ

where rdc is the dc conductivity at a particular
temperature, A is a temperature-dependent con-
stant, which determines the strength of polarizibil-
ity, and n is a temperature-dependent exponent in
the range of 0< n< 1. According to many body
interaction models,43 the value of n characterizes
the interaction between all dipoles participating in
the polarization process. n = 1 implies a pure Debye
case. The value of n (as given in Table I) is observed
to be less than one in the studied compound,
indicating the existence of a non-Debye type of
conduction mechanism. From the nonlinear fitting,
it is found that that the motion of the charge
carriers is translational as n< 1. From Table I, it
can be seen that the value of n decreases with
increasing temperature, so our experimental results
are consistent with the model based on classical
hopping of electrons over a barrier,44 which predicts
the decrease in the value of n with an increase in
temperature. Thus, again, it indicates that the
classical concept of hopping of electrons may dom-
inate in the system. This indicates that the conduc-
tion process is a thermally activated process.

Figure 7b shows the variation of ac conductivity
(rac) of LKGVO with the inverse of absolute tem-
perature (103/T) at different frequencies. From the
plot, the frequency-independent ac conductivity has
been obtained at high temperatures, which indi-
cates the existence of long-range movement of
mobile charge carriers. The nature of variation of

rac is almost linear over a wide temperature region,
obeying the Arrhenius relationship:

rdc ¼ r0 exp �Ea=KBTð Þ ð7Þ

where KB is the Boltzmann constant, r0 is the pre-
exponential factor, and Ea is the activation energy of
the mobile charge carriers. The nature of variation
of conductivity shows the NTCR behaviour of
LKGVO. The calculated activation energy (Ea) of
the sample in the high-temperature range at fre-
quencies 1 kHz, 10 kHz, 100 kHz, 500 kHz and
1000 kHz is 0.82 eV, 0.71 eV, 0.59 eV, 0.51 eV and
0.46 eV, respectively, which shows the decrease in
the value of activation energy of the compound with
increasing frequency. The activation energies are
the sum of the energies required for generation of
charge carriers and their motion into the vacancies,
but in case of polycrystalline materials, the defects
may provide additional acceptor centers at higher
temperatures.45 Thus, on increasing the frequency,
the activation energy decreases by reducing their
role as an acceptor.

The Arrhenius plot for the dc electrical conductiv-
ity (rDC) of the sample is shown in Fig. 8a. The values
of rDC with bulk contributions were calculated using
the relation rDC = RbA/t, where Rb is the bulk
resistance, t is the thickness and A is the area of
the electrode deposited on the sample. From the plot,
it is observed that logrDC of the sample increases
with increasing temperature, indicating a typical
characteristic of a semiconductor (i.e., negative
temperature coefficient of resistance). The change
in conductivity is a thermally activated process
governed by the Arrhenius relation rDC = r0 Exp
(�Ea/kT), where r0 is the pre-exponential factor, Ea

is activation energy, k is the Boltzmann constant and
T is absolute temperature. The increase in conduc-
tivity of the bulk with temperature may be due to the
oxygen vacancies, which are usually created during
high-temperature sintering, and the charge compen-
sation.44 The activation energy for grain conductiv-
ity was calculated from the slope of the linear portion
of the plot, and was found to be 0.93 eV and 1.13 eV
for low- and high-temperature regions, respectively.
The conduction in the low-temperature region is,
presumably, dominated by the extrinsic impurity
conduction, whereas the conduction at high temper-
atures is due to the intrinsic defects.46

Figure 8b shows a typical variation of the relax-
ation time with the inverse of absolute temperature
(103/T). The activation energy (Ea) was evaluated
from the slope of the graph using the Arrhenius
expression:

s ¼ s0Exp �Ea=kTð Þ ð8Þ

where s0 is the pre-exponential factor, k is the
Boltzmann constant and T is the absolute
temperature.

From the plot, the value of activation energy is
found to be 1.07 eV, which is approximately the
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same as the energy required (1 eV) for motion of
oxygen vacancies.47 This confirms that the move-
ment of oxygen vacancies is mainly responsible for
the observed conductivity in the material.47

Leakage Current Characteristics

Figure 9b shows the current density (J) versus
electric field (E) plot of LKGVO. The current density
is low in the low-electric field region which increases
sharply above 100 kV/cm. The abrupt increase of
leakage current with an increase in electric field
indicates that there may be some other conduction
mechanism dominating in the conduction process.45

The oxygen vacancies, electron transfer between
Ga3+ to Ga2+, and various defects such as

stoichiometry, pores or cracks are mainly responsi-
ble for the large leakage current of the material.46

The leakage current mechanism was analyzed using
the logarithmic plot of J versus E of LKGVO. In the
low-electric field region, the conduction properties
follow Ohm’s law, J a Ea where a the nonlinearity
coefficient and is defined as a = d(log J)/d(log E).
The leakage current density for Ohmic conduction
can be expressed by J = elNeE, where e is the
electron charge, l is the free carrier mobility, Ne is
the density of the thermally stimulate electrons,
and E is the applied electric field. On increasing the
applied electric field, the value of the slope (a) was
observed between 1 and 2, which indicates a change
of the conduction mechanism from Ohmic to a trap-
free type, which is in accordance with space charge-

Fig. 7. Variation of ac conductivity of La0.5K0.5Ga0.5V0.5O3 (a) with frequency at different temperatures and (b) with the inverse of the absolute
temperature at different frequencies.

Fig. 8. Variation of (a) dc conductivity and (b) relaxation time with inverse of absolute temperature of La0.5K0.5Ga0.5V0.5O3.
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limited current conduction (SCLC).48 In the high-
electric field region, the density of free electrons
(due to injection of charge carriers) becomes greater
than the density of thermally stimulated electrons.
The current density for SCLC conduction is given by

J ¼ 9e0erlh
8

V2

d3
ð9Þ

where V is the applied voltage, er is the dielectric
constant, e0 is the permittivity of free space, d is the
thickness of the sample, and h is the ratio of the
total density of free electrons to the trapped elec-
trons. The SCLC is considered normal leakage
behavior and correlates with oxygen vacancies in
the material.49 Thus, the leakage current observed
in LKGVO was originated from Ohmic and SCLC
conduction mechanisms.

Ion Transport Number Determination

The ionic transport number of LKGVO has been
obtained by using a dc polarization technique with a
fixed applied voltage (400 V) across the sample cells.
The variation in the polarisation current as a
function of time at a fixed dc field is shown in
Fig. 9a. As shown in the figure, current decreases
exponentially with time. The current decreases
from a maximum value with time due to polarisa-
tion of charges at respective electrodes, and, finally,
it reaches a residual constant value. The initial total
current (It) is due to ionic and electronic conduction
while the constant residual current (Ie) is due to the
electronic conduction only. The ionic transport
number is calculated by using the equation

tion ¼ 1 � re

rt
¼ 1 � Ie

It
ð10Þ

Ideally, for pure ionic conductors, tion = 1 and for
mixed conducting systems (partly ionic and partly
electronic), it lies between zero and one. The trans-
port number of LKGVO, as calculated from the plot
(Fig. 9a) at room temperature, is found out to be
0.99. Thus, the sample behaves more as an ionic
conductor than an electronic conductor at room
temperature. As the value of total conductivity at
room temperature is calculated to be 2.71601E�8
S/cm, the value of ionic conductivity at room tem-
perature will be 2.69E–8 S/cm. As the ionic conduc-
tivity increases with rising temperature, the total
conductivity of the sample at 400�C is found to be
4.8 9 10�2 S/cm (Table I). Therefore, we expect that
the ionic conductivity of LKGVO at 400�C will also
be of the order of 10�2 S/cm. The materials to be used
in SOFCs as electrolytes should have ionic conduc-
tivity greater than or equal to 10�2 S/cm. Thus, we
envisage that LKGVO can be used in SOFCs as an
electrolyte at high temperature (‡400�C).

CONCLUSION

The polycrystalline LKGVO was prepared by
using a high-temperature solid-state reaction
method. The structure is confirmed to be
orthorhombic. Dielectric studies showed two dielec-
tric anomalies, suggesting the existence of some
phase transitions in the material. The frequency-

Fig. 9. Variation of (a) polarisation current as a function of time at room temperature and (b) variation of current density with electric field at
various temperatures.
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temperature dependence of dielectric maximum
suggests the relaxor nature of the LKGVO ceramics.
The nature of variation of dielectric characteristics
has been explained by the Maxwell–Wagner and
Koop’s phenomenological models. The unsaturated
lossy hysteresis loop confirms the existence of
ferroelectricity in the ionic conductor. Impedance
studies reveal that material has a non-Debye type of
dielectric relaxation. The grain and grain boundary
effects were found to dominate at low temperatures,
whereas interfacial polarization played an impor-
tant role in the conduction mechanism at high
temperatures. It witnesses the inter-competition
between the grain boundary and electrode effect
within frequency windows. It also reveals that both
grain and grain boundary resistance decrease with
a rise in temperature, indicating the existence of the
negative temperature coefficient of resistance
(NTCR) behavior of the sample. Detailed studies of
electrical conductivity indicate that electrical con-
duction in the material is due to a thermally
activated process. The temperature dependence of
electrical conductivity also suggests a typical NTCR
behavior for LKGVO. This may be attributed to the
mobility of oxygen vacancies/defects created at
elevated temperatures. The ac conductivity spec-
trum is found to obey Jonscher’s universal power
law. The dc conductivity of LKGVO was calculated
to be of the order of 10�2 S/cm at 400�C. As LKGVO
shows a high transport number and, hence, high
ionic conductivity, and also exhibits stability at high
temperature, the material may thus be used as an
electrolyte material for SOFCs.
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