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Barium orthoniobate (Ba3Nb2O8), a derivative of the perovskite family, was
prepared using a high-temperature solid-state reaction technique (calcination
temperature = 1425�C and sintering temperature = 1450�C for 4 h). Pre-
liminary x-ray structural analysis with room-temperature x-ray diffraction
data confirmed the formation of a single-phase compound with hexagonal
crystal structure. Study of the microstructure of a gold-coated pellet by
scanning electron microscopy (SEM) showed that the sample has well-defined
grains that are distributed uniformly throughout the surface of the sample.
Detailed studies showed that the dielectric parameters (er and tan d) of the
compound at three different frequencies (10 kHz, 100 kHz, and 1000 kHz) are
almost constant in the low-temperature region (from room temperature to
about 200�C). An anomaly in the relative permittivity (er) (�357�C) suggests
the possible existence of a ferroelectric–paraelectric phase transition of diffuse
type in the material. Detailed studies of impedance and related parameters
show that the electrical properties of the material are strongly dependent on
temperature, showing good correlation with its microstructure. The bulk
resistance (evaluated from impedance studies) is found to decrease with
increasing temperature. This shows that the material has negative tempera-
ture coefficient of resistance (NTCR), similar to that of semiconductors.
Studies of electric modulus indicate the presence of a hopping conduction
mechanism in the system with nonexponential-type conductivity relaxation.
The nature of the variation of the direct-current (dc) conductivity with tem-
perature confirms the Arrhenius and NTCR behavior in the material. The
alternating-current (ac) conductivity spectra show a typical signature of an
ionic conducting system and are found to obey Jonscher’s universal power law.
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INTRODUCTION

Since the discovery of ferroelectricity in Rochelle
salt in 1921,1 a large number of dielectric materials of
different structural families have been studied for
possible industrial applications. Out of the large
number of ferroelectric compounds available today,
barium titanate (BaTiO3) of the perovskite family of

ABO3 type (A = mono-divalent, B = tri-hexavalent
ions) has attracted much attention from researchers
because of its unusual properties that are useful for
devices. Some of the simple or complex oxides derived
from the perovskite structure are structurally more
stable at room temperature.2,3 In the process of
searching for new oxides (containing rare-earth ions),
the calcium oxa-metallate family has been extensively
studied.4 Such orthometallates of alkaline-earth
metals, with general formula A3B2O8 or A3(BO4)2
(A = divalent metal, B = pentavalent metal), e.g.,
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Ba3V2O8 and other modifications of such species, have
attracted much attention from scientists because of
their promising transport and ferroelectric properties
and are used in solid-state devices including lasers,
luminescent lamp coatings, flat-panel displays,
microwave filters and antennas, etc.5–11

Recently, cation-deficient hexagonal (perovskite-
based) materials have attracted much attention for
use in applications of microwave technologies due to
their low dielectric loss, relatively high permittivity,
and small temperature coefficient of resonant fre-
quency.11–19 Among these hexagonal perovskites,
some compounds with general formula AnBn�dO3n�x

(d ‡ 1, x ‡ 0) have been prepared by varying the ratio
of cubic (c) and hexagonal (h) stacking of (AO3) layers
with B-cation occupying octahedral cavities. When
the cationic ratio of A to B is 3:2 (i.e., n = 3, d = 2), one
of every three B-sites remains unoccupied and dif-
ferent structures can be formed depending on the
composition and extent of anion deficiency;20 For
example, with x = 0, two polytypes can be adopted:
(a) Ba5Nb4O15-type ceramics, where the (AO3) layers
are hexagonal close packed and an empty octahedron
is situated between face-sharing octahedra,21 and
(b) the 9R-type structure, where the stacking
sequence is (hhc)3 and a vacant octahedral cavity is
located between corner-sharing octahedra. The or-
dered distribution of cation vacancies reduces the
repulsion between B-site cations in face-sharing
octahedra, hence stabilizing the crystal structure.22

When x = 1 (e.g., Ba3Nb2O8), the palmierite struc-
ture is derived from that of the 9R polytypes. In this
case, oxygen-deficient cubic (AO2) layers are formed,
which forces a change in coordination of the B atoms
from octahedral to tetrahedral. Further study of the
BaO-rich part of the BaO–Nb2O5 binary system (i.e.,
Ba3Nb2O8 and Ba4Nb2O9) reveals that such com-
pounds contain transition metals in oxidation states
with d0 electronic configuration. Because of their
composition, they are sensitive to decomposition in
ambient air. The crystal chemistry of the BaO–
Nb2O5 binary system is typified by octahedral (NbO6)
units, except for Ba3Nb2O8, which adopts the salt-
like palmierite-type structure with isolated tetrahe-
dral (NbO4)3� oxyanions.23 Apart from several
structural studies on Ba3Nb2O8 and other similar
compounds, Vanderah et al.23 reported the phase
equilibria and crystal chemistry in the BaO–Nb2O5

systems and the same system modified by alumina.
Further, Gonzalez et al.24 studied the cation-defi-
cient molybdenum-modified BaO-rich system using
Raman spectroscopy. Recently, study of polymorphic
phase transitions in Ba4Nb2O9, one of the BaO–
Nb2O5 systems, was reported by Bezjak et al.25

Detailed literature survey on these materials
shows that, except for some work on structural
properties and subsolidus phase equilibria of
Ba3Nb2O8 and other similar BaO-rich systems,23–25

not much work on structural and electrical proper-
ties has been reported. In view of the importance of
the material for possible device applications, in the

present work we attempted to synthesize Ba3Nb2O8

by a standard solid-state reaction route and study
its structural and electrical properties for better
understanding of the material.

EXPERIMENTAL PROCEDURES

Material Preparation

A polycrystalline sample of Ba3Nb2O8 was pre-
pared by a high-temperature solid-state reaction
method (calcination temperature = 1425�C) using
appropriate amounts (stoichiometric ratio) of high-
purity [analytical reagent grade] precursors:
BaCO3 (99%; M/s s.d. Finar chem. Pvt. Ltd., India)
and Nb2O5 (99.9%; M/s LOBA Chemie Pvt. Ltd.,
India). These ingredients were mixed first
mechanically in an agate mortar and pestle for an
hour followed by wet grinding (in methanol) for
another hour to obtain a homogeneous mixture of
the constituents. This mixture was finally calcined
at 1425�C (decided on the basis of repeated firing/
mixing) for 4 h in air. The formation of the desired
compound was checked by preliminary x-ray
structural analysis. The calcined powder of the
compound was cold pressed into cylindrical pellets
(10 mm diameter, 1 mm to 2 mm thickness) using
polyvinyl alcohol (PVA) as binder, applying an
isostatic pressure of 4 9 106 N/m2. The pellets were
then sintered using an optimized temperature
(1450�C) and time (4 h) in air atmosphere. The
sintered pellets were then polished by fine emery
paper to make their faces smooth and parallel. To
study the electrical properties of the compound,
both of the flat and parallel surfaces of the pellets
were electroded with air-drying conducting silver
paste and then dried at 150�C for 8 h to remove
moisture (if any) and then cooled to room temper-
ature before taking electrical measurements.

Fig. 1. XRD pattern of Ba3Nb2O8 at room temperature.
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Material Characterization

The formation and quality of the compound were
checked using the x-ray diffraction (XRD) pattern of
the material, recorded at room temperature using a
x-ray powder diffractometer (XPERT-PRO, DISIR)
with Cu Ka radiation (k = 1.5405 Å) in a wide range
of Bragg angle h (0� £ 2h £ 60�) at scanning rate of
2�/min. The microstructure of the sintered pellet
was recorded at room temperature using a scanning
electron microscope (SEM, JEOL JSM-5800). The
impedance and related parameters were measured
as a function of temperature (30�C to 500�C) over a
wide range of frequencies (100 Hz to 1 MHz) using a
computer-controlled phase-sensitive meter (PSM
LCR 4NL, model 1735, UK) with a laboratory-
designed and fabricated sample holder and a small
vertical pit furnace. A chromel–alumel ther-
mocouple and a digital millivoltmeter (KUSAM
MECO 108) were used to record temperatures. An
input ac signal of small voltage amplitude (�1 V)
was applied across the sample cell, followed by
thermal stabilization for 2 h prior to the measure-
ments.

RESULTS AND DISCUSSION

Structural Properties

Figure 1 shows the room-temperature XRD pattern
of Ba3Nb2O8 calcined powder. The diffraction pattern
consists of a number of sharp peaks that are different
from those of the ingredients. This pattern reveals
better homogeneity and crystallization of the mate-
rial, thus confirming the formation of a new poly-
crystalline single-phase compound. All the peaks of
the pattern could be indexed to different crystal sys-
tems and unit cell configurations using the standard
computer program package POWD. A hexagonal unit
cell was selected on the basis of good agreement
between observed and calculated interplanar spacing
d [i.e., minimum

P
Dd =

P
(dobs � dcal)]. The lattice

parameters of the selected unit cell were refined using

the least-squares subroutine of the standard computer
program package.26 These refined lattice parameters
are: a = 4.4104(4) Å and c = 21.336(4) Å (the number
in parenthesis being the estimated standard devia-
tion). Using the refined lattice parameters, each peak
was finally indexed and the interplanar spacing (d) of
the reflection planes of the compound was calculated
and compared with its observed value (Table I). The
value of the coherently scattered crystallite size
(average) P of the compound calculatedusing Scherrer
equation [P = kk/(b1/2cos h), where k = 0.89, k =
1.5405 Å, and b1/2 is the broadening of peak at half the
wavelength] was found to be 12 nm. It was found that
the refined unit cell parameters with the proposed
(hexagonal) crystal structure of the sample were
highly consistent with those reported earlier.23,25 As
powder samples were used to obtain the XRD pattern,
contributions from strain and other effects in the
broadening of the XRD peaks and crystallite size cal-
culation were ignored.

Figure 2 shows a SEM micrograph of a sintered
pellet recorded at room temperature. The micro-
graph shows a group of small-sized grains homoge-
neously distributed throughout the surface of the
sample. In spite of sintering at an optimized high
temperature, some voids of irregular shape and
dimension are still observed. Most of the grains
have dimension in the range of �2 lm to 10 lm.

Dielectric Properties

Figure 3 shows the temperature dependence of
the relative permittivity (er) and loss tangent (tan d)
of Ba3Nb2O8 at some selected frequencies (10 kHz,
100 kHz, and 1 MHz). It is observed that both er and
tan d decrease with increasing frequency, which is a
general feature of dielectric materials.27 The value
of er is almost constant in the low-temperature
range (from room temperature to about 200�C), and
with further increase in temperature, it increases
gradually to its maximum value (emax) and then
decreases. This dielectric anomaly, observed at

Table I. Comparison of dobs, dcal, and h k l value of all the reflections of XRD peaks

Sl. No. 2h (�)

d-Spacing

Rel. Int. (I/I0)

Miller Indices

dobs dcal h k l

1 24.36 3.6508 3.6555 10 4 2 0
2 27.61 3.2280 3.2239 88 6 0 0
3 28.86 3.0909 3.0974 63 5 2 1
4 30.26 2.9510 2.9498 100 6 1 0
5 30.85 2.8959 2.9083 44 5 0 2
6 39.25 2.2933 2.2918 23 6 2 1
7 41.40 2.1791 2.1763 41 7 3 1
8 42.76 2.1129 2.1113 22 2 1 2
9 46.91 1.9352 1.9343 08 10 0 0
10 49.86 1.8274 1.8278 7.5 8 4 0
11 52.21 1.7505 1.7496 21 9 2 1
12 53.62 1.7077 1.7082 17 7 5 1
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357�C, usually referred to as the transition tem-
perature (Tc), suggests a transition from a ferro-
electric to paraelectric phase.28 Above Tc, the
increase of er (at lower frequencies) may be due to
space-charge polarization which arises from mobil-
ity of ions and imperfections in the material. These
combined effects produce a sharp increase in the
relative permittivity with increasing temperature.
The maximum value of the relative permittivity at
Tc (i.e., emax) for the frequencies of 10 kHz, 100 kHz,
and 1 MHz are 210, 190, and 183, respectively. As
the compound exhibits a frequency-independent
transition temperature (i.e., no dispersion), the
material is of nonrelaxor type. The relative per-
mittivity decreases with rise in frequency because of
the absence of dipolar and ionic polarization at
higher frequencies.

Figure 3 further shows that the value of tan d
increases with rise in temperature. The rate
of increase of tan d in the material in the

low-temperature region is slow, whereas at higher
temperatures the increase is relatively sharper.
This sharp increase in tan d at higher temperatures
may be due to (i) scattering of thermally activated
charge carriers, (ii) some inherent defects in the
sample, and (iii) creation of oxygen vacancies during
sample preparation. At higher temperatures the
conductivity begins to dominate, which in turn is
responsible for the rise in tan d. Again, the disper-
sion in tan d at higher temperatures, an important
characteristic of normal ferroelectric materials, may
be attributed to nonnegligible ionic conductivity in
the material arising due to loss of oxygen during
sintering at high temperatures. At the same time,
the defect structure along with the presence of Nb5+

ions accounts for its high-temperature ferroelectric
behavior.23

The permittivity peaks are found to become
broadened or diffuse with increasing frequency. To
estimate the degree of diffuseness, a general

expression: ln 1
er
� 1

emax

� �
¼ c lnðT � TcÞ þ const:29 was

used, where the symbols have their usual meanings.
The value of diffusivity (c), calculated from the slope

of ln 1
er
� 1

emax

� �
versus lnðT � TcÞ plots (Fig. 4), was

found to be 1.47 at 100 kHz. This value of c
(1< c< 2) confirms the presence of a diffuse phase
transition in the material. Diffuse phase transitions
are usually observed in complex and disordered
systems (such as the studied compound), which can
be explained by the presence of certain inequivalent
positions in the elementary cell.30

Impedance and Modulus Spectroscopy

Complex impedance spectroscopy (CIS) is a sim-
ple nondestructive technique to study the contri-
bution of grains, grain boundary effects, and other
electrical processes in a material. The CIS tech-
nique is based on analyzing the ac response of a

Fig. 2. SEM micrograph of Ba3Nb2O8 at room temperature.
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system to a sinusoidal perturbation, with sub-
sequent calculation of impedance and related
parameters as a function of frequency at different
temperatures.31–33 This technique is particularly
useful to separate the contributions of (i) bulk, (ii)
grain boundary, and (iii) electrode polarization in
the complex impedance and other related parame-
ters along with their equivalent circuits. The
impedance and related parameters of a material
give data having both real (resistive) and imaginary
(reactive) components. The following basic equa-
tions in terms of impedance and electrical modulus
were used to study the electrical properties of the
samples:

(i) Complex impedance Z*(x) = Z¢ � jZ¢¢ = Rs � j/
xCs

(ii) Complex electrical modulus M�ðxÞ ¼ 1
e�ðxÞ ¼

M0 þ jM00 ¼ jxC0Z�

(iii) Complex admittance Y� ¼ Y 0 þ jY 00 ¼ jxC0e� ¼
ðRpÞ�1 þ jxCp

(iv) Complex permittivity e� ¼ e0 � je00

(v) Loss tangent tan d ¼ e00
e0 ¼ � Z0

Z00 ¼ M00

M0 ;

where x = 2pf is the angular frequency, C0 is the
geometrical capacitance, and j2 = �1. Subscripts ‘‘p’’
and ‘‘s’’ indicate the equivalent parallel and series
circuit components, respectively.

The peak of the high-frequency semicircular arc in
the complex impedance spectra enables us to evalu-
ate the relaxation frequency (xmax or fmax) of the bulk
material using the relation: xmaxs = xmaxRbCb = 1
or, 1/2pfmax = RbCb, where Rb and Cb are the bulk
resistance and bulk capacitance, respectively.

Complex Impedance Analysis

Figure 5a, b shows complex impedance spectra
(Nyquist plot) of the compound obtained at different
temperatures (>250�C) over a wide range of fre-
quency (100 Hz to 1 MHz). The impedance property
of the material is characterized by the formation of

semicircular arcs whose pattern of evolution chan-
ges with change in temperature. The extent of the
intercept of the semicircles with the real axis
(x-axis) and their number in the spectrum provide
information on the kind of electrical processes
occurring within the material. The correlation
between these arcs and the microstructure of the
material can be established using an equivalent
electrical circuit. The semicircular arcs of the
impedance pattern can mainly be attributed to a
parallel combination of resistance and capacitance.
As the temperature increases from room tempera-
ture, the straight lines progressively convert into
semicircular arcs with a shift of the center towards
the origin of the complex plane plot. On further
increase in temperature, the slope of the line
decreases and bends towards the Z¢-axis (above
450�C), thus a semicircle could be observed, indi-
cating an increase in the conductivity of the sam-
ple.34,35 The presence of semicircular arcs for
temperatures above 450�C suggests that the elec-
trical processes in the material arise basically due to
the contribution from bulk material (grain interior),
which thus can be modeled as an equivalent elec-
trical circuit (Fig. 5) comprising a parallel combi-
nation of the bulk resistance (Rb) and bulk
capacitance (Cb).36 The electrical process at high
temperatures may be considered as due to intra-
grain phenomena. Figure 5b compares the complex
impedance plots with fitted data using commercially
available software (ZSIMP WIN version 2). For an
ideal Debye-like response, the equivalent circuit
consists of a CQR parallel combination, where Q is
known as a constant-phase element (CPE). The
admittance of Q is defined as Y(CPE) = A0(jx)-
n = Axn + jBxn, with A = A0cos(np/2) and
B = A0sin(np/2), where A0 and n are frequency-
independent but temperature-dependent parame-
ters. The magnitude of the dispersion is determined
by knowing the value of A0. The value of n is such
that 0 £ n £ 1, where n = 1 corresponds to the
behavior of an ideal capacitor and n = 0 represents

Fig. 5. Variation of Z¢ with Z¢¢ of Ba3Nb2O8 at different temperatures
along with the equivalent circuit.

Table II. Bulk resistance and capacitance at
different temperatures

Temperature (�C) Rb (X) Cb (F)

175 7.97 9 107 1.003 9 10�10

200 2.519 9 107 9.645 9 10�11

225 2.004 9 107 1.005 9 10�10

250 1.395 9 107 1.014 9 10�10

276 9.823 9 106 1.023 9 10�10

301 7.465 9 106 1.029 9 10�10

325 5.915 9 106 1.026 9 10�10

349 4.642 9 106 1.026 9 10�10

376 2.698 9 106 1.007 9 10�10

400 2.148 9 106 9.998 9 10�11

425 1.736 9 106 1.004 9 10�10

449 1.167 9 106 9.879 9 10�10
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that of an ideal resistor.37,38 From fitting the curves,
the calculated values of bulk resistance (Rb) and
bulk capacitance (Cb) at different temperatures are
compared in Table II. The decrease in Rb with the
rise in temperature suggests NTCR behavior of the
compound.39 This NTCR characteristic is also
observed in the frequency-dependent Z¢ plot.

For ideal Debye-type relaxation, a perfect semi-
circle with center on the Z¢-axis should be observed.
However, in the studied material, depressed semi-
circles corresponding to non-Debye-type relaxation
are observed. It is also seen that there is a distribu-
tion of relaxation time instead of a single relaxation
time in the material.39,40 The intercept of each
semicircle with the real Z¢-axis gives the value of the
bulk and grain boundary contributions to the resis-
tance/impedance. The semicircles in the impedance
spectrum have a characteristic peak occurring at a

unique relaxation frequency, usually referred to as
the resonance frequency (fr) (xr = 2pfr). It can be
expressed as xrRC = xrs = 1, and thus fr = 1/2pRC,
where s is the relaxation time. The relaxation time
due to bulk effect (sb) has been calculated using the
equation xrsb = 1, or sb = 1/2pfr.

Figure 6 shows the variation of ln sb with inverse
absolute temperature (1000/T). The value of sb

decreases with rise in temperature, and thus the
temperature-dependent relaxation time for bulk
material follows the Arrhenius relation: s = s0ex-
p(�Ea/KBT), where s0 is the pre-exponential factor,
KB is the Boltzmann constant, and T is the absolute
temperature. Careful comparison of the tempera-
ture-dependent bulk relaxation time with that of
the proposed model shows very good agreement,
indicating the validity of the model and accuracy of
the experimental data. The calculated value of
activation energy (Ea) was found to be 0.91 eV.

Figure 7a and b show the variation of the real and
imaginary parts of the impedance (Z¢ and Z¢¢) with
frequency at different temperatures. The values of Z¢
decrease with rise in frequency and temperature,
which is related to the electrical conductivity of the
material.27 In the low-frequency region, there is a
decrease in the magnitude of Z¢ with rise in temper-
ature, indicating negative temperature coefficient of
resistance (NTCR) behavior. This behavior changes
drastically in the high-frequency region, showing
complete merger of the Z¢ plots above a certain fixed
frequency. At high frequency, the Z¢ values at each
temperature coincide, implying a possible release of
space charge.11 The reduction in the barrier proper-
ties of the materials with rise in temperature may be
a factor responsible for the enhancement of the ac
conductivity of the materials at higher frequen-
cies.34,35 The particular frequency at which Z¢
becomes independent of frequency was observed to
shift towards the higher-frequency side with rise in
temperature. This shift in the Z¢ plateau indicates
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the existence of a frequency relaxation process in the
material. The curves display a single relaxation
process and indicate an increase in ac conductivity
with increase in temperature and frequency.41

The loss spectrum of the material can be charac-
terized by a few important features, such as: (i) a
monotonic decrease in Z¢¢ in the low-temperature
region, (ii) the appearance of peaks in the loss spec-
trum at high temperatures, (iii) a significant increase
in peak broadening with increase in temperature, and
(iv) the existence of symmetric peak broadening. The
absence of peaks up to a temperature of 449�C in the
loss spectrum suggests the absence of current dissi-
pation in this temperature region. The pattern shows
peaks at a particular frequency which describes the
type and strength of the electrical relaxation phe-
nomenon in the materials.41 The value of Z¢¢ reaches a
maximum peak (Z00max) above 450�C. It is expected that
low-temperature (<450�C) peaks were beyond the
range of the frequencies applied. Z00max shifts to the
higher-frequency side with increasing temperature,
indicating an increase of the tangent loss in the
samples. The significant increase in the broadening of
the peaks with increase in temperature suggests the
existence of a temperature dependence of the electri-
cal relaxation phenomenon in the materials. The
relaxation process may be due to the presence of
electrons/immobile species at low temperatures and
defects/vacancies at higher temperatures.37,42 The
asymmetric broadening of the peaks suggests a
spread of relaxation time with two equilibrium posi-
tions. The peak heights are proportional to the bulk
resistance (Rb) and can be estimated and explained by
the equation Z¢¢ = Rb[xs/(1 + x2s2)] in the Z¢¢ versus
frequency plots. Further, the magnitude of Z¢¢ de-
creases gradually with a shift in the peak frequency
towards the high-frequency side, finally merging in
the high-frequency region. This is an indication of
accumulation of space charge in the material.28

Again, the imaginary part of the impedance plot
indicates that the high-frequency slopes are inde-
pendent of temperature. On the other hand, the low-
frequency slopes are strongly temperature depen-
dent. These two types of temperature dependence of
the slopes suggest that there are two distinct dis-
persion mechanisms involved in the sample. The
asymmetric behavior, which is similar to other fer-
roelectrics,43,44 can be explained using the CQR
equivalent circuit as shown in Fig. 5b, where
C = A(jx)m�1 and Q = A(jx)n�1 are Jonscher’s uni-
versal capacitances.45 The frequency dependence of
the ac complex impedance can be expressed as
Z* = R0/[1 + (jx/x1)m + (jx/x2)n],44 where x1 = 2pf1

and x2 = 2pf2 are the first and second characteristic
angular frequencies, respectively, and the expo-
nents m and n correspond to the slopes at high and
low frequencies, respectively. Excellent agreement
between the experimental and calculated values for
both the real and imaginary parts of impedance is
observed from nonlinear curve fitting (Fig. 7) using
the formula Z¢¢ = R0/[(x/x1)m + (x/x2)�n].44

The variation of the fitting parameters (m and n)
with temperature (calculated from Z¢¢ versus fre-
quency) is shown in Fig. 8. It is seen that m is close to
unity and temperature independent. On the other
hand, the value of n is much less than one, and it is
temperature dependent. In the ferroelectric phase,
the value of n decreases and becomes minimum at Tc,
subsequently increasing with temperature. The
minimum value of n at Tc can be explained by the
restoring force between charge carriers and the lat-
tice.44 The above variation in the value of n can also be
understood based on the theory proposed by Dissado
and Hill.46,47 According to them, the exponent n
characterizes the magnitude of the correlation in a
single dipole reorientation. A unity value corre-
sponds to fully correlated transitions, and a zero va-
lue corresponds to fully uncorrelated transitions. In
the present work, n tends to a minimum around Tc,
suggesting strongly uncorrelated reorientation of the
charge carrier polarization at the transition point.

Complex Electric Modulus Analysis

The complex electric modulus formalism is widely
used for differential study of electrode polarization
effects and grain boundary conduction processes. It
is also useful to detect bulk properties, electrical
conductivity, and relaxation time.36,37,48 Therefore,
this technique provides insight into the electrical
processes occurring in a material at different tem-
peratures and frequencies. The following relations
are normally used to estimate M’ and M’’:

M0 ¼ B
ðxRCÞ2

1þ ðxRCÞ2

" #

¼ B
x2s2

1þ x2s2

� �

;

M00 ¼ B
xRC

1þ ðxRCÞ2

" #

¼ B
xs

1þ x2s2

� �

;

where B ¼ C0
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:
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Fig. 9. Variation of M¢ and M¢¢ with frequency at different tempera-
tures for Ba3Nb2O8.
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This also enables the determination of the inho-
mogeneous nature of polycrystalline samples due to
the effect of bulk and grain boundary, which cannot
be distinguished in complex impedance plots. The
other major advantage of the electric modulus for-
malism is suppression of the electrode effect.

Figure 9 shows the variation of M¢ and M¢¢ with
frequency at selected temperatures (>300�C). The
value of M¢ approaches zero on lowering the fre-
quency with monotonic dispersion, whereas with
rise in frequency the values of M¢ coincide. This may
be due to the presence of a conduction phenomenon
and short-range mobility of charge carriers. This
implies that there is a lack of a restoring force for
flow of charges under the influence of a steady
electric field.36 The plot reveals that the M00

max peak
shifts to the higher-frequency side. This feature of
the dielectric relaxation suggests that a hopping
mechanism of charge carriers dominates intrinsi-
cally at higher temperatures in a thermally acti-
vated process. The asymmetric broadening of the
peak indicates a spread of relaxation with different
time constants, which in turn suggests that the
relaxation in the material is of non-Debye type.48

The imaginary components of the impedance (Z¢¢)
and modulus (M¢¢) are plotted at some selected
higher temperatures in Fig. 10. Such combined
plots of Z¢¢ and M¢¢ as a function of frequency are
normally used to detect the presence of the smallest
capacitance and the largest resistance, as suggested
by Sinclair et al.49 This helps in distinguishing be-
tween relaxation processes due to short- versus
long-range movement of charge carriers. If the
process is short range, both peaks (Z¢¢ versus fre-
quency and M¢¢ versus frequency) will occur at dif-
ferent frequencies, whereas for long-range
movement of charge carriers both peaks will occur
at the same frequency.49,50 Figure 10 shows an
appreciable mismatch between the peaks of Z¢¢ and
M¢¢ at selected temperatures. This result suggests (i)
the presence of localized movement of charge car-
riers, (ii) departure from ideal Debye-like behavior,
and (iii) a distribution of relaxation times in the
material.51,52

AC Conductivity Analysis

The phenomenon of conductivity dispersion in
solids is generally analyzed using Jonscher’s power
law: rac = rdc + Axn, where rdc is the dc conductivity
at a particular temperature, A is a temperature-
dependent constant, and n is a temperature-
dependent exponent in the range 0< n< 1. Here, n
represents the degree of interaction between mobile
ions and the lattice around them, and A determines
the strength of polarizability.53

The frequency dependence of the ac conductivity
[rac(x)] at various temperatures is shown in
Fig. 11a. In the low-temperature region, the con-
ductivity increases with increase in frequency,

which is a characteristic of xn. At higher tempera-
tures and low frequencies, the conductivity shows a
flat response, while it has xn dependence at high
frequencies. The conductivity curves show disper-
sion in the low-frequency region. From the graphs it
is clear that rac increases with rise in frequency, but
it is nearly independent at low frequency. Extrapo-
lation of this part towards the lower-frequency side
gives the value of rdc. The increasing trend of rac

with rise in frequency in the lower-frequency region
may be attributed to the disordering of cations
between neighboring sites and the presence of space
charge.54 In the high-frequency region the curves
approach each other.

According to Jonscher,37 the origin of the fre-
quency dependence of conductivity lies in the
relaxation phenomena arising due to mobile charge
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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 min-
ima. Also, the conduction behavior of the materials
obeys the power law r(x) � xn with a change of
slope governed by n in the low-temperature region.
A value of n less than 1 signifies that the hopping
process involves translational motion with sudden
hopping of charge carriers, whereas n > 1 means
that the motion involves localized hopping without
the species leaving the neighborhood.11,38 The fre-
quency at which the change in slope takes place is
known as the hopping frequency of polarons (xp)
and is temperature dependent. The high-frequency
dispersion has been attributed to the ac conductiv-
ity, whereas the frequency-independent plateau
region corresponds to the dc conductivity. The
material obeys the universal power law, as con-
firmed by fitting of the above equation to the
experimental data, as also shown in Fig. 11a. From
nonlinear fitting it is found that the motion of the
charge carriers is translational, because of the small
value of n (<1).55 The dc conductivity increases with
rise in temperature (as expected) in the given
material.

Figure 11b shows the variation of A and n with
temperature. It is seen that the value of n decreases
with rise in temperature and becomes minimum near
the transition temperature Tc of the material. Again
it increases with increase in temperature, whereas
the pre-exponential factor A shows the opposite
trend. The exponent n represents the interaction
between the mobile ions and the lattice around
them.53 The observed minimum at Tc suggests strong
interaction between the lattice and mobile ions.
According to dynamic theory,44,45 one of the trans-
verse optical modes (soft mode) is weakened, and the
restoring force tends to zero at Tc. Therefore, the
charge carriers coupled with the soft mode become
highly mobile at Tc, and thus the conductivity will
increase. The pre-exponential factor A determines
the strength of polarizability. The maximum value of
A at Tc suggests high polarizability (i.e., maximum
permittivity) of the material.53

DC Conductivity Analysis

The dc electrical conductivity of the (bulk) mate-
rial is obtained using rdc = t/RbA = t(slope)/A, where
t and A represent the thickness and area of the
sample, respectively. Figure 12a shows the tem-
perature dependence of the dc conductivity of the
material. It is observed that rdc increases with rise
in temperature, which further supports the NTCR
behavior of the sample. The nature of the plot fol-
lows the Arrhenius relation rdc = r0exp(Ea/KBT).48

The occurrence of different slopes at different tem-
perature regions suggests the presence of multiple
conduction processes in the sample with different
activation energies.55,56 The activation energy (Ea)
of the sample, calculated in the low- (225�C to

325�C) and high-temperature ranges (425�C to
501�C), are 0.32 eV and 0.49 eV, respectively. It is
found that these values of Ea are different from the
values calculated from the relaxation time plots.
This implies that the charge carriers that are
responsible for conduction and relaxation processes
are different. Also, the difference in the value of
activation energy in the low- and high-temperature
ranges supports the hopping-type conduction
mechanism in the material.53 Figure 12b shows the
temperature dependence of the dc conductivity
found from the ac conductivity fitting. The nature of
the plot and the activation energy is consistent and
also are in good agreement with that obtained
directly. The small value of Ea suggests that the
material can be activated by applying a relatively
small energy.

CONCLUSIONS

A polycrystalline sample of Ba3Nb2O8 was pre-
pared by a high-temperature solid-state reaction
technique. Preliminary x-ray analysis shows a hex-
agonal crystal structure of the compound at room
temperature. The surface morphology of the com-
pound, studied by SEM, shows homogeneously dis-
tributed grains. The dielectric study reveals that the
material has relatively high permittivity and
undergoes a transition from a ferroelectric to para-
electric phase at 357�C. The compound shows low loss
even at 500�C (0.39 at 10 kHz), which decreases with
increasing frequency (i.e., 0.11 at 100 kHz and 0.06 at
1 MHz). Due to low loss, the quality factor of the
material is high. Characteristics such as the rela-
tively high permittivity, low dielectric loss, and high
quality factor make this material a potential candi-
date for many applications, including microwave
dielectric resonators. The complex impedance plots
reveal that the material exhibits (i) electrical trans-
port (conduction) due to bulk material, (ii) negative
temperature coefficient of resistance (NTCR)-type
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behavior, and (iii) a temperature-dependent relaxa-
tion phenomenon. Complex impedance analysis
suggests that the dielectric relaxation in the material
is of polydispersive non-Debye type. The impedance
spectrum has been used to estimate the electrical
conductivity. The complex electrical modulus analy-
sis indicated nonexponential type of conductivity
relaxation in the material. The minimum value of the
impedance fitting parameter (n) around the transi-
tion temperature supports the existence of ferro-
electric properties in the material. The activation
energy of the sample as estimated from the conduc-
tivity pattern and relaxation time pattern are dif-
ferent. This suggests that the charge carriers that are
responsible for conduction and relaxation processes
are different. The frequency dependence of the ac
conductivity obeys Jonscher’s universal power law.
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