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Abstract

In this work the effect of pseudo-cation (Mg2+
1/3Nb5+

2/3)4+ addition on Ti-site of (Bi0.5Na0.5)0.94Ba0.06TiO3 ceramics,
having general formula (Bi,Na)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 (0 ≤ x ≤ 1), on their structural and electrical
properties was investigated. These compounds were prepared using a standard high temperature solid-state
reaction technique and characterized by structural, microstructural, impedance, and conductivity studies. The
sintered ceramics are almost phase-pure perovskite materials showing high bulk densities (>95% TD), uniform
microstructure and satisfactory impedance properties in all the samples. Besides, an attempt has been made to
ascertain the role of grains and grain boundaries on the electrical properties of these solid solutions and their
dependence on the temperature and frequency, using complex impedance spectroscopy technique. The obtained
data analysed in the framework of AC conductivity, complex impedance as well as electric modulus formalisms
indicate on dominant negative temperature coefficient of resistance (NTCR) character of the materials due to
the contribution of semiconducting grains. Further, the dielectric relaxation in the material was seen to be of
non-Debye type.
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I. Introduction

Lead-based piezoelectric ceramics have been widely
used for many decades in actuators, sensors and trans-
ducers because of their excellent electrical proper-
ties [1]. Perovskite-type oxides like Pb(Mg1/3Nb2/3)O3,
Pb(Zn2/3Nb1/3)O3 and Pb(Zr,Ti)O3 have been shown ex-
tremely useful for a variety of applications in ferroelec-
tric and piezoelectric devices [2]. Most of these mate-
rials are lead-based with more than one cation occu-
pying the octahedral lattice sites. The presence of het-
erovalent ions with different ionic radii, valence states
and varying polarizabilities in the octahedral site were
found to be effective in enhancing the dielectric, electri-
cal and electromechanical properties. However, the tox-
icity of lead and volatilization of toxic PbO during pro-
cessing of these materials have given rise to an increas-
ing demand for alternative environment-friendly materi-
als having comparable dielectric, electrical and electro-
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mechanical properties to the lead-based materials.
Bismuth sodium titanate (BNT), a perovskite mate-

rial with the Curie temperature TC = 320 °C, rem-
nant polarization Pr = 38 µC/cm2 and coercive field
Ec = 73 kV/cm, as reported by Smolenskii et al. [3],
has been projected as a potential candidate in place
of the lead-based piezoelectric ceramics. Nevertheless,
the electrical properties of the BNT ceramics are not
comparable to those of lead-based piezoelectric ce-
ramics. It has further been reported that BNT-based
compositions modified with BaTiO3, NaNbO3, BiFeO3,
Bi2O3 · Sc2O3 or La2O3 showed improved piezoelec-
tric properties and easier treatment in poling process
compared with the pure BNT ceramics [4–9]. Take-
naka [10] reported that BNT-based solid solutions with
a rhombohedral-tetragonal morphotropic phase bound-
ary (MPB) composition showed better piezoelectric and
pyroelectric properties when compared with unmodified
BNT ceramics. It has also been reported that the compo-
sition close to the MPB has relatively good piezoelectric
and dielectric properties after the addition of 6 mol%
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of BaTiO3 in BNT [11–14]. Lead-free bismuth sodium
titanate-sodium niobate (BNT-NN), (Bi0.5Na0.5)TiO3-
NaNbO3 ceramics were prepared by Li et al. [15] us-
ing the conventional high-temperature solid-state reac-
tion technique. They concluded that d33 increased from
64 to 88 pC/N when 2 mol% of NaNbO3 was added and
then decreased gradually. However, the dielectric con-
stant was seen to increase gradually with the increase
in NaNbO3 content. This was attributed to the co-effect
of the soft additive Nb5+ ion doping at B-site and hard
additive Na+ ion doping at A-site. Another interest-
ing system is bismuth sodium titanate (BNT) ceramics
mixed with KNbO3 (KNN). It was shown that the fab-
ricated ceramics are orthorhombic up to 2 mol% BNT,
tetragonal up to 9 mol% BNT, cubic up to 20 mol%
BNT and rhombohedral thereafter [16]. KNN mixed
with 2 mol% BNT, regarded as an MPB composition,
has d33 ∼ 195 pC/N and the Curie temperature ∼395 °C
[16].

BNT exhibited relaxor behaviour with a less tem-
perature stable dielectric constant [17]. Therefore, sev-
eral additional studies have been reported pertaining to
the enhancement of its ferroelectric properties by form-
ing solid solutions of BNT with K0.5Bi0.5TiO3 [18],
Ba(Ti,Zr)O3 [19], Bi(Mg1/3Nb2/3)O3 [20], BiFeO3 [21]
as well as with cations of rare earth and transition
metal ions like Ce4+ [22], Mn4+ [23], La3+ [24], Fe3+

[25] and Nb5+ [26]. Among the various systems that
have been reported, bismuth sodium barium titanate
(Bi0.5Na0.5)1-xBaxTiO3 (BNBTx) solid solution that ex-
hibited a morphotropic phase boundary (MPB) near x

= 0.06 showed relatively enhanced piezoelectric prop-
erties.

Recent reports showed the successful formation of
solid solutions of Ba(Fe1/2Ta1/2)O3 [27] or NaNbO3
[28,29] with (Bi0.5Na0.5)0.94Ba0.06TiO3 (BNBT6) which
showed giant dielectric constant. In another study,
the effect of pseudo-cation (Mg1/3Nb2/3)4+ substitu-
tion on the phase transition behaviour of BNBT6 was
studied [30]. Our extensive literature survey indicated
that no attempt has so far been made to character-
ize the electrical properties of (Mg2+

1/3Nb5+
2/3) substituted

(Bi0.5Na0.5)0.94Ba0.06TiO3 ceramics using impedance
spectroscopy technique. It is well-known that the in-
homogeneous composition due to the doping element
and internal stress within the microstructure are matters
of concern because they greatly influence the electri-
cal properties. The present study has been undertaken
with these views in mind. When Ti4+ sites with the
ionic radius (RTi) of 0.605 Å are substituted by Mg2+

ion (RMg = 0.72 Å) and Nb5+ ion (RNb = 0.64 Å), the
two substitutions are supposed to give rise to different
effects. The larger ion Mg2+ occupies more space, lead-
ing to the decrease in rattling space for the cations at the
centre of oxygen octahedra, while the smaller ion Nb5+

occupies almost the same space as had been previously
occupied by Ti4+. (Mg1/3Nb2/3)4+ has an average radius
of 0.67 Å, which is close to that of Ti4+. Therefore,

(Mg1/3Nb2/3)4+ ion should enter into the six-fold coor-
dinated B-site of the perovskite structure to substitute
Ti4+ because of radius matching, which may lead to the
increase of lattice dimensions. It is, therefore, believed
that as (Mg2+

1/3Nb5+
2/3) may possess a different state than

that of Ti4+ (3d) and the introduction of (Mg2+
1/3Nb5+

2/3)
would bring in a different valence band distance from
that of Ti–O, thereby leading to the enhancement of the
electrical properties.

Hence, the present work is undertaken to investigate
the effect of substitution of (Mg1/3Nb2/3)4+ at B-site of
BNBT6, on the microstructure, phase transition tem-
peratures, impedance, and electrical conductivity. The
main goal was to have insight into the relaxation mech-
anism and defects relation in these materials and to
see whether the substitution brings into any significant
improvement in any of its electrical properties having
their practical and industrial applications. The nature
of charge transport taking place via different modes
such as dipole reorientation, charge displacement and
space charge formalism [31] has also been sought in the
present study.

II. Experimental procedure

The starting materials were AR grade Bi2O3, BaCO3,
TiO2, Na2CO3, MgO and Nb2O5. All compositions
were prepared by conventional high-temperature solid-
state reaction technique. Stoichiometric amounts of
precursor powders corresponding to the compositions
(Bi,Na)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 (where x = 0.0,
0.25, 0.50, 0.75 and 1.00) were mixed in ethanol media
and well ground in an agate mortar pestle. The mixed
precursor powders with different compositions, i.e. x =

0.0, 0.25, 0.50, 0.75 and 1.00, were calcined at 1140,
1080, 1080, 1100 and 1125 °C, respectively (all for 4 h).
The calcined powders were further ground with PVA as
a binder. Cylindrical pellets having diameter ∼10 mm
and thickness ∼1–2 mm were formed using the con-
stituent powder samples by applying uniaxial pressure
∼83 MPa for 5 min in hydraulic press. The pellets with
different compositions, i.e. x = 0.0, 0.25, 0.50, 0.75 and
1.00, were sintered in a covered alumina crucible at
1160, 1100, 1100, 1120 and 1140 °C, respectively (all
for 3 h). The optimal calcination temperatures for ob-
taining single phase compounds were found by XRD
analyses. Similarly, the sintering temperatures were also
optimised in order to achieve samples with densities
higher than 90% TD. It was found that on increasing the
temperature beyond the indicated limits, density of the
samples decreased a bit because of the burnout of the
volatile substances and the hot samples began to melt.

Phase formation was checked using an X-ray diffrac-
tometer (Bruker D8 Advance) at room temperature, us-
ing CuKα radiation (λ = 1.5405 Å), for 2θ between
20° and 70°. The unit cell structure and dimensions,
hkl values, and space group of all the specimens were
obtained using the FullProf software. The surface mor-
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phology of fractured surfaces of all the sintered spec-
imens was obtained by scanning electron microscope
(SEM, EVO 18, Carl Zeiss Microscopy Ltd., UK). Im-
ageJ software was used to estimate grain sizes. For
impedance measurements, a silver paste was coated on
the polished surface of the pellets and fired at 600 °C
for 30 min. Impedance analyser (E4990A-120, Keysight
Technologies, USA) was used to measure the complex
impedance and phase angle in frequencies ranging from
100 Hz to 10 MHz and temperatures from 20–500 °C us-
ing heating and cooling rates of 5 °C/min. Hereinafter,
compositions with x = 0.0, 0.25, 0.50, 0.75 and 1.00
in (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 will be de-
noted as BNBT-MN0, BNBT-MN0.25, BNBT-MN0.50,
BNBT-MN0.75 and BNBT-MN1.00, for brevity sake.

III. Results and discussion

3.1. Structure

XRD patterns of the pure BNBT6 and
(Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 samples
with x = 0.25, 0.50, 0.75 and 1.00 are shown in Fig. 1
(it depicts the Rietveld refined XRD plots of BNBT-
MNx ceramics). The appearance of single and sharp
peaks and absence of secondary peaks characteristics
of constituent oxides and/or carbonates for each of the
compounds indicated the formation of the single phase
compounds and complete solubility of pseudo-cation
(Mg2+

1/3Nb5+
2/3) into BNBT6 matrix, thus indicating the

formation of homogeneous solid solutions. The XRD
pattern analysis indicated that BNBT-MNx (x = 0,
0.25 and 0.50) compositions have monoclinic structure
while BNBT-MN0.75 and BNBT-MN1.00 have tetragonal
structure resembling with almost pseudo-cubic (having
only a small difference of ∼0.001 Å between lattice pa-
rameters a and c at x = 1.0 with space group P4/mmm,
Table 1). The changes in the intensity of peaks and
peak positions are evident, thereby pointing towards
a change in lattice parameters and crystal symmetry
with the inclusion of (Mg2+

1/3Nb5+
2/3). Therefore, partial

replacement of Ti4+ ion by pseudo-cation (Mg2+
1/3Nb5+

2/3)
is seen to be responsible for the change in the basic unit
cell structures of the solid-solutions. Expanded XRD
plots for 2θ between the limiting values of 44.5° and
47.5° are shown in Fig. 1b. They clearly manifest the
peak splitting for tetragonal system and merger of the
two peaks for pseudo cubic structure in which B-site

Figure 1. Rietveld refined XRD plots of BNBT-MNx (x = 0,
0.25,0.50, 0.75 and 1.00) ceramics (a) and enlarged XRD

pattern in 2θ range of 45.5°–47.5° (b)

Ti4+ is completely substituted by the pseudo cation
(Mg2+

1/3Nb5+
2/3)4+.

Figure 2 illustrates the SEM micrographs of the frac-
tured surfaces of sintered BNBT-MNx ceramics (0 ≤
x ≤ 1.0). Nearly cuboid shaped grains of unequal sizes
are seen to be densely distributed throughout the sam-
ples for all the compositions. Also, very few pores are
observed. The sintered samples are almost phase-pure
perovskite materials showing high relative densities
(>95% TD) having uniform and dense microstructure
(except for the sample BNBT-MN1.00 which showed a
bit lower relative density of ∼90% TD). The minimum
and maximum grain sizes for the ceramics having x =

0, 0.25, 0.50, 0.75, 1.0 are estimated to be 1.0–2.6, 3.2–
10.0, 2.0–8.4, 16.0–30.0 and 1.4–4.0µm, respectively.
With increasing x, the grain size, as well as grain mor-
phology of BNBT-MNx ceramics, are seen to change
considerably and the grain size is found to be maximal
for x = 0.75 i.e composition where the phase change
from monoclinic to tetragonal or pseudo-cubic could be
identified. This effect indicates the dominance of semi-
conducting grains over insulating grain boundaries for
the aforesaid ceramic composition.

Table 1. Lattice parameters and crystal structure of the (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 (x = 0, 0.25,0.50, 0.75 and
1.00) ceramics

Parameters x = 0 x = 0.25 x = 0.50 x = 0.75 x = 1.0
Crystal System Monoclinic Monoclinic Monoclinic Tetragonal Tetragonal

Space group P/2m (10) P/2m (10) P/2m (10) P4/mmm (123) P4/mmm (123)
a [Å] 3.9908 3.9751 4.0450 2.8094 2.8241
b [Å] 3.8609 2.7816 2.8004 2.8094 2.8241
c [Å] 3.2943 3.4424 3.3029 3.9727 2.8251
β [°] 102.942 98.292 101.786 90.0 90.0

V [Å3] 49.4691 37.6647 36.6242 31.3559 22.5326
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(a) (b)

(c) (d)

Figure 2. SEM micrographs of ceramic compositions (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 where x is: a) 0, b) 0.25, c) 0.50
and d) 1.00

3.2. Electric properties

The AC impedance analysis has been found to be a
powerful tool to separate the grain boundary and grain-
electrode effects, which usually are the sites of traps for
oxygen vacancies and other defects. It is also useful in
establishing space charge polarization and its relaxation
mechanism, by aptly assigning different values of resis-
tance and capacitance to the grain and grain boundary
effects. A remarkable aspect of the impedance analysis
is the option of calculating the different contributions to
the conductivity, namely the bulk, grain boundary, and
grain-electrode contributions.

Figures 3 and 4 show the Z′( f ) and Z′′( f ) plots
for BNBT-MN0, BNBT-MN0.25, BNBT-MN0.50, BNBT-
MN0.75 and BNBT-MN1.00, compositions at several tem-
peratures between room temperature and 500 °C. It can
be seen (Fig. 3a) that for the sample BNBT-MN0 at
lower temperatures Z′ decreases monotonically with
increasing frequency up to a certain limiting range
(∼10 kHz in the lower temperature range and ∼100 kHz
in the higher temperature range) above which it is al-
most frequency-independent. The higher values of Z′ at
lower frequencies and higher temperatures indicate that
the polarization in the ceramics is larger. However, the
doped BNBT-MNx samples show almost constant Z′ at
low frequencies (Fig. 3b,c,d,f) up to a certain value af-
ter which appears that Z′ merges together with continu-
ous decrease. The temperature, at which this frequency-
dependent to frequency-independent change in Z′ oc-
curs, slightly varies with frequency in the different ma-

terial compositions. This also signifies that the resistive
grain boundaries become conducting at these temper-
atures and that the grain boundaries are not relaxing
even at the highest measurement ranges of frequency
and temperature.

For the sample BNBT-MN0 Z′′( f ) plot (Fig. 4a)
shows almost identical monotonically decreasing type
of variation up to the same frequency limit ∼100 kHz
above which it is almost frequency-independent. How-
ever, the doped samples show dispersion at low frequen-
cies (Fig. 4b,c,d,f) after which appears that Z′′ merges
together with continuous decrease, showing frequency-
independent nature of variation extending up to the
highest frequency limit at all chosen measurement tem-
peratures. The observed merging of Z′′ (as well as of
Z′) at higher frequencies for all the temperatures in-
dicates possible release of space charges and their ac-
cumulation at the boundaries of homogeneous phases
in the fabricated materials under the applied external
field. At lower temperatures, a monotonic decrease of
Z′′ for all the compositions indicated that at lower tem-
peratures the relaxation is absent in the material system.
This means that relaxation species are immobile defects
and the orientation effects may be associated. Further,
the decreasing magnitudes of Z′ and Z′′ with increasing
frequencies implied that relaxation in the materials is
temperature-dependent, and apparently there is no sin-
gle relaxation time.

In the Z′′ vs. frequency plots (Fig. 4) it is shown that
the Z′′ values reach maxima (Z′′max) at higher tempera-
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Figure 3. Frequency dependence of the real part of complex impedance for (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3,
where x is 0 (a), 0.25 (b), 0.50 (c), 0.75 (d) and 1.00 (e) at temperatures up to 500 °C

Figure 4. Frequency dependence of the imaginary part of complex impedance for (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3,
where x is 0 (a), 0.25 (b), 0.50 (c), 0.75 (d) and 1.00 (e) at temperatures up to 500 °C

tures and their positions are shifted towards higher fre-
quency with an increase of temperature. This shift in the
positions of the frequency maxima indicates active con-
duction through the grain boundary in the BNBT-MNx

ceramics. The magnitude of Z′′max also decreases with
the increase in temperature. At higher frequencies, the
dispersion due to the grain predominates due to the di-
minishing of the space charge effects, as the relaxation
times of the grain boundaries are very high compared to
those of grains. The diffuseness of Z′′( f ) peak indicates

the distribution of the relaxation frequency and the in-
crease in full width at half Z′′max value with the increase
of temperature indicates an increase of relaxation fre-
quency distribution. The distribution of relaxation fre-
quency in the investigated BNBT-MNx samples may be
attributed to cationic disorder due to the random distri-
bution of B-site cations (Mg1/3Nb2/3)4+ and Ti4+ having
different ionic radii and valence states.

Complex impedance spectroscopy (CIS) is a power-
ful tool for characterizing many of the electrical proper-
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Figure 5. Complex impedance plots for (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 (x = 0, 0.25,0.50, 0.75 and 1.00) from 400 to
500 °C at different indicated temperatures. Figure (f) shows the complex impedance plots for the five compositions at 400 °C

ties of materials and their interfaces with electronically
conducting electrodes. It may be used to investigate the
dynamics of bound or mobile charges in the bulk or
interfacial regions of any kind of solid or liquid mate-
rial: ionic, semiconducting, mixed electronic-ionic, and
even insulators (dielectrics). The CIS gives the direct
correlation between the response of a real system and
an idealized model circuit composed of discrete elec-
trical components. An equivalent circuit based on the
impedance and electric modulus spectra provides the
physical explanation of the processes occurring inside
a material system. Electrical AC data may be presented
in any of the four interrelated formalisms: relative per-

mittivity ε∗ = ε′ + j · ε′′; impedance Z∗ = Z′ + j · Z′′ =
1/( j · ω ·C0 · ε∗); electric modulus M∗ = M′ + j · M′′ =
1/ε∗; admittance Y∗ = Y ′ + j · Y ′′ = j · ω · C0 · ε∗; and
tan δ = ε′′/ε′ = M′′/M′ = Z′/Z′′ = Y ′/Y ′′, where ω
(= 2π f ) is the angular frequency, C0 (= ε0 · A/t) is the
geometrical capacitance, j =

√
−1, ε0 is the permittiv-

ity of free space (8.854 × 10−12 F/m), t and A are the
thickness and area of the pellet, and δ is complementary
to the phase angle (θ), as observed by the impedance
analyser.

The Nyquist plots between Z′( f ) and Z′′( f ) for all
investigated ceramic compositions are observed at sev-
eral temperatures between 400–500 °C (Fig. 5). The
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impedance spectrum is distinguished by semicircles.
A series array of parallel RC combination (Rg,Cg) in
series with a resistor (Rs) (though almost frequency-
independent data of Rs are not shown in any of the plots,
for brevity sake) in parallel with combination (Rgb,Cgb)
was found to best fit the experimental data for the given
composition, thereby indicating the dominant contribu-
tion from intrinsic grains in the samples. The observed
semicircles in the impedance Cole-Cole plots indicated
a tendency to bend towards the abscissa with their cen-
tres below the real axis, having comparatively larger
radii and the radii decreasing with increase in temper-
ature. This indicates a decrease in resistivity with the
increase of temperature i.e., representing the NTCR be-
haviour and distribution of relaxation times in the inves-
tigated BNBT-MNx samples with a clear cut departure
from the ideal Debye type behaviour.

Complex modulus spectroscopy (CMS) analysis is an
alternative approach to explore electrical properties of
the material and magnify any other effects present in the
sample (which are unidentifiable or superimposed one
over the other in CIS technique) as a result of different
relaxation time constants. It is an important and con-
venient tool to determine, analyse and interpret the dy-
namical aspects of electrical transport phenomena (i.e.
parameters such as carrier/ion hopping rate, conductiv-
ity based relaxation time, etc.). In order to analyse and
interpret the experimental data, it is essential to have a
model equivalent circuit that provides a realistic repre-
sentation of the electrical properties. The modulus rep-
resentation suppresses the unwanted effects of extrinsic
relaxation often used in the analysis of dynamic conduc-
tivities of ionically conducting glasses. The dielectric
modulus (M∗ = 1/ε∗) is frequently used in the analy-

sis of dielectric data of ionic conductors [32]. The ad-
vantage of adopting complex electrical modulus spectra
is that it can discriminate against electrode polarization
and grain boundary conduction process which the CIS is
unable to do. Using electric modulus analysis, it is easier
to relate this phenomenon to other properties, especially
the dynamical mechanical modulus and it can be written
as a single function of conductivity. Sinclair and West
[33,34] suggested the combined usage of impedance
and modulus spectroscopic plots to rationalize the di-
electric properties. Thus, the power of combined usage
of both impedance and modulus spectroscopy is that the
Z′–Z′′ plot highlights the phenomenon with the largest
resistance whereas M′′ vs. M′ picks up those of the
smallest capacitance [35]. The imaginary parts of the
impedance and electric modulus are expressed as:

Z′′ = R
ω · R ·C

1 + (ω · R ·C)2
(1a)

M′′ =
C0

C
·
ω · R ·C

1 + (ω · R · C)2
(1b)

The peaks in the spectra of log Z′′ or log M′′ plotted
against log f appear at the same frequency ( f ) and are
derived by:

ωmax =
1

R ·C
= τ−1 (2)

From the above Eqs. 1 and 2, the peak values of the
imaginary parts of the impedance and electric modulus
are given as:

Z′′max =
R

2
(3a)

M′′max =
C0

2C
(3b)

Figure 6. Frequency dependence of M′ for (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3, where x is: a) 0, b) 0.25, c) 0.50, d) 0.75 and
e) 1.00 at temperatures up to 500 °C
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Figure 7. Frequency dependence of M′′ for (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3, where x is: a) 0, b) 0.25, c) 0.50, d) 0.75
and e) 1.00 at temperatures up to 500 °C

The frequency dependence of M′(ω) and M′′(ω) for
all the BNBT-MNx materials at various temperatures is
shown in Figs. 6 and 7. M′(ω) plots show a dispersion
tending toward M∞ (the asymptotic value of M′(ω) at
higher frequencies, while M′′(ω) plots exhibit a maxi-
mum (M′′max) centred at the dispersion region of M′(ω).
The frequency range below the peak frequency deter-
mines the frequency range in which charge carriers are
mobile over a long distance whereas, in the frequency
range above the peak frequency, the charge carriers are
confined to the potential wells and are mobile over short
distances [36]. The value of M′′ increases with increas-
ing temperature, though slightly, and shifts to the higher
frequency side. An increase in the peak height of M′′

was observed with increasing temperature, which is in-
dicative of a decrease in the capacitance with increasing
temperature and is a characteristic feature of a ferroelec-
tric material in the paraelectric region above TC . The
peaks were also found to shift systematically towards
higher frequency with an increase in temperature as
shown in Fig. 7. It suggests a hopping conduction mech-
anism in the investigated BNBT-MN0, BNBT-MN0.25,
BNBT-MN0.50, BNBT-MN0.75 and BNBT-MN1.00 ce-
ramic compositions. However, an opposite trend of vari-
ation in M′′(ω), i.e. a decrease in the peak height of M′′

was observed with increasing temperature for BNBMN
corresponding to 400, 410 and 420 °C as shown in
Fig. 7e.

Complex modulus spectrum (M′′(ω) vs. M′(ω))
for BNBT-MN0, BNBT-MN0.25, BNBT-MN0.50, BNBT-
MN0.75 and BNBT-MN1.00 ceramic compositions at dif-
ferent indicated temperatures from 400 to 500 °C are
shown in Fig. 8. In these figures, one can notice that
spectra for all the samples have typical semicircular pat-
terns with their centres lying below the real axis (in-

dicating non-Debye type of relaxation response) simi-
lar to the corresponding complex impedance plots. In
the latter case the depressed semicircles corresponding
to grains (group of right semicircles representing data
corresponding to higher frequencies for each set) and
grain boundaries (group of left semicircles representing
data corresponding to lower frequencies for each set)
are clearly visible. Larger semicircles for the grains and
smaller ones for the corresponding grain boundaries in
each of the plots in Fig. 8 show the dominance of grains
over the grain boundaries in each of the given compo-
sitions at the measurement temperatures ranging from
400 °C to 500 °C.

The frequency spectra of AC conductivity for BNBT-
MN0, BNBT-MN0.25, BNBT-MN0.50, BNBT-MN0.75
and BNBT-MN1.00 ceramics at different measuring tem-
peratures are shown in Fig. 9. The AC conductivity
shows dispersion with the increase of temperature at
lower frequencies, which is more pronounced for the
doped samples. The plots reveal that σAC decreases
with decreasing frequency, but at higher temperatures
(∼500 °C) it is observed that σAC becomes almost in-
dependent of frequency in low frequency region. Thus,
extrapolation of this part towards lower frequency gives
DC conductivity.

The value of σAC increases with the increasing tem-
perature, thereby clearly indicating the negative temper-
ature coefficient of resistance (NTCR) character of the
samples. The value of σAC is seen to increase also with
increasing values of x. The apparent activation energy
was obtained using the Arrhenius relationship:

σAC = σ0 · exp
(

−
Ea

kB · T

)

(4)
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Figure 8. Complex electric modulus plots for (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3 (where x is: a) 0, b) 0.25, c) 0.50, d) 0.75
and e) 1.00) from 400 to 500 °C at different indicated temperatures. Figure (f) shows the complex modulus plots for the five

compositions at 400 °C

Figure 9. Frequency dependence of the real part of complex AC conductivity (σAC) for (Bi0.5Na0.5)0.94Ba0.06Ti1-x(Mg1/3Nb2/3)xO3

(where x is: a) 0, b) 0.25, c) 0.50, d) 0.75 and e) 1.00) from 400 to 500 °C

For the variation of lnσAC versus 103/T , a linear least
squares fitting of the AC conductivity data at 1 kHz be-
tween temperature limits of 400–500 °C gives the values
of the apparent activation energy, Ea, to be 0.330, 0.801,
0.791, 1.206, and 2.037 eV for x = 0, 0.25, 0.50, 0.75
and 1.00, respectively. Hence, the apparent activation
energy is seen to increase with increasing (Mg2+

1/3Nb5+
2/3)

content in the fabricated ceramics. The low value of Ea

supports the hopping type of charge carriers’ transport

in the investigated materials between localized states in
a random manner.

IV. Conclusions

Lead free ceramics (Bi0.5Na0.5)0.94Ba0.06Ti1-x
(Mg1/3Nb2/3)xO3 (x = 0, 0.25, 0.50, 0.75 and 1.00)
were fabricated using solid state reaction technique.
Rietveld refinements of XRD data revealed that

391



A. Prasad et al. / Processing and Application of Ceramics 12 [4] (2018) 383–393

(Bi0.5Na0.5)0.94Ba0.06TiO3 as well as the composi-
tions up to x = 0.50 have monoclinic structure with
space group P2/m whereas (Bi0.5Na0.5)0.94Ba0.06Ti1-x
(Mg1/3Nb2/3)xO3 (x = 0.75 and 1.00) have tetragonal
(pseudo-cubic) structures with space group P4/mmm.
Thus, incorporation of pseudo-cation (Mg2+

1/3Nb5+
2/3) in

place of Ti4+ at the B-site of BNBT matrix resulted in
the change of unit cell structure from monoclinic to the
tetragonal structure.

The frequency and temperature dependent com-
plex impedance/modulus, as well as AC conductivity
data, indicated the dominance of semiconducting grains
showing NTCR behaviour and distribution of relaxation
times with a clear cut departure from the ideal Debye
type behaviour. The variation of lnσAC versus 103/T re-
vealed that the value of σAC increases with the increas-
ing temperature, thereby endorsing the NTCR character
of the samples. On the other hand, the value of σAC is
seen to decrease with increasing values of x. It should
be added that the investigation of piezoelectric proper-
ties of the fabricated ceramics is in progress and will be
reported in near future.
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