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Abstract

Lead-free piezoelectric perovskite ceramic (Bi
0.5

Na
0.5

)
0.95

Ba
0.05

TiO
3
 (BNT-BT

0.05
), prepared by conventional high 

temperature solid state reaction technique at 1160 °C/3h in air atmosphere, is investigated by impedance and 

modulus spectroscopy in a temperature range 35–400 °C, over a frequency range 100 Hz–1 MHz. The crys-

tal structure, microstructure, and piezoelectric properties as well as the AC conductivity of the sample were 

studied. Powder X-ray diffraction pattern derived from the resulting data at the room temperature subjected to 

Rietveld refinements and Williamson-Hall plot analysis confirmed the formation of phase pure compound with 
monoclinic unit cells having a crystallite-size ~33.8 nm. Observed SEM micrograph showed a uniform distri-

bution of grains inside the sample having an average grain size ~3 mm. Longitudinal piezoelectric charge co-

efficient of the sample poled under a DC electric field of ~ 2.5 kV/mm at 80 °C in a silicone oil bath was found 
to be equal to 95 pC/N. The frequency and temperature dependent electrical data analysed in the framework 

of AC conductivity, complex impedance as well as electric modulus formalisms showed negative temperature 

coefficient of resistance (NTCR) character of the material and the dielectric relaxation in the material to be 
of non-Debye type. Double power law for the frequency-dependence of AC conductivity and Jump Relaxation 

Model (JRM) were found to explain successfully the mechanism of charge transport in BNT-BT
0.05

.
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I. Introduction

In view of the recent global concern about the use 
of eco-unfriendly and hazardous substances in scientific 
and industry-based devices, the need to reduce environ-
mental contamination by lead-based materials has creat-
ed a drive to develop alternative lead-free piezoelectric 
materials. Hence, a large body of work has been report-
ed in the last few decades on the development of lead-
free piezoceramics in the quest to replace Lead zirconate 
titanate (PZT) as the main material for electromechani-
cal devices such as actuators, sensors, and transducers. 
In specific but narrow ranges of application the new ma-
terials appear adequate, but are not yet suited to replace 
PZT and other lead-based materials on a broader basis 
from application point of view. (Bi

0.5
Na

0.5
)TiO

3
 compo-

sition (abbreviated to BNT) discovered by Smolenskii et 

al. in 1960 [1] is one of the important lead-free piezo-

electric materials. As (Bi
0.5

Na
0.5

)TiO
3 
composition exhib-

its a strong ferroelectricity and high Curie temperature 
T

C
 ~ 320 °C [2–4], it has been considered to be a good 

candidate for lead-free piezoelectric ceramics to replace 
the widely used lead-based piezoelectric materials. It re-
veals a very interesting anomaly in dielectric properties 
as a result of low temperature phase transition from the 
ferroelectric to the anti-ferroelectric phase near 200 °C. 
However, this material has a drawback of having high 
conductivity to cause problems in poling process. To im-
prove its properties, some modifications on BNT com-
position have been performed. It has been reported that 
BNT-based compositions modified with BaTiO

3
, NaN-

bO
3
, BiFeO

3
, Bi

2
O

3
·Sc

2
O

3
 or La

2
O

3
 [5–10] showed im-

proved piezoelectric properties and easier treatment in 
poling process compared with those in pure BNT ceram-
ics. Among them, BNT–BaTiO

3
 (abbreviated to BNT-

BT) compositions were more interesting owing to the 
existence of a [rhombohedral (F

R
) / monoclinic (F

M
)]-

tetragonal (F
T
) morphotropic phase boundary (MPB) 
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around which optimal piezoelectric and ferroelectric per-
formances are often found. Takenaka and other research-
ers [11–16] also reported that the (Bi

0.5
Na

0.5
)

0.94
Ba

0.06
TiO

3
 

composition near the MPB has relatively high piezo-
electric properties. An extensive literature survey re-
vealed that although studies on the dielectric and piezo-
electric properties of the BNT-BT

0.05 
and other BNT-BT 

ceramics have been carried out in the recent years [17–
26], no attempt has been made so far to understand the 
conduction mechanism in BNT-BT

0.05 
ceramic using im-

pedance / modulus spectroscopy technique. Having this 
in mind, structural, microstructural, piezoelectric, elec-
tric impedance / modulus and AC conductivity studies on 
(Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3
 (BNT-BT

0.05
) ceramic, very near 

MPB composition, have been undertaken in the present 
work. Also, an attempt has been made to explain the con-
duction mechanism in BNT-BT

0.05
 using complex imped-

ance and electric modulus spectroscopy techniques and 
in the light of Jump Relaxation Model for the hopping of 
charge carriers inside the material.

II. Materials and methods

Polycrystalline (Bi
0.5

Na
0.5

)
0.95

Ba
0.5

TiO
3
 ceramic was 

prepared by a standard high-temperature solid-state 
reaction technique using AR grade (purity more than 
99.5%, Hi-Media) oxides and/or carbonates: Bi

2
O

3
,  

Na
2
CO

3
, BaCO

3
 and TiO

2
 in a suitable stoichiometry. 

The above ingredients were mixed thoroughly, first in 
air and then in methanol medium, using agate mor-
tar and pestle. This mixture was calcined at an op-
timized temperature of 1160 °C for about 3 h in an 
AR-grade covered alumina crucible. Then, by adding 
a small amount of polyvinyl alcohol (PVA) as binder 
in the calcined powder, circular and rectangular disc 
shaped pellets, having thickness in the range of 1–2 
mm, were fabricated by applying uniaxial pressure of 
6 tons/square inch. The pellets were subsequently sin-
tered at the optimized temperature of 1180 °C in air 
atmosphere for about 2 h to achieve maximum den-
sity (~95% of the theoretical density). The XRD pat-
tern for BNT-BT

0.05 
powder was observed from the 

data points obtained from an X-ray diffractometer 
(X’pert-PRO, Pan Analytical, USA), using CuKα ra-
diation (λ = 1.5405 Å) over a wide range of Bragg an-
gles (20° ≤ 2θ ≤ 80°) at the room temperature. The 
XRD pattern was subjected to the Rietveld refinement 
for estimating the lattice parameters of the powder 
sample. The average crystallite size and lattice strain 
of BNT-BT

0.05
 were estimated using Williamson-Hall 

approach. Surface morphology of the sintered sam-
ples was examined by scanning electron microscope  
(JEOL-JSM840A). The frequency and temperature 
dependent dielectric constant (ε

r
) and loss tangent 

(tanδ), complex impedance (Z*) and phase angle (θ) 
were measured using a computer-controlled LCR Hi-
Tester (HIOKI 3532-50, Japan) on a symmetrical cell 

consisting of Ag│ceramic│Ag, where Ag is a conduc-
tive paint coated on each side of the pellet. Longitudi-
nal piezoelectric charge coefficient (d

33
) of the poled 

ceramic sample under an applied DC electric field of 
about 2.5 kV/mm at 80 °C in a silicone oil bath was 
measured using a PM3500 d

33 
/
 
d

31 
meter (KCF Tech-

nologies, USA).

III. Results and discussion

3.1. Structural study

Figure 1 shows the XRD pattern observed on cal-
cined BNT-BT

0.05
 powder. A standard computer pro-

gram FullProf.2k (Version 5.30 - Mar2012-ILL JRC) 
was utilized for the XRD-profile analysis using Riet-
veld refinements. Good agreement between the ob-
served and calculated inter-planar spacings without any 
trace of extra peaks due to the constituent oxides sug-
gested the formation of a single-phase compound with 
monoclinic structure. The evaluated lattice parame-
ters were as follows: a = 8.0829 Å, b = 7.5940 Å and 
c = 5.8400 Å, β = 109.1787° when indexed in mono-
clinic system of space group P2/m (10). The estimated 
unit cell volume was ~338.5715 Å3. All the fitting pa-
rameters are reported in Table 1. Figure 2a illustrates 
the Williamson-Hall plot for BNT-BT

0.05
. The apparent 

crystallite size and lattice strain are thus estimated to be 
~ 33.8 nm and 0.0025, respectively.

3.2. Microstructural study

Figure 2b shows the SEM micrograph of BNT-
BT

0.05
 ceramic at magnification of 2500× in which 

grain shapes are clearly visible, thereby indicating the 
existence of polycrystalline microstructure. Grains of 
slightly unequal sizes appear to be distributed through-
out the sample. The average grain size was estimated to 
be ~3 mm. Thus the ratio of grain size to apparent crys-
tallite size in BNT-BT

0.05
 is found to be ~100. Apparent 

density of the sintered ceramic was found to be ~95% 
of the theoretical one.

Figure 1. Rietveld refined X-ray diffraction pattern of 
(Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3 
powder at the room temperature
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3.3. Piezoelectric study

Longitudinal piezoelectric charge coefficient (d
33

) of 
the poled ceramic sample under an applied DC electric 
field of about 2.5 kV/mm at 80 °C for 15 min in a sili-
cone oil bath was found to be ~95 pC/N.

3.4. Impedance studies

Figures 3a and 3b, respectively, shows the Z’(f) and 
Z”(f) plots for BNT-BT

0.05
 ceramic at several tempera-

tures between ambient temperature and 450 °C. From 
the plots it is seen that at lower temperatures Z’ decreas-
es monotonically with increasing frequency up to a cer-
tain limiting range (~10 kHz) above which it becomes 

almost frequency independent. The higher values of Z’ 
at lower frequencies and higher temperatures indicate 
that the polarization in the test material is larger. The 
temperature at which this frequency-dependent to fre-
quency-independent change of Z’ occurs, varies with 
frequency in the material composition. This also signi-
fies that the resistive grain boundaries become conduct-
ing at these temperatures and that the grain boundaries 
are not relaxing even at the highest measurement rang-
es of frequency and temperature. Z”(f) plots showed al-
most identical monotonically decreasing type of vari-
ation up to the same frequency limit ~10 kHz beyond 

Figure 2. Williamson-Hall plot (a) and SEM micrograph (b) of (Bi
0.5

Na
0.5

)
0.95

Ba
0.05

TiO
3
 ceramic

a) b)

Description of parameters:
R

p
 (profile factor) = 100[Σ|y

i
-y

ic
|/Σ|y

i
|], where y

i
is the observed in-

tensity and y
ic
 is the calculated intensity at the ith step.

R
wp

 (weighted profile factor) = 100[Σω
i
|y

i
-y

ic
|2/Σω

i
(y

i
)2]1/2, where  

ω
i
 = 1/σ

i

2 and σ
i

2 is variance of the observation.   

R
exp

 (expected weighted profile factor) = 100[(n-p)/Σω
i
(y

i
)2]1/2, 

where n and p are the number of profile points and refined pa-
rameters, respectively.

R
B
 (Bragg factor) = 100[Σ|I

obs
-I

calc
|/Σ|I

obs
|], where I

obs
 is the ob-

served integrated intensity and I
calc

 is the calculated integrated 
intensity.

R
F
 (crystallographic R

F
 factor) = 100[Σ|F

obs
-F

calc
|/Σ|F

obs
|], where 

F is the structure factor, F = √(I/L), where L is Lorentz polariza-
tion factor.

χ2 = Σω
i
(y

i
-y

ic
)2.

d(Durbin–Watson statistics) = Σ{[ω
i
(y

i
-y

ic
)-ω

i-1
(y

i-1
-y

ic-1
)]2}/

Σ[ω
i
(y

i
-y

ic
)]2.

Q
D
 = expected d.

S (goodness of fit) = (R
wp

/R
exp

).

Table 1. The crystal data and refinement factors of 
(Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3
 obtained from X-ray

powder diffraction data

Parameters BNBT05

Crystal system Monoclinic

Space group P2/m (10)

a [Å] 8.0829

b [Å] 7.5940

c [Å] 5.8400

β [º] 109.179

V [Å3] 338.5715

R
p

30.8

R
wp

23.8

R
exp

14.9

R
B

0.873

R
F

1.73

χ2 2.54

d 0.7661

Q
D

1.8999

S 1.5973
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which they merge together at a very low value of Z” 
to show frequency-independent nature of variation ex-
tending up to the highest frequency limit at all the cho-
sen measurement temperatures. The merger of Z” (as 
well as of Z’) at higher frequencies for all the tempera-
tures indicates possible release of space charge accumu-
lation at the boundaries of homogeneous phases in the 
test material under the applied external field. At lower 
temperatures, monotonic decrease of Z” indicated that 
at lower temperatures the relaxation is absent in the ma-
terial system. This means that relaxation species are im-
mobile defects and the orientation effects may be asso-
ciated. Also, the decreasing magnitudes of Z’ and Z” 
with increasing frequencies implied that relaxation in 
the material is temperature-dependent, and apparently 
there is no single relaxation time.

3.5. Complex impedance spectroscopy analysis

Electrical AC data may be presented in any of the 
four interrelated formalism: relative permittivity ε* = 
ε’ – jε”; impedance Z* = Z’ + jZ” = 1/jωC

0
ε*; electric 

modulus M* = M’ + jM” = 1/ε*; admittance Y* = Y’ 
+ jY” = jωC

0
ε*; and tanδ = ε”/ε’ = M”/M’ = Z’/Z” = 

Y”/Y’, where ω=2πf is the angular frequency; C
0
 = ε

0 
A/t 

is the geometrical capacitance; j = √-1; ε
0
 is the per-

mittivity of vacuum (8.854×10−12 F/m); t and A are the 
thickness and area of the pellet; and δ is complementary 
(90–θ) to the phase angle (θ), as observed by the LCR 
Hi-Tester. Complex impedance spectroscopy (CIS) is a 
relatively powerful method of characterizing many of 
the electrical properties of materials and their interfac-
es 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 material: ionic, semiconducting, mixed 
electronic-ionic and even insulators (dielectrics). An 
equivalent circuit based on impedance and electric mod-
ulus spectra gives an insight into the physical processes 
occurring inside the sample. Most of the real ceramics 
contain grains and grain boundary regions, which indi-
vidually have very different physical properties. These 
regions are well observed in the impedance and modu-
lus spectra. In polycrystalline materials, impedance for-
malism emphasizes grain boundary conduction process, 
while bulk effects on frequency domain dominate in the 
electric modulus formalism.

The electrical properties of the present material have 
been investigated using complex impedance spectros-
copy (CIS) and complex modulus spectroscopy (CMS) 
techniques. The Nyquist plots between Z’(f) and Z”(f) 
for the BNT-BT

0.05
 ceramic at 375 °C, 400 °C, 425 °C, 

and 450 °C are shown in Fig. 4. The impedance spec-
trum is distinguished by semicircles. A series array of 
two parallel RC combinations (R

g
, C

g
) and (R

gb
, C

gb
) 

in series with a resistor (R
s
) was found to have excel-

lent fits with the experimental data for the test materi-

Figure 4. Complex impedance plots for 
(Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3
 ceramic at

different temperatures

Figure 3: Frequency dependence of: a) Z’ and b) Z” 

for(Bi
0.5

Na
0.5

)
0.95

Ba
0.05

TiO
3
 ceramic at different

temperatures between 35 °C and 450 °C

Inset to Fig. 3(b): Z”(f) plots corresponding to

400 °C and 450 °C

a)

b)
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al, especially at higher temperatures i.e., at 425 °C and 
450 °C, thereby indicating the contribution both from 
grains and grain boundaries of the sample. No other re-
laxation mechanism such as electrode effect in the sam-
ple could be identified through the CIS technique in the 
studied frequency range. It was observed that at lower 
temperatures the material showed insulating properties 
in giving plots in the form of almost straight lines par-
allel to the ordinate, as shown in Fig. 4. The resulting 
curves corresponding to higher temperatures showed a 
tendency to bend towards the abscissa to form semicir-
cles with their centres below the real axis, having com-
paratively larger radii and the radii decreasing with the 
increase of temperature, thereby representing the distri-
bution of relaxation times in the test sample and indi-
cating a decrease in the resistivity of the material with 
the increase in temperature. It thus showed the NTCR 
and also a clear-cut departure from the ideal Debye type 
behaviour of the test material. However, the different 
semicircles from whose radii (R

g
, R

gb
) for the ceramic 

were evaluated for the ceramic corresponding to the dif-
ferent measurement temperatures have not been shown 
in the plots, for brevity sake. The Nyquist plot of Z” vs. 
Z’ corresponding to 425 °C and 450 °C (as shown in 
Fig. 4) clearly revealed grain and grain-boundary peaks. 
The data for R

g
, R

gb
, C

g
, C

gb
, τ

g
 and τ

gb
 are listed in Table 

2. Again, the almost frequency-independent data of R
s 

are not shown in the Table 2, for brevity sake. The fitted 
values for R

s
, R

g
, R

gb
, C

g
, C

gb 
along with an equivalent 

circuit
 
corresponding to the impedance data for 425 °C 

have been inserted in Fig. 4. These data yield the grain 
and grain-boundary relaxation times in the range 1.24 
ms – 4.0 µs and 9.037 µs – 0.502 ms at 425 °C and 
450 °C, respectively.

3.6. Complex modulus spectroscopic analysis

Complex modulus analysis is an alternative ap-
proach to explore electrical properties of the materi-
al and to magnify any other effects present in the sam-
ple (which are unidentifiable or superimposed on the 
others in CIS technique) as a result of different relax-
ation time constants. It is an important and convenient 
tool to determine, analyse and interpret the dynamical 
aspects of electrical transport phenomena (i.e. param-
eters such as carrier/ion hopping rate, conductivity re-
laxation time, etc.). In order to analyse and interpret 
the experimental data, it is essential to have a model 
equivalent circuit that provides a realistic representa-
tion of the electrical properties. The modulus repre-
sentation suppresses the unwanted effects of extrinsic 
relaxation often used in the analysis of dynamic con-
ductivities of ionically conducting glasses. The dielec-
tric modulus (M* = 1/ε*) is frequently used in the anal-
ysis of dielectric data of ionic conductors [27–29]. The 

Figure 5. Frequency dependence of: a) M’ and b) M” for (Bi
0.5

Na
0.5

)
0.95

Ba
0.05

TiO
3
 ceramic at different temperatures 

between 300 °C and 450 °C

Table 2. Grain (bulk)/grain-boundary resistances (R
g
/R

gb
), capacitances (C

g
/C

gb
) and the corresponding relaxation times (t

g
/t

gb
) 

at the indicated temperatures ranges for (Bi
0.5

Na
0.5

)
0.95

Ba
0.05

TiO
3
 ceramic

Temperature 
[°C]

R
g 

[MΩ]
R

gb 

[kΩ]
C

g 

[nF]
C

gb 

[nF]
t
g 

[µs]
t
gb 

[µs]

375 5.61 - - - - -

400 3.99 - - - - -

425 0.901 2.489 1.377 3.631 1240 9.037

450 0.163 290 0.0246 1.734 4 502

a) b)
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advantage of adopting complex electric modulus spec-
tra is that it can discriminate against electrode polar-
ization and grain boundary conduction processes. Us-
ing electric modulus spectroscopic analysis, it is easier 
to relate this phenomenon to other properties, especial-
ly the dynamical mechanical modulus, and the modu-
lus can be written as a single function of conductivity. 
Sinclair and West [30,31] suggested the combined us-
age of impedance and modulus spectroscopic plots to 
rationalize the dielectric properties. Complex imped-
ance plane plots of Z” versus Z’ are useful in deter-
mining the dominant resistance of a sample, but are in-
sensitive to the smaller values of resistances. Similarly, 
complex modulus plots are useful in determining the 
smallest capacitance. Thus, the power of combined us-
age of both impedance and modulus spectroscopy is 
that the Z” vs. Z’ plot highlights the phenomenon of 
largest resistance whereas M” vs. M’ picks up those of 
the smallest capacitance [32]. The additional contribu-

tion in the low frequency part to the specific semicircle 
is attributed to the blocking effect of the pores. Also, 
the poor separation of this overlapped semicircle is as-
cribed to the blocker (pore) size and if the blocker size 
is greater than 1 μm, it would lead to the overlapping 
of the semicircles [33]. Figure 5 shows the  frequency 
dependence of: a) real part (M’) and b) imaginary part 
(M”) of complex electric modulus (M*) for BNT-BT

0.05
 

ceramic at different temperatures between 300 °C and 
450 °C From the figure it is clear that, at the highest 
temperature, the M’(f) value tends to zero at low fre-
quencies and shows an almost sigmoid increase with 
the increase of frequency to reach a maximum (asymp-
totic value) at high frequencies. Almost similar be-
haviour is shown for all the M’(f) plots at the chosen 
temperatures between 300 °C and 450 °C. Such behav-
iour is an indicative of negligible electrode polariza-
tion phenomenon in the test material [34]. The plots of 
M”(f), as shown in Fig. 5b, exhibit peaks for M” at dif-
ferent frequencies corresponding to the different meas-
urement temperatures between 300 °C and 450 °C. The 
frequency region below the peak determines the range 
in which charge carriers are mobile on long distanc-
es. At frequencies above f

max
, the carriers are mobile on 

short distances because they are confined to their po-
tential wells. The peaks are also seen to shift to lower 
frequency side with increasing temperature. The exist-
ence of a bit sharper peak at a low frequency (~460 Hz) 
for the highest measurement temperature i.e., 450 °C 
suggests that the ions can move over long distances 
whereas high frequency peaks corresponding to low-
er measurement temperatures suggest about the con-
finement of ions in their potential wells. This behaviour 
suggests that the dielectric relaxation is not the usual 
thermally activated type in which hopping mechanism 
of charge carriers dominates intrinsically.

This nature of modulus spectra thus confirms the 
existence of hopping mechanism in the electrical con-
duction of the material. The peaks in M”(f) vs. M’(f) 
plots at the measurement temperatures between 300–
450 °C for the test material in the present study sug-
gest that the impedance data can be better analysed by 
re-plotting them in the modulus formalism. The peak 
heights are proportional to R for the Z”(f) vs. Z’(f) 
plots and to C−1 for the M”(f) vs. M’(f) plots. The tem-
perature dependence of the complex modulus spec-
trum (M” vs. M’) of BNT-BT

0.05 
compound is shown 

in Fig. 6 which clearly indicates the possibility of two 
semicircles at each of the higher temperatures (from 
300 °C to 450 °C) and thus suggests the presence of 
grain boundaries along with the grains in the test ma-
terial. Furthermore, at the highest temperature the two 
semicircles appear clearly separated from each oth-
er. At the same time, the radii of the grain-boundary 
semicircles go on increasing with increasing tempera-
ture, thereby showing the mounting dominance of the 

Figure 6. The Nyquist plots in the complex electric modulus 
plane for (Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3
 ceramic corresponding to 

the data for M’ and M” between 350 °C and 450 °C

Figure 7. Plots for the imaginary parts of (a) impedance
Z”(ƒ) as well as (b) electric modulus M”(ƒ) for 
(Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3
 ceramic corresponding

to the experimental data for 450 °C
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grain-boundary effect with the increase in temperature 
and the maximum dominance of grain-boundaries over 
that of the grains in the given material at the highest 
measurement temperature. These results indicate the 
positive temperature coefficient of resistance (PTCR) 
behaviour of the grain boundaries in BNT-BT

0.05
 ce-

ramic. On increasing the temperature, the intercepts 
of the right semicircles (corresponding to the grains) 
on the M’-axis go on increasing. Higher values of M’ 
correspond to higher values of frequencies, as may be 
seen in the M’–f plots (Fig. 5a), and these higher fre-
quencies correspond to the smaller values of imped-
ance (or resistance), as may be seen in Fig. 3. These re-
sults thus indicate the NTCR behaviour for the grains 
in the test material. These results support the views 
of Sinclair and West [30,31] that the inner fraction of 
a grain has semiconducting properties, whereas the 
grain-boundaries have insulating properties. Figure 
7 shows the frequency dependence of the imaginary 
part of impedance along with that of electric modu-
lus. The region where the peak occurs is an indication 
of the transition from long-range to short-range relax-
ation. The overlapping peak positions of M”

max
(f) and 

Z”
max

(f)
 
curves are an evidence of delocalized or long-

range relaxation [35], as observed in so many ceramic 
systems. However, for the present BNT-BT

0.05
 ceramic 

the M”
max

 and Z”
max

 peaks do not overlap but are close 
to each other with an appreciable mismatch, thereby 
suggesting the coexistence of components from both 
long-range and localized relaxation. In order to mobi-
lize the localized electron, the aid of lattice oscillation 
is required. Under these circumstances, electrons are 
considered not to move by their own but by hopping 
motion activated by lattice oscillation, i.e., by the con-
duction mechanism. Further, the magnitude of the ac-
tivation energy endorses the fact that the carrier trans-
port is due to the hopping conduction, as discussed in 
the foregoing analysis.

3.7. Electrical conductivity analysis

The real part of AC conductivity is given by:

         σ’
AC 

= ω
i 
ε

0
ε’’ (1)

where w = 2π·f, (f being the frequency used); ε
o 
is the 

permittivity of vacuum (8.854×10-12 F/m) and ε” is the 
dielectric loss factor, as referred to earlier. Thus, σ’

AC
 

is directly related to the dielectric properties of the 
material. Alternatively, the real part of the dominant 
bulk conductivity may be evaluated from the imped-
ance spectrum using the relation σ’

AC
 = t/(Z’·A); where 

Z’ is the real part of complex impedance (intersection 
of semicircle on the real-axis in Z” vs. Z’ plot); t the 
thickness, and A the surface area of the sample. 

Figure 8 shows the plot of the log of AC electrical 
conductivity (σ

AC
) versus inverse temperature (103/T) 

at three different frequencies (1 kHz, 10 kHz and 100 
kHz). It is observed from these plots that in the low 
temperature regime, AC conductivity increased with 
increase in frequency, thereby indicating dispersion 
of conductivity with frequency. With increase in tem-
perature, dispersion in conductivity narrowed down 
and all the curves for different frequencies appeared 
to merge at high temperatures, although they did not 
merge completely even at the highest chosen temper-
ature. The activation energy for conduction was ob-
tained using the Arrhenius relationship:

       σ
ac

= σ
o
exp(-E

a 
/k

B
T ) (2a)

                => ln (σ’
AC

)=ln (σ
o
)-E

a
/k

B
T (2b)

Linear least-squares fit to the conductivity data in 
the above equation 2b gives the value of the apparent 
activation energy, E

a
. The activation energy values for 

ac conductivity are found to increase with the increase 
in temperature as shown in Table 3. AC conductivi-
ty-based activation energies were calculated at lower 
frequencies over the higher temperature range (350–
450 °C) and they are shown to attain the higher lim-
iting values ~1.431 eV–0.502 eV due to space charge 
polarization i.e., interfacial effects up to 1 kHz above 
which the activation energy showed sharp fall to reach 
a minimum value ~0.079 eV at 100 kHz. In the high-
est temperature range, the activation energy showed a 
sudden increase, may possibly be due to the antiferro-
electric-to-paraelectric phase change occurring in the 
material at about 450 °C. This is due to the fact that at 
low frequencies the overall conductivity is due to the 
mobility / transportation of charge carriers over long 
distance rather than from relaxation / orientational 
mechanism in which case the charge mobility / trans-
portation is restricted only to the nearest neighbour-
ing lattice sites. The enhancement in conductivity with 
increase in temperature may be considered on the ba-
sis that within the bulk, the oxygen vacancies due to 
the loss of oxygen are usually created during sintering 

Figure 8. Dependence of ac conductivity with inverse 
temperature at the indicated values of frequency for 

(Bi
0.5

Na
0.5

)
0.95

Ba
0.05

TiO
3
 ceramic
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and the charge compensation follows the Kröger-Vink 
equation [35]:

 (3)

which shows that free electrons are left behind in the 
process, making the material n-type. Further, the merg-
ing of the conductivity curves in the higher tempera-
ture region results in the release/segregation of space 
charges, thereby endorsing the results derived from 
the complex impedance spectroscopic analyses. Ap-
proximate values of DC conductivity of the test mate-
rial were evaluated from the extrapolation of the pla-
teau of the σ

ac
(f) plots up to f = 0 corresponding to 

375 °C, 400 °C, 425 °C and 450 °C only. Tempera-
ture-dependent DC conductivity is given by the fol-
lowing formula: 

 (4)

from which the slope of the ln(σ
DC

·T)
 
vs.103/T plot 

yielded the value of activation energy for DC conduc-
tivity E

a
= 1.505 eV, as given in Table 3.

The AC conductivity of the system depends on 
the dielectric properties and sample capacitance. Fig-
ure 9 shows the log-log plot of frequency-dependent 
AC electrical conductivity (σ

AC
) at different tempera-

tures. The frequency-dependent conductivity plots of 

BNT-BT
0.05

 at various temperatures show the spectra 
which possess a characteristic dispersion displaying 
the typical shape found for an electronically conduct-
ing system. The conductivity spectra have the tenden-
cy to merge at higher frequencies with the increase in 
temperature. At a particular temperature, the conduc-
tivity is seen to decrease with decreasing frequency 
and it becomes independent of frequency after a cer-
tain value. The extrapolation of this part towards low-
er frequency gives σ

DC
 which is attributed to the long 

range translational motion of the charge carriers. This 
behaviour may be attributed to the presence of space 
charge in the material. The basic fact about AC con-
ductivity (σ

AC
) in BNT-BT

0.05
 is that σ

AC
 is an increas-

ing function of frequency with any type of hopping 
model taken into account.

The frequency dependence of ac conductivity does 
not seem to follow the simple Jonscher’s power law. On 
the other hand, it is seen to follow a double power law 
[37–42] given as:

 (5)

where σ
0
 is the frequency independent (electron-

ic or DC) part of AC conductivity. The exponent s
1 

(0 ≤ s
1
 ≤ 1) characterizes the low frequency region i.e., 

it corresponds to the grain-boundary conductivity cor-
responding to the translational ion hopping, whereas 
the exponent s

2 
(0 < s

2
 < 2) characterizes the high fre-

quency region i.e., to the grain conductivity indicat-
ing the existence of well localized relaxation/re-orien-
tational process [43], the activation energy of which 
is ascribed to the reorientation ionic hopping. In the 
jump relaxation model (JRM) introduced by Funke 
[38] and extended by Elliot [42] to account for ion-
ic conduction in solids, there is a high probability for 
a jumping ion to jump back (unsuccessful hop). How-
ever, if the neighbourhood becomes relaxed with re-
spect to the ion’s position, the ion stays in the new site. 
The conductivity in the low frequency region is asso-
ciated with successful hops. Beyond the low frequen-
cy region, many hops are unsuccessful and as the fre-
quency increases, there is higher possibility of more 
hops to be unsuccessful. The change in the ratio of 
successful to unsuccessful hops results in dispersive 
conductivity in the test material(s). In the perovskite 
type oxide materials, the presence of charge traps in 
the band gap of the insulator is expected. The JRM 

Figure 9. Log-log plot of  frequency dependence of real part 
of complex ac conductivity for (Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3

ceramic at several temperatures

between 35 °C and 450 °C

Table 3. AC/DC conductivity-based activation energies in low and high temperature ranges at different
frequencies for (Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3
 ceramic

Temperature 
ranges [°C]

Conductivity-based activation energies [eV] 
at the indicated frequencies

DC conductivity-based activation energies 
[eV] at the indicated temperature range

100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 375–450 °C

350–450 1.431 0.503 - - - 1.505

225–450 - - 0.138 0.079 0.109 -

 σ
DC 

= (σ
o 
/T)exp(-E

a 
/k

B
T )

 σ
AC 

= σ
o 
+ AωS1 + BωS2

→O
o                   

O
o       

+ V
o

••
 
+ 2e-1↑
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suggests that different activation energies are associat-
ed with unsuccessful and successful hopping process-
es. The frequency and temperature dependence of AC 
conductivity in the BNT-BT

0.05
 resembles that of hop-

ping type conduction. Applying JRM to the frequency 
response of ac conductivity for the test material, ex-
perimental conductivity data were found to fit the dou-
ble power law as given in Equation (5).

Figure 10 shows the temperature-dependent vari-
ations of the exponents, (s

1
 and s

2
) for BNT-BT

0.05 

ceramic between the temperature of ambience and 
450 °C. In the present work, s

1 
represents the expo-

nent evaluated between the frequency limits of 100 Hz 
to 54 kHz and s

2 
has been evaluated between 60 kHz 

and 1 MHz. From the plots it is manifested that s
1
 as-

sumes maximum values ~0.922 and 1.16 at 35 °C and 
450 °C, respectively, while, s

2
 assumes maximum val-

ues ~1.16 and 1.02 at the same limiting temperatures 
i.e., at 35 °C and 450 °C, respectively, for the given 
material. Furthermore, s

1
 is seen to assume a mini-

mum value ~0.87 at 400 °C whereas s
2
 assumes a min-

imum value ~0.73 at 300 °C. Due to localization of 
charge carriers, formation of polarons takes place and 
the hopping conduction may occur between the near-
est neighbouring sites. The nature of conduction has 
a remarkable relationship with these slopes [44,45]. 
For small polaron hopping conduction, the value of 
s increases with temperature, while for large polar-
on hopping conduction s decreases with temperature 
[46]. Here, the value of s

1
 first increases because of 

small polaron hopping mechanism [44]. After 300 °C, 
the slope decreases and reaches a minimum value at 
400 °C because of dominant large polaron hopping 
mechanism (mobility of large polarons is proportional 
to T−1/2). Small polaron formation takes place in those 
materials whose conduction band belongs to the in-
complete “d” or “f” orbital [44]. In the present case, 
Ti3+ may be assumed to be present in the test ceram-

ic sample due to the reduction of Ti4+ into Ti3+, thereby 
creating incomplete “d” orbital, which may possibly 
be responsible for the small polaron formation. These 
polaronic states may be thermally dissociated and the 
residual carriers can form a large polaron due to the in-
teraction with the positive ions in the lattice. The small 
polaron hopping mechanism is a thermally activated 
one. Thus as temperature increases, conductivity in-
creases and s

1
 increases. But as the temperature ex-

ceeds 300 °C, charge carriers trapped in the potential 
well can form large polarons. These large polarons are 
easily scattered by the ions and phonons in the mate-
rial. Thus, the change in conductivity (Δσ’

AC
) with in-

crease in temperature decreases i.e., s
1
 decreases with 

the increase in temperature. Since the trapped carrier 
of a large polaron extends over multiple sites, the car-
rier can continuously adjust to the alternations of the 
atomic positions and thereby move between sites co-
herently [47]. Hence, the conductivity increases with 
the increase in temperature. The value of s

2
 has also a 

decreasing trend with increase in temperature beyond 
300 °C. A similar explanation to the temperature-de-
pendent variations of s

2
 (as for s

1
)

 
also holds good. 

However, both the frequency exponents s
1 

and s
2
 are 

seen to assume their maximum values at 450 °C, there-
by showing the dominance of small as well as large 
polaron hopping in the test material at the ferroelec-
tric-to-paraelectric phase transition temperature i.e., at 
450 °C. In the light of the foregoing analysis for the 
frequency and temperature dependent AC conductivi-
ty data for BNT-BT

0.05 
ceramic, the JRM for the hop-

ping of charge carriers may be assumed to hold good 
in the entire measurement frequency range for the test 
material composition.

IV. Conclusions

Polycrystalline ceramic sample of 
(Bi

0.5
Na

0.5
)

0.95
Ba

0.05
TiO

3
 (BNT-BT

0.05
) was prepared by a 

conventional high-temperature solid state reaction tech-
nique at the sintering temperature of 1180°C. The for-
mation of a single monoclinic phase compound is con-
firmed by the X-ray diffraction pattern analysis using 
Rietveld refinement technique. SEM micrograph of the 
fractured surface of the sintered ceramic pellet shows 
dense and homogeneous packing and distribution of 
grains in the material. Longitudinal piezoelectric charge 
coefficient (d

33
) of the poled ceramic sample is found 

to be ~95pC/N. The complex impedance and modulus 
spectroscopy analyses along with the conductivity stud-
ies showed the dielectric relaxation in the material to 
be of non-Debye type and the overall NTCR character 
of BNT-BT

0.05 
.The study further indicated the contribu-

tion of grain-boundaries along with grains in the pro-
cess of charge transport inside the test material. Activa-
tion / binding energies associated with different types of 
conductivity have also been evaluated.

Figure 10. Temperature dependence of low and high
frequency exponents (s

1
 and s

2
, respectively) with

temperature for (Bi
0.5

Na
0.5

)
0.95

Ba
0.05

TiO
3
 ceramic
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