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Lead free ternary (0.8x)Na0.5Bi0.5TiO3-0.2SrTiO3-xBaTiO3 (NBT-ST-BT) relaxor ferroelectric ceramics
with dense morphology were investigated by impedance spectroscopy over a wide temperature range
from 50 to 400  C. The grain and grain boundary response as well as the relaxation processes at different
frequencies and temperatures were discussed using different formalisms. The relaxation time extracted
from Z00 (f) and M00 (f) spectra for x ¼ 0.04, 0.06, 0.08 follows the Arrhenius law and reveals the existence of
three different relaxation processes with different activation energies. The shoulder response in M00 (f)
provides an indirect evidence of the presence of highly polarisable entities in the samples which is a
signature of the existence of polar nano regions (PNRs) within the grains.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Over the last few decades, the surge for lead free alternatives in
ceramic industries [1,2] has gained momentum owing to the
possible toxicity of Pb-based materials such as PbZrxTi1-xO3 (PZT)
and Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), raising health and environmental concerns. Being the icons of piezoelectricity, these ceramics offer a wide range of optimal functional properties at the
morphotropic phase boundary (MPB) compositions. In addition to
the MPB, the existence of relaxor behavior [3,4] in those systems is
believed to be vital for exhibiting unique properties. Moreover, in
some speciﬁc systems, the vertical MPB provides better temperature reliability to piezoelectric properties and the relaxor behavior
brings in thermal stability of permittivity (characterized by a
diffuse dielectric peak). In this context, many lead free systems have
tried to attain a competitive performance with Pb-based compounds under ambient conditions. Na0.5Bi0.5TiO3 (NBT) is one
among the rare species of A-site lead free complex perovskites
which has aroused considerable attention as it exhibits adequate
piezoelectric and electromechanical properties coupled with
peculiar phase transitions and relaxor behavior [5e9]. Especially,
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the NBT-based solid solutions with BaTiO3 (BT) [10,11], SrTiO3 (ST)
[5,6], K0.5Ba0.5TiO3 (KBT) [12], KNbO3 (KN) [13], K0.5Na0.5NbO3
(KNN) [14] etc. form MPB. These peculiar features superimposed
with better mechanical, thermal and electrical properties, open up
broad scope for fundamental research and new applications in
actuators, multilayer capacitors, sensors, non-volatile memories,
radio frequency ﬁlters and many more. In fact some fascinating
features like large strain, electrocaloric effect and large energy
storage have been fostered in solid solutions like NBT-ST [15], NBTBT, NBT-BT-KBT [16], NBT-BT-KNN [7], NBT-ST-KNN [17], NBT-BTNBN [18] and NBT-KBT-KNN [19].
With wide operational temperature range i.e. large difference
between the Burn's temperature (TB) and the freezing temperature
(Tf), a recently developed ternary solid solution (0.8x)NBT-0.2STxBT, 0.00  x  0.08, is reported with a nexus between relaxor and
electromechanical properties [20]. Co-doping of Sr2þ and Ba2þ into
NBT ceramics leads to strong diffuse phase transitions (relaxor
behavior) due to cation disordering at the A-site of the perovskite
lattice. Both Sr2þ and Ba2þ favour the off-centering of the A-site Naþ
and Bi3þ resulting in local distortions which are more complex
[21,22] than B-site substituted Pb-based solid solutions. Such
compositional ﬂuctuations result in short range ordering and are
the reason for creation of polar nano regions (PNRs) very close to TB.
The number density of these thermally activated polar regions increases with decreasing temperature and seem to coalesce into
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larger clusters with increased dipolar relaxation time and ﬁnally
become frozen (static) at Tf due to maximum dipolar interactions
[23,24]. Praharaj et al. studied the NBT-ST-BT ternary system from
the view point of relaxor behavior and the thermal evolution of
PNRs in the temperature range from TB to Tf by ﬁtting the dielectric
data into various empirical models [20]. As it is considered that the
existence of PNRs plays a key role to the unparallel properties of the
relaxor materials, further investigation on the evolution of PNRs
with temperature and composition is highly desired.
Although impedance spectroscopy (IS) is established as a
powerful tool in separating the electrical contributions of various
components particularly the grains, grain boundaries and space
charge effects based on their electrical relaxation time in many
electroceramics [25e34], current use of IS for the investigation of
the critical understanding of the behavior of thermally activated
PNRs in relaxor ferroelectrics [35] probably adds up a new
dimension to the methodology. Particularly, complex modulus
formalism is more prominent in separating components with
different capacitances (though they have the same electrical
resistance), suppressing the electrode effect and also analyzing
relaxation time and carrier hopping rate. A combined spectra
derived from the imaginary parts of M* and Z* can also explore
useful information. Hence, it is required to give IS further attention
in this regard to study more relaxor systems. In this work, IS is
employed to study the lead free ternary relaxor system (0.8x)NBT0.2ST-xBT, 0.00  x  0.08, in the temperature range from TB to Tf to
get deep insight into the thermal evolution of PNRs. Impedance (Z*)
and electric modulus (M*) formalisms are also used to discuss
different relaxation processes involved in the system.
2. Experimental
Polycrystalline (0.8x)(Na0.5Bi0.5)TiO3-0.2SrTiO3-xBaTiO3 (NBTST-BT) (0.00  x  0.10) ceramic samples were prepared from
Na2CO3 (99.8%, Acros Organics, New Jersey, USA), Bi2O3 (99.9%,
Kojundo Chemical Lab Co., Saitama, Japan), SrCO3 (99.9%, Aldrich),
BaCO3 (99.98%, Sigma-Aldrich, St. Louis, USA) and TiO2 (99.9%,
Sigma-Aldrich, St. Louis, USA) by a high temperature solid state
reaction method. The details of the sample preparation are given
elsewhere [20]. The microstructures of the samples were observed
using a scanning electron microscope (PhillipsXL30 SEM, Eindhoven, Netherlands). Prior to this, the sintered samples were
sectioned and polished to a 0.25 mm ﬁnish. The polished samples
were thermally etched at 1050  C for 20 min in air. The impedance
measurements were carried out in a PSM1735 Impedance Analyser
(N4L-NumetriQ) at a frequency range of 103 e 103 kHz and by
using a programmable furnace in the temperature range of
50e400  C at a heating rate of 3  C/min with 2 min stabilizing time
at each measured temperature.
3. Results and discussion
3.1. Microstructure
Fig. 1 shows the SEM microstructures of NBT-ST-BT ceramics for
four selected compositions x ¼ 0.00, 0.02, 0.04 and 0.08. The micrographs reveal a polycrystalline nature with dense microstructure. This is further conﬁrmed from the densities of the samples
measured by Archimedes principle and with increasing BT content,
the relative density is found to be increased from 95% (0BT) to 98%
(8BT) as the concentration of BT increases. Well deﬁned grains and
grain boundaries are distinctly visible with anisotropic grain shape
(particularly for 0BT). The grains at the surface of the bulk samples
acquire a rounded shape and with the addition of BT, the shape
becomes more rounded which is reﬂected in the change in grain
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coarsening behavior. The grain size distribution was measured
considering at least 300 grains per composition (inset in Fig. 1).
Unimodal grains of different sizes are distributed homogeneously
throughout the sample. The mean grain size decreases from
2.42 mm (0BT) to 1.23 mm (4BT) and the size distribution becomes
narrow. However, the grain size distribution broadens for 8BT and
also the mean grain size increases to 1.77 mm.
3.2. Metamorphosis of PNRs: Compositional Dependence
A representative ﬁgure displaying typical complex impedance
(Z*) plots at three different temperatures (75, 150 and 300  C) in the
frequency range 103 e 103 kHz for NBT-ST-BT ceramics, is presented in Fig. 2. In the studied temperature range, the composition
x ¼ 0.00 exhibits almost a straight line response indicating insulating behavior of the sample [25,27]. However, on increasing the
BT content, the graph takes the form of a semicircle which are
depressed with centres lying below the real Z* axis. This indicates a
distribution of relaxation time (i. e. t ¼ 1/um) and shows a clear
departure from a Debye type of relaxation.
Again, the asymmetry observed in the semicircles for x ¼ 0.04,
0.06 and 0.08 may be due to overlapping of two depressed semicircles attributed to the contribution of both intra-grain at higher
frequency and inter-grain at lower frequency. Nevertheless, the
impedance data is converted to complex modulus using the relation M* ¼ juCoZ* and the presence of two semicircles clearly
distinguish the contribution of grain and grain boundary. These
observations are in good agreement with the SEM micrographs
which display the grains and grain boundaries distinctly [36].
Further, the radii of the semicircular arcs decrease with the increase
of BT content suggesting a decrease of resistivity but an anomalous
reduction can be marked in the case of 4BT with a deviation from
the normal trend. Similar changes were observed in the binary solid
solution NBT-ST with increase of ST concentration [26]. It is reported that the transport properties in NBT based ceramics are
primarily affected by oxygen ion conduction rather than electronic
conduction [37]. Generally, it is believed that the microstructural
changes have signiﬁcant effect on the conductivity mechanism of
perovskite type polycrystalline samples. In this work, it is noticed
from the SEM micrographs that the mean grain size decreases and
hence the grain boundary area increases as the BT content increases. Increase in grain boundary area might have provided an
easy path for the mobility of the oxygen ions. Thus, it may be
inferred that the introduction of BT into NBT-ST seems to reduce the
grain boundary contribution to impedance due to imperfections in
the form of oxygen vacancies accumulating at the boundaries and
thus decreasing the overall resistivity of the samples. The formation
of oxygen vacancies is further discussed in the following paragraphs. Moreover, the anomalous reduction in resistivity at 4BT
might be due to the existence of an MPB around this composition as
reported earlier [20]. With rising temperature, it is found that the
arc radii decrease for 0.04  x  0.08 showing a drop in the resistivity due to a reduction in grain boundary resistance. For compositions x  0.04, the semicircles start forming even at 50  C
suggesting a decrease in the insulating behavior of the samples.
With a rise of temperature, the bulk effect (component with
smallest capacitance) dominates.
Fig. 3 presents the Z00 (f) spectra for 0.00  x  0.08 in the temperature range 50e400  C showing a marked dependence on BT
content. The peak in the plots for 0BT and 2BT start appearing
around 400  C and shift to much lower frequencies at lower temperatures. For temperatures below 400  C, the nature of the curve
(i.e Z00 gradually decreases with increasing frequency) remains the
same. Thus, to maintain the clarity of the ﬁgure, representative
plots of Z00 vs log f at 50, 100 and 400  C are provided as inset in
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Fig. 1. SEM micrographs and the grain size distribution (inset) for NBT-ST-BT ceramics.

Fig. 3. However, the compositions other than 0BT and 2BT show
asymmetric broadening of the peaks with a shift in the inﬂation
frequency fZmax (the frequency corresponding to Z00 max) to higher
values as temperature increases.
The degree of shift in the inﬂation frequency increases at higher
BT content. This behavior may be considered as a trigger for a
hopping type of mechanism such as small polaron hopping with a
slow decrease in electron lattice coupling [38,39]. The frequency
dispersion of Z00 gives a measure of the distribution of relaxation
times (t) for dielectric polarization. Lowering of Z00 max and shifting
of fZmax with rise in temperature indicates a decrease of relaxation
time and thermally activated dielectric relaxation [40]. The relaxation time calculated for all the samples in the temperature range
50e400  C follows Arrhenius law.
Arrhenius plots of relaxation time displayed in Fig. 4 for 4, 6 and
8BT show the predominance of three different regions with varying
activation energies (Ea). At temperatures around Tf, (much below
Tm, the temperature corresponding to dielectric constant
maximum), lower values of Ea indicates more interactions among
the nano sized polar regions (PNRs), but above Tm (towards TB), the
activation energy shows an increasing trend demonstrating lesser
interactions between the PNRs. For a better picture, the Tf, Tm and TB
are provided in Table 1 [20]. The low values of activation energies
may be attributed to mobility of oxygen vacancies rather than
electronic conduction as reported in some NBT based samples
[37,41,42]. The mobility of the oxygen vacancies associated with
highly polarised Bi3þ ions and weak BieO bonds lead to oxide ion
conduction in NBT-ST-BT solid solution. Hetero-valant doping at

the A-site (Naþ, Bi3þ, Sr2þ and Ba2þ) might have facilitated the
formation of oxygen vacancies by weakening the BieO bond due to
oxygen ion off-centering [21,22,43] and becomes prominent at high
temperatures. There are evidences where A-site stoichiometry
supports the formation of oxygen vacancies [37,40]. Volatilization
of Bi2O3 and release of oxygen from the lattice follow the high
temperature Kroger-Vink equation:
’’’
2Bi3þ þ 3O2 /Bi2 O3 þ 2VBi
þ 3VO::

1
O2 /VO:: þ 2e’ þ O2
2
Kumari et al. and Steinsvik et al. also reported such low values of
activation energies due to the concentration of oxygen vacancies
[29,44]. Fig. 5 reveals that the Z00 max value gradually decreases as x
varies from 0.00 to 0.08 with an anomaly around the 4BT composition. A similar anomaly is also observed in the case of inﬂation
frequency fZmax. Such an abnormal behavior might be attributed to
the presence of an MPB around 4BT [20].
M00 (f) spectra of NBT-ST-BT is illustrated in Fig. 6 in the temperature range 50e400  C. The ﬁgure shows a Debye like peak
corresponding to the bulk response around 10 Hz can be clearly
separated from a high frequency shoulder (~103e104 Hz) at 50  C
for all compositions. Both the peaks have been analysed using the
relation, M00 max ¼ C0/2C, where C0 is the capacitance of vacuum and
C is the capacitance corresponding to the peak under observation. It
is found that for 2BT, the capacitance of the bulk response peak is
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Fig. 2. Comparison of Z* and M* complex plots for all the samples at 75, 150 and 300  C.

Fig. 3. Imaginary Z* vs log f plot for all the samples at 50, 100, 150, 250, 300 and 400  C.
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also perceived in BNT-BT-KNN by Zhang et al. where the bulk
response was ascribed to long range conduction and the shoulder
implicated short range relaxation processes [35]. With increase in
temperature, both the peaks shift to the higher frequency side and
the shift being maximum for 4BT. The shoulder response for 0BT
and 2BT is visible in the plot for temperatures up to 400  C. However, for 4, 6 and 8BT, the peak corresponding to the shoulder is
well resolved up to 150  C but seems to disappear at higher temperatures. The above observations can be related to the dynamics of
PNRs in different temperature regimes. It is well known that the
PNRs start appearing around TB and as the temperature decreases
towards Tf, the interactions among them increases. As mentioned
earlier, the TB values lie within 306e286  C for 4BT to 8BT. Hence
the disappearance of the shoulder at higher temperatures around
TB is due the ceasing of the PNR interactions.
The FWHM (full width of half maximum) of the shoulder in the
plots is more than 1.14 decades suggesting a distribution of relaxation times unlike the Debye relaxation. In our previous report, the
dielectric spectra analysis of NBT-ST-BT ceramics revealed the
relaxation of PNRs over a wide temperature range from TB to Tf [20].
Such facts were also proposed by Zhang et al. and Hu et al. in their
modulus analysis of BNT-BT and KBT-BMT based systems [45,46]. In
analogy to the above observations, it is suggested that the nano
scale polarisable entities i. e. the PNRs are responsible for the
appearance of the shoulder in the M00 (f) spectra. Further, the predominance of the shoulder with increasing BT content indicates a
decrease in the capacitance of the PNRs. This may be due to
reduction in the size distribution and number density of the PNRs
with the addition of BT [35,36].
3.3. Metamorphosis of PNRs: Temperature Dependence

Fig. 4. Arrhenius plot of relaxation time as obtained from inﬂation frequency corresponding to the Z00 peak for 4BT, 6BT and 8BT.

Table 1
Values of Tf, Tm and TB obtained from dielectric data for 4BT, 6BT and 8BT.
Sample

Tf ( C)

Tm ( C)

TB ( C)

4BT
6BT
8BT

94
77
76

162
160
156

306
290
286

close to the sample capacitance and the shoulder capacitance is an
order of magnitude higher than the bulk capacitance at 250  C. This
gives an indirect evidence of the existence of small polarisable
entities in the sample (on a nano scale). Similar interpretation was

Fig. 5. Variation of Z00

max

and fZmax with BT content at 150, 250 and 300  C.

In the earlier investigation, it has been reported that the relaxor
behavior is enhanced with increasing BT content and the composition x ¼ 0.08 exhibits a maximum diffuseness exponent g ¼ 2
[20]. Hence, the sample 8BT has been chosen to probe into the
existence of PNRs using impedance and modulus formalisms. An
effort has been made to provide a better visualization of the PNRs in
the temperature range from TB to Tf. The depressed semicircles in
the Z* plots [Fig. 7(a) and (b)] attribute a non-Debye type of
dielectric relaxation with a statistical distribution of relaxation
times [37,38,47]. With increasing temperature, the resistivity decreases as the radii of the arcs decrease. Asymmetry in the curves
demonstrate intra-grain and inter-grain contributions. Nevertheless, the contribution is clearly displayed in M* plots Fig. 7(c) and
(d). At low temperatures, presence of two semicircles is observed
which gradually takes the form of a single arc as the temperature
increases. At higher temperatures, inter-grain contribution diminishes due to accumulation of imperfections at the boundaries
(component having larger capacitance) while the bulk effect
dominates (component having smallest capacitance) [39]. In order
to have an insight into the dielectric relaxation processes in the
solid solution, a combined analysis of M00 (f) and Z00 (f) spectra is
taken into account. A maximum in the M00 (f) plot is dominated by
components with the smallest capacitance value (intra grain or
bulk response) while a maxima in the Z00 (f) is governed by those
with largest resistance value (inter grain or grain boundary).
Occurrence of the Z00 (f) and M00 (f) peaks at the same frequency and
sharing the same time constant indicates long range interactions of
the electro-active regions.
On the contrary, separate positions of the peaks may be attributed to localised defect relaxation which is particularly important
in the case of relaxor ferroelectrics where the PNRs dominate such a
mechanism. Further, it is also important to know when the localised relaxation ceases and long range conductivity ensues [48].
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Fig. 6. M00 vs log f for all the samples at temperatures 50, 100, 150, 250, 300, and 400  C.

Fig. 7. (a) and (b) Z* complex plots, (c) and (d) M* complex plots for 8BT in the temperature range 75e175  C and 250e350  C respectively.

Representative plots of Z00 (f) and M00 (f) for 8BT in the temperature
range 50e400  C are shown in Fig. 8. At all temperatures, the Z00 (f)
spectrum comprises of a low frequency peak along with a high
frequency tail. The asymmetric broadening of the peaks and shifting of the fZmax (relaxation frequency) towards higher frequencies

with the rise of temperature indicate the spread of relaxation time
of the polarisable entities within the grains and the existence of
thermally activated relaxation process [29]. In contrast, M00 (f) plots
exhibit a high frequency shoulder (corresponding to PNRs) along
with a low frequency peak (bulk contribution) up to 175  C.
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However, at temperatures more than 200  C, the shoulder might
have shifted to much higher frequencies and then disappeared
which due to the lack of interactions between the PNRs beyond TB.
Such type of variation in the shoulder with temperature was
noticed in the case of BNT-BT-NN by Xu et al. [36]. From Fig. 8(c), it
is inferred that the capacitance of the high frequency shoulder increases with increasing temperature (from 50 to 175  C). Similar
observations are also seen in case of the bulk peak. A decreasing
trend appears in the bulk capacitance above 300  C, however, no
substantial variation is seen in the temperature range 200e300  C.
The possible reason may be the formation of PNRs which become
most active in the temperature range 50e175  C (i.e. from Tf to Tm).
Above Tm, PNRs are least active and small in size. Relaxation time
calculated from the bulk peak of M00 (f) obeys Arrhenius law as
displayed in Fig. 9. The data ﬁts into three separate regions of
varying activation energies which are at par with that calculated
from Z00 (f) curves (Fig. 4). Activation energy for the PNRs as calculated from the Arrhenius plot is comparable to the low frequency
bulk peak. Fig. 10(a) is suggestive of the scaling behavior of M00 (f)
where both the axes are normalized by their maximum values
M00 max and fMmax (where fMmax is the frequency corresponding to
M00 max) in the temperature range 50e400  C. As a deviation from
the normal trend, the curves at all temperatures do not merge into a
single master curve. It suggests that the distribution of relaxation
time is temperature dependant in contrast to that suggested by
Wang et al. [39].
Though the major peaks corresponding to bulk contribution
merge at all temperatures, the non-Debye like shoulder in the
higher frequency region seems to segregate into different master
curves in the temperature range 50e75  C and 100e175  C. However at still higher temperatures the shoulder shifts to much higher
frequencies beyond the studied range. Such an irregularity might
evince the temperature dependence of the dynamical processes
and signify the existence of different relaxation mechanisms in
three temperatures regimes (i.e. around Tf, Tm and TB). In lower
frequency range, a slight dispersion is observed. The scenario is
complimentary in the case of Z00 scaling (Z00 /Z00 max vs f/fZmax) as
shown in Fig. 10(b). All the curves overlap over a single master
curve except at higher frequencies, where a noticiable dispersion is
observed as compared to NBT-BT ceramics reported earlier [29].

Fig. 9. Arrhenius plot of t for bulk and shoulder response corresponding to PNRs.

This might be due to different ﬂip-ﬂop mechanisms of the thermally activated dipolar entities at high frequency of the switching
electric ﬁeld. All the dipoles may not be capable enough to cope up
with the higher frequencies of the switching electric ﬁeld giving
rise to such dispersion.
3.4. Thermal evolution of PNRs in 8BT from TB to Tf
The Burn's temperature TB and the freezing temperature Tf are
two important parameters from the point of view of relaxor
behavior. It is well known that nucleation of PNRs begins at TB
which can be derived as a deviation from the Curie-Weiss law [49].
For 8BT, TB is found to be around 286  C at 1 MHz, shown in Fig. 11.
From Table 1, it is observed that TB decreases with increasing BT
content suggesting the PNRs nucleate at low temperatures during
cooling. Moreover, Tf is also following similar kind of shifting. Thus,
destabilisation of PNRs occurs at higher temperatures with
increasing BT content. A comprehensive study on the dynamics of
PNRs is reported in our previous work at temperatures much higher
and lower than Tm by ﬁtting the dielectric data to various models

Fig. 8. (a) and (b) Z00 vs log f, (c) and (d) M00 vs log f for 8BT in the temperature range 50e175  C and 200e400  C ceramic sample.
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Fig. 10. Scaling behavior of (a) M00 and (b) Z00 at various temperatures for 8BT ceramic.

[20]. In this work, the combined analysis of Z00 (f) and M00 (f) provides
further evidences to strengthen the understanding of the dynamics
of PNRs. At higher temperatures, due to higher ﬂipping frequencies
of the local dipoles (mesoscopically nonpolar cubic paraelectric
phase in perovskites), the system is in thermal equilibrium and
Curie-Weiss behavior is obeyed. The same is evident from the
occurrence of normalized Z00 (f) and M00 (f) peaks at the same frequency clearly indicating that the bulk response is due to long
range conductivity. Deviation from ideal Curie-Weiss behavior in
relaxors occurs on cooling below TB. This temperature marks the
manifestation of the transition from paraelectric to ergodic relaxor
(ER) state and seeding of PNRs. The ﬂipping frequencies of these
thermally activated dipolar regions slow down. Formation of PNRs
is strongly visualized with the onset of separation between
normalized Z00 (f) and M00 (f) peaks which is suggestive of the fact
that long range conduction ceases and localised dipolar relaxation
ensues. So TB seems to be a very critical transition temperature.
These small polarised entities extend over more than one

correlated unit cells within the grains and their dynamics are
apparent from the literature in experiments like TEM, neutron
diffuse scattering, piezoresponse force microscopy etc. [50e53]. On
further cooling, there is complete separation of the peaks and more
prominently around Tm (150  C), the appearance of a high frequency shoulder in the M00 (f) spectra is the signature of localised
dipolar relaxation associated with the nano regions. Around this
temperature, PNRs are most active possessing different relaxation
times (characterized by the diffused dielectric peak). The strength
of interactions among these elementary dipolar regions and their
volume increase as the system is cooled further and ﬁnally leads to
freezing of their re-orientational ﬂipping below Tf (formation of
non-ergodic NR phase) [54].
4. Conclusion
Lead free (0.8x)NBT-0.2ST-xBT, 0  x  0.08, relaxor ferroelectrics with dense microstructure and uniformly distributed

Fig. 11. Schematic diagram representing the thermal evolution of PNRs in 8BT and a transition from long range conductivity to short range dielectric relaxation in the temperature
range TB to Tf thereby enunciating the contribution of PNRs to permittivity curve.
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grains were investigated by impedance spectroscopy over a temperature range from 50 to 400  C. The presence of highly polarisable entities for all the compositions were revealed by M00 (f)
spectra. The size distribution and number density of PNRs decrease
with addition of BT. Arrhenius plots of the relaxation times obtained from Z00 (f) and M00 (f) revealed three different regions of
varying activation energies for 4BT, 6BT and 8BT. The different regions correspond to three separate temperature domains i.e.
around Tf, Tm and TB representing distinct relaxation processes. The
activation energy calculated around Tf (much below Tm) is less
owing to greater interaction among the PNRs while for region
around Tm and further towards TB, the values of activation energy
increases indicating lesser interactions among them. The critical
understanding on the existence of PNRs and a transition from long
range conductivity to short range dielectric relaxation was analysed
in detail in the case of 8BT sample. The present study may enrich
the literature in the ﬁeld of the evolution of PNRs and their corelation with dielectric relaxation for ternary solid solutions; and
motivate the researchers to adopt the IS technique for further
investigation in this direction.
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