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The relaxation dynamics of the polar nano-regions (PNRs) in the 0.78Na0.5Bi0.5TiO3-0.2SrTiO3-0.02BaTiO3 lead
free ternary system over a wide temperature range (50–650 °C) is investigated using complex electric modulus
formalism. The modulus spectra are analyzed across three characteristic temperatures TB, Tm, and Tf with a
special focus on the evolution of dynamics of PNRs. Portraying high capacitance of shoulder response as compared to the bulk response in M"(f) spectra shows indirectly the presence of highly polarisable entities that
persist even above TB and below Tf. The activation energies extracted from an Arrhenius ﬁt to the relaxation time
of both bulk and shoulder response signify diﬀerent relaxation mechanisms. Further, the value of the stretched
exponent β and the scaling behavior study of the M"(f) spectra envisage temperature sensitive dipolar relaxation.

1. Introduction
Relaxors, the disordered class of materials, have always remained
an enigma to the ferroelectric community since their discovery long
back in 1960 by Smolenskii and Agranoskaya [1]. Owing to their exceptional characteristic properties (especially the strong frequency dependence of permittivity and distinctly unusual transition temperatures) and demanding industrial applications (i.e. sensors, actuators,
capacitors, ultrasonic motors, non-volatile memories, high frequency
transducers, and energy harvesters etc.), signiﬁcant eﬀort is being made
to uncover the underlying physics of relaxor behavior [2]. Within this
focused timeline of research, several universally accepted empirical
models have been proposed to explain the salient features of such
systems [2–5]. In fact, majority of these models relate convincingly the
properties of relaxor ferroelectric (RFEs) to the existence of nano-sized
polar clusters commonly known as "polar nano-regions" (PNRs), distributed in a non-polar matrix and their dynamics as a function of
temperature and frequency. Experimental evidence of these polar
clusters by NMR spectroscopy, small angle X-ray scattering, and neutron inelastic scattering, is well documented in the literature [6–11]. At
substantially higher temperatures, the thermal ﬂuctuations lead to no
well deﬁned dipolar moments. On cooling, nucleation of some dipolar
entities manifests itself as PNRs at the so-called characteristic temperature, "The Burn’s Temperature (TB)" [12]. These PNRs in relaxor
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ferroelectrics are primarily responsible for the deviation of dielectric
susceptibility and refractive index as a function of temperature, from
the normal displacive type of ferroelectric behavior [13,14]. These
thermally activated nano-regions grow as their ”correlation length (rc)”
increases with decreasing temperature, seem to coalesce into larger
clusters with increased dipolar relaxation time and ﬁnally become
frozen at the ”freezing temperature (Tf)”.
Generally, the PNRs are short-range ordered regions whose symmetry is diﬀerent from the global symmetry of the matrix. Formation of
the polar nano-clusters is greatly enhanced by the existence of random
electric and strain ﬁelds that are produced by the heterogeneity of
charge and size of the mixed ions in complex perovskites, respectively
[15]. These random ﬁelds may be permuted to obtain desirable relaxor
response and customize the characteristic temperatures. Even though
the above-discussed mechanism is the most widely accepted in the
scientiﬁc community, the process of seeding PNRs and their temperature evolution is an unsolved puzzle. In order to have an in-depth understanding, many lead based relaxor ferroelectric systems have been
investigated both theoretically and experimentally by several research
groups, but the outcome is inconclusive. Probably, the main limitation
is the experimental techniques employed, as the nano-sized domain
structures, which are much less than the coherence length of the experimentally used diﬀracting beams and multiple sources of dielectric
signals from ionic and interfacial polarizations [16–20]. Nevertheless,
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deﬁned grains and grain boundaries. In addition, the micrograph
showed unimodal grain size distribution and average grain size of
2.04 μm. Furthermore, the density was measured by Archimedes principle and was found to be ∼96%. The impedance measurements were
carried out with a PSM1735 Impedance Analyzer (N4L-NumetriQ)
within a frequency range of 10−3 – 103 kHz and by using a programmable furnace in the temperature range of 50–650 °C. Prior to this, the
sintered pellets were sectioned and polished to a 0.25 μm ﬁnish. Silver
paste was applied on both surfaces of the samples to form electrodes
and then annealed at 500 °C for 2 h.

in some recent studies, the persistence of polarization well above TB, in
relation to the oﬀ-centering of Pb ions, suggests that these nano-sized
polar regions are formed much before the Burn’s temperature during
cooling [21]. In this regard, some lead free systems, particularly
Na0.5Bi0.5TiO3 (NBT) based solid solutions are given much attention
owing to their adequate piezoelectric properties and peculiar relaxor
behavior. Hence, NBTs are considered being promising for an environment-friendly lead-free alternative to widely used PZT. Petzelt
et al. and Troillard et al. noticed Na–Bi ordering on a local scale in the
high-temperature domain of cubic phase, when NBT sample was probed
by TEM / Raman spectroscopy [22,23]. Similarly, the investigation of
the Na0.5Bi0.5TiO3-BaTiO3 system by hot stage TEM unveils the presence of some local distortions in the high-temperature cubic phase
[24]. In line with these observations, we intend to explore the presence
and evolution of nano-sized dipolar entities by the use of impedance
spectroscopy over a wide range of temperatures. Though in our previous report, an eﬀort was made to explain the role of thermally activated PNRs in relaxors using impedance spectroscopic (IS) technique,
however, the selected composition 0.72Na0.5Bi0.5TiO3-0.2SrTiO30.08BaTiO3 was found unsuitable to explore the response of these dipolar entities over a wide temperature range. In fact, above a particular
temperature, it was not possible to detect the characteristic shoulder
response of PNRs in the M"(f) spectra as they are shifted to higher
frequencies beyond the measurable range of the instrument used [25].
Nevertheless, for the present study, 0.78Na0.5Bi0.5TiO3-0.2SrTiO30.02BaTiO3 (abbreviated as NBT-ST-2BT) relaxor was selected for the
study of PNR response in a wide temperature range (50–650 °C) which
covers a temperature interval from greater than TB to less than Tf
through Tm (temperature at which the dielectric constant attains maximum) by electric modulus (M* = jωCoZ*) formalism.

3. Results and discussion
Fig. 1 presents the dielectric constant (ε) as a function of temperature (T) for NBT-ST-0.02BT at 1 MHz, indicating the approximate values of Tf, Tm and TB. The value of TB is obtained from the deviation of
C
the dielectric curve from Curie-Weiss law [27] given by ε = T − T ,
0
where C is the Curie-Weiss constant and To is the Curie-Weiss temperature. Tf is determined by ﬁtting the frequency dependent Tm data to
Vogel-Fulcher law ω = ωo exp

(

To
Tm − Tf

), where ω is the applied or

probing frequency, ωo is the attempt frequency of the polar nano-regions, To is the equivalent temperature of the activation energy for the
relaxation process. As mentioned earlier, Tf is the temperature below
which the dynamics of these nano-regions become sluggish and become
thermally inactivate in relaxor ferroelectrics [26]. Fig. 2 displays the
normalized Z"(f) and M"(f) curves over the temperature range
50–650 °C. The combined normalized Z"(f) and M"(f) spectra indicate
the initiation of peak separation at approximately 450 °C. Above this
temperature, the coincidence of the peaks at a speciﬁc frequency is
indicative of the fact that the bulk response is due to long-range order.
However, on cooling below 450 °C, the peaks gradually separate and
gain prominence around 300 °C (close to TB). This separation of peaks,
coinciding with the decrease in temperature, is suggestive of the onset
of short-range dipolar relaxation instead of long-range ordering [28]. At
higher temperatures (even before TB), such an observation might be due
to the existence of some dipolar ﬂuctuations.
M"(f) spectra of NBT-ST-2BT over the range 50–650 °C is illustrated
in Fig. 3 which clearly diﬀerentiates a low-frequency bulk response
peak from a high-frequency shoulder in the temperature interval
50–300 °C. However, the appearance of the shoulder continues up to
almost 100 degrees above 300 °C, diminishes gradually with further
increase in temperature. Similarly, the shoulder persisted even when
the temperature was lowered down to 50 °C (well below Tf). The capacitance of both the peaks was estimated using the inverse

2. Experimental
Dense ceramic samples of 0.78Na0.5Bi0.5TiO3-0.2SrTiO3-0.02BaTiO3
were prepared using 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 [26]. XRD pattern of NBT-ST-0.02BT
ceramic conﬁrmed 100% perovskite phase, with pseudocubic symmetry
described by the lattice parameters a = b = c = 3.90 Å and α = β =
γ = 90°, which were determined from ‘Celref’ software [26]. The SEM
micrograph (inset: Fig. 1) revealed dense microstructure with well

Fig. 1. Burn's temperature (TB) of NBT-ST-2BT obtained as a deviation of dielectric curve from Curie-Weiss law (inset 1: V-F ﬁt for the determination of Tf and inset 2:
SEM micrograph with grain size distribution).
460
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Fig. 2. Normalized Z"(f) and M"(f) spectra in the temperature range.50–650 °C.

above 300 °C (TB for NBT-ST-2BT; Fig. 3b). Possibly, this is due to the
presence of some small dipolar ﬂuctuations existing even above the
Burn’s temperature in the paraelectric phase of the solid solution. In
fact, Vogler et al. reported such local distortions even in the hightemperature cubic phase of NBT-BT ceramic and suggested that PNRs
are formed not at a particular temperature rather over a wide range of
temperatures [21]. Similar observations were also made previously by
Egami et al. from neutron diﬀraction studies on lead-based relaxor
ferroelectrics [30]. Appreciable values of shoulder capacitance and
their occurrence in MHz range suggest that these dipolar ﬂuctuations
are small in size, even though they are formed much above TB. Another
signiﬁcant feature is the asymmetric broadening of both the peaks [31],
along with a shift in their corresponding relaxation frequencies (fbulk
max

relationship C = Co/2M"max, where Co is the capacitance of vacuum.
It was observed that the capacitance of the peak corresponding to
bulk response was close to the sample capacitance, while the shoulder
capacitance was found to be an order higher than the bulk till 250 °C.
Zhang et al. also noticed a shoulder along with the bulk response peak
in BNT-BT-KNN and attributed it to short range relaxation processes
[29]. Hence a blend of high capacitance with higher characteristic
frequency indirectly shows the existence of highly polarisable entities
of very small dimensions (i.e. nano-scale). Perhaps these nano-scale
polarisable (dipolar) entities are responsible for the shoulder response
in M"(f) curves. Further increasing the temperature, the capacitance of
the shoulder is found to be about two orders higher than the bulk. Interestingly, such shoulders of very high capacitance continue to appear

Fig. 3. Variation of M" (f) in the temperature range (a) 50–175 °C (b) 200–450 °C (c) 475–650 °C (d) Arrhenius ﬁt of relaxation time τ.
461
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and fshoulder
) to higher frequencies in the temperature range 50–175 °C
max
and 200–650 °C. For temperatures around 200 °C, there is an anomalous
fall in the relaxation frequency that conﬁrms the presence of thermally
activated relaxation processes and distribution of relaxation time (τ) for
dielectric relaxation. The increase of relaxation frequency or decrease
of τ for both bulk and shoulder with an increase in temperature has
−Ea

been analyzed using the Arrhenius law: τ = τo e kT and the corresponding activation energies (Ea) are reﬂected in Fig. 3(d). The data for
both bulk and shoulder response ﬁt into two separate regions of varying
activation energies, with a split around Tm. The activation energy in
both cases decreases with a decrease in temperature signifying that the
interactions among the dipolar entities strengthen on cooling. In addition, the magnitude of M"max decreases as we approach the temperature
corresponding to maximum dielectric constant (Tm) as reported in our
previous work [26]; attains a minimum and thereafter again increases
on further increasing the temperature, since M* is inversely proportional to dielectric constant. The asymmetric nature of the M"(f) spectra
can be interpreted in terms of the stretched exponential relaxation
behavior. Using the well-known relation between the stretched exponent β and full width at half maximum (FWHM) [32,33]:
ω
1−β = 1.047 1− ωD where ωD is the typical Debye width of 1.142
decades and ω represents FWHM, the values of β were determined over
a range of temperatures from 50 to 250 °C. For an ideal Debye type of
material that includes no dipole-dipole interactions, β = 1 while β < 1
signiﬁes interactions among polarized regions. In order to obtain the
FWHM values for both the bulk and shoulder response, the peaks in
M"(f) curves for some representative temperatures (Fig. 4(a)–(c)) were
ﬁtted by "Gaussian multi-peak ﬁt" where the green, blue and the red
lines represent the bulk response, the PNR response and their sum respectively. However, to achieve a best ﬁt (R^2 ∼1), the M"(f) curves for
all the temperatures were ﬁtted with three peaks taking into account
the tail region appearing beyond log f ≥ 5/5.5. Nevertheless, two peaks
of importance to this report i. e. peaks corresponding to bulk and PNR
response are only shown in the ﬁgure and the corresponding ﬁt results
(FWHM values) are presented as a function of temperature in the inset
to Fig. 4(a). The variation of β with temperature over the 50–250 °C is
presented in Fig. 4(d). Surprisingly, the β values for the bulk response
lie between 0.6-0.8 whereas a notable spread in the β values (0.2–0.9)
for the shoulder response signiﬁes the temperature sensitive relaxation
mechanism.
It is interesting to note that the β value decreases as the temperature

(

Fig. 5. Scaling behaviour of M"(f) in the temperature range.50–650 °C.

)

decreases, advocating the growth of interactions among the dipolar
entities. On further cooling below Tf, β increases due to the freezing of
dipolar regions in that temperature range. To strengthen the analysis,
scaling of the M"(f) curves have been investigated by normalizing both
the axes by their maximum values in the temperature range 50–650 °C
(Fig. 5). Though the majority of the peaks corresponding to bulk response collapse into a single master curve, the high-frequency shoulder
remain segregated, that is quite inconsistent with the traditional drift
[34]. Such a departure might indicate the temperature sensitivity of
relaxation dynamics. It is traditionally believed that the dielectric relaxation appears on cooling below TB where an ergodic state starts to
manifest itself. Such relaxation mechanism is related to the nucleation
and re-orientations/ﬂipping of the nanoscopic dipolar entities i.e. PNRs
at and below TB. Near TB, these are highly mobile and the behavior is
ergodically leading to stronger interactions among them. On cooling,
their dynamics slow down and ultimately exhibit a remarkable slowing
down of their interactions at temperatures below Tm. Finally, the PNRs
become frozen into a non-ergodic state near Tf [12,15]. Hence, TB and
Tf are two crucial temperatures in resolving the polarization dynamics
of relaxor materials. Based on the previously discussed models and the

Fig. 4. (a)–(c) Gaussian multi peak ﬁt of M"(f) at selected temperatures (inset: FWHM vs temperature) (d) Variation of β with temperature for both the bulk and
shoulder response peaks.
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Fig. 6. Schematic diagram showing temperature evolution PNRs.

still exist below this temperature. Such an inference follows from the
appearance of shoulder even below Tf. This might have happened
because these nano-sized polar regions have not attained a suﬃcient
size to percolate the whole sample [15].

present IS data, a broad overview of the thermal evolution of the nanoscale polar regions in NBT-ST-2BT is presented schematically in Fig. 6.
In this ﬁgure, the whole temperature range has been segregated into
four extensive zones and each zone includes the temperature-dependent
relaxation time distribution along with the Arrhenius ﬁt and activation
energies. In some earlier reports, it was seen that the relaxation time
derived from M"(f) graph does not satisfy the Arrhenius law in the
whole temperature range, instead they used V-F law [35, 36] for relating the deviation to dielectric relaxation of the PNRs. Nevertheless,
for the present study, the data has been plotted in diﬀerent ranges to ﬁt
the Arrhenius law and the activation energies are obtained for diﬀerent
temperature segments.

4. Conclusion
The PNR dynamics of the lead free relaxor 0.78Na0.5Bi0.5TiO30.2SrTiO3-0.02BaTiO3 system has been investigated by IS technique
over a temperature range 50–650 °C. The presence of highly polarisable
entities was postulated by the appearance of a clear shoulder, in addition to the bulk response peak in M"(f) spectra from 50 to 300 °C.
However, a feeble impression of the shoulder in the interval 300–400 °C
on the higher frequency side, suggests the presence of some dipolar
ﬂuctuations which is well above TB. Arrhenius plots of relaxation time
reveal two diﬀerent regions of varying activation energies that correspond to bulk and shoulder responses. Lowering of the activation energies with temperature signiﬁes the growth of interactions among
PNRs leading to increased dielectric relaxation. Further, the asymmetric
nature and deviation of the M"(f) curve from Debye behavior were satisfactorily explained on the basis of stretched exponent β. The scaling
approach to M"(f) spectra showed temperature sensitive relaxation
mechanism of the PNRs. Finally, a schematic diagram based on the
temperature evolution of PNRs is proposed to visualize their key role in
deciding the relaxation dynamics of the system. The present report is
expected to encourage researchers to adopt the IS technique to conﬁrm
the belief that PNRs exist well above TB and below Tf in relaxors.

1) At higher temperatures, due to higher ﬂipping frequencies of the
local dipoles, the system is in thermal equilibrium and Curie-Weiss
law is obeyed (Fig. 1). The same is also evident from the co-occurrence of the normalized Z"(f) and M"(f) peaks at the same frequency
(Fig. 2) indicating long-range ordering. However, as the temperature decreases, a shoulder appears around 400 °C in the M"(f)
spectra which is much above the reported TB (Fig. 3(b)) for this
ternary system. Apparently, this may be due to the appearance of
locally polarized regions that serve as the precursor for the nucleation of PNRs around TB (294 °C). Above TB, these locally polarized regions are weakly interacting and are under-grown as is
obvious from the high value of activation energy and high capacitance in this range (300–400 °C).
2) On further cooling, the interaction between them increases, which is
evident from the decreasing activation energies (100–300 °C).
However on approaching Tf, the interactions freeze, but the PNRs
463
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