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ABSTRACT
Dielectric dispersion analysis has been carried out for the first time on a new quaternary ceramic [0.47(Bi0.5Na0.5)

TiO3-0.04BaTiO3-0.31Pb(Mg1/3Nb2/3)O3-0.18PbTiO3] having a morphotropic phase boundary composition. The 
measurement of the dielectric parameters has been carried out in the frequency range of 200 Hz to 2 MHz and 
temperature range from 30 oC to 300 oC. The material showed high dielectric constant, low dielectric loss, negligible 
DC conductivity and high ferroelectric to paraelectric transition temperature. A clear Debye type relaxation was 
observed in the dielectric constant and dielectric loss data. An interesting feature of two Debye peaks has been noticed 
in dielectric loss versus frequency curves in the temperature range 125 oC to 175 oC. These peaks shift towards 
higher frequencies when temperature is increased. The extracted relaxation times of the two peaks are three orders of 
magnitude different and have been found to follow the Arrhenius law with significantly different activation energies.
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1. Introduction
The relaxor type ferroelctric PMN-PT (lead 

magnesium niobate - lead titanate) is one of the 
most studied binary system, which is recognized for 

excellent dielectric, piezoelectric, pyroelectric and 
ferroelectric properties [1–13]. High dielectric constant 
in these materials provides advantage in many 
device applications including multilayer capacitors, 
actuators, sensors and transducers etc.. These 
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binary solid solutions exhibit excellent ferroelectric 
properties near morphotropic phase boundary 
(MPB). Another important ferroelectric material 
that is gaining interest in research and in various 
applications is BNT-BT (bismuth sodium titanate – 
barium titanate) due to its less toxicity, high Curie 
temperature, excellent ferroelectric, piezoelectric 
and ferroelectric properties along with the absence of 
undesired pyroclore phase [14–20].

To explore the combined advantages of both 
PMN-PT and BNT-BT, a quaternary solid state 
solution with MPB composition, [0.47(Bi0.5Na0.5)
TiO3-0.04BaTiO3-0.31Pb(Mg1/3Nb2/3)O3-0.18PbTiO3], 
denoted hereafter as 0.47BNT-0.04BT-0.31PMN-
0.18PT, has been synthesized in-house for the first 
time using solid state reaction method as explained 
earlier [21]. In our earlier work, we performed 
detailed micro-structural, ferroelectric, piezoelectric 
and dielectric characterization of the material and 
found absence of resistive leakage in this material, 
high transition temperature of 190 oC and high 
coercive field of 16.56 kVcm−1 [21]. These properties 
were found to be significantly better than those of 
the pure PMN–PT ceramic reported earlier [6, 22].  
This material, in addition to providing enhanced 
material properties, leads to the elimination of 
pyrochlore phase. It also reduces lead content and 
toxicity that is important in consumer electronics 
applications.

The excellent properties of 0.47BNT-0.04BT-
0.31PMN-0.18PT make this material suitable 
for usage in high temperature and high field 
applications. This can be used as a high K (high 
dielectric permittivity) dielectric material in many 
applications. Therefore, the exploration of its 
dielectric behaviour with varying frequency and 
temperature is important. Furthermore, since in most 
of the applications these materials undergo repeated 
switching in the applied electric field and may face 
degradation in their properties, the variations in 
dielectric properties with target operating conditions 
need to be understood very well before using them 
in specific applications. Dielectric permittivity 
gets affected by the polarizations due to electronic, 

ionic, dipolar and space charge mechanisms in the 
material. These polarization contributions relax in 
different frequency regions and provide information 
about the interactions present among various 
species [23]. Dielectric dispersion is a strong tool to 
observe these relaxations. Thus, study of dielectric 
dispersion of a material is very important from the 
device application point of view. It is also interesting 
to identify whether the Debye type relaxations 
continues to exist in higher range of temperatures 
or it is due to the ferroelectric to paraelectric phase 
transition.

In this paper, we present a detailed analysis of the 
dielectric properties of 0.47BNT-0.04BT-0.31PMN–
0.18PT quaternary material system that shows many 
Debye type relaxations in ferroelectric as well as in 
paraelectric phase. The investigation of dielectric 
dispersion was carried out in the light of Debye 
model with a distribution of relaxation time.

2. Experimental Details
A quaternary ceramic material 0.47BNT–

0.04BT–0.31PMN–0.18PT with MPB composition 
has been synthesized using solid state reaction 
method. A detailed characterization of the material 
has been performed, such as microstructural analysis 
using scanning electron microscopy (Model EVO 
50, Zeiss) followed by X-ray diffraction performed 
on the sintered pellets of the material on RIGAKU 
ULTIMA-IV X-ray difractometer with Cu Kα 
radiation (λ=1.5405Å) for structural analysis. The 
bulk density was measured using Archimedes 
principle with distilled water. The ferroelectric 
hysteresis analysis using RADIANT PRECISION 
LCII ferroelectric tester (Model No. P-HVi210KSC), 
displacement versus voltage curve plots using fiber 
optic displacement sensor (photonic sensor) by MTI 
Instruments Inc. have also been performed. All the 
characterization results and analysis are reported in 
our earlier work [21].

For dielectric properties, reported in this paper, 
the sample of this material has been mounted in 
Agilent’s 16048A sample holder and dielectric 
parameters were measured as function of frequency 
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and temperature using Agilent’s LCR meter, 
E4890A. These measurements were performed 
in the frequency range 200 Hz – 2 MHz with the 
temperature sweep in the range 30oC – 300°C.

3. Results and Discussion
The material shows a high dielectric constant, low 

dielectric loss and very low DC conductivity, making 
it attractive in many applications. However, these 
parameters show variations with respect to frequency 
and temperature that need to be investigated for 
efficient device design. The frequency dependence 
of dielectric permittivity is governed by various 
polarization mechanisms as depicted in Figure 1 [24].  
This frequency dependence changes with the 
temperature in most of the ceramic materials. As 
the temperature increases, the oxygen vacancies in 
the material increase resulting in creation of more 
dipoles. Also, the relaxation time decreases with 
increasing temperature because relaxation time of 
dipole polarization is much lower than that of the 
ionic and space charge polarization. 

Fig. 1: Frequency dependence of dielectric permittivity and 
associated mechanisms. 

Source: Volkov, A. A., Prokhorov, A. S.[24].

3.1. Temperature and Frequency Dependence 
of Dielectric Permittivity in BNT-BT PMN-
PT Material

The real and imaginary parts of the measured 
dielectric permittivity (also known as dielectric 

constant and dielectric loss, respectively) are shown 
as surface plots in Figure 2(a) and (b), respectively 
with respect to frequency and temperature. The 
anomalies in frequency dependence of dielectric 
parameters are associated with dynamics of polarized 
species, while the anomalies in temperature 
dependence is associated with formation of polar 
regions in relaxor ferroelectric. As evident from the 
surface plots, the dielectric constant in this material 
reduces when the frequency of measurement is 
increased, while with respect to temperature, it 
shows a peak. The dielectric loss has a different 
trend as compared to the dielectric constant. It shows 
peaks with respect to both the frequency and the 
temperature. 

(a)

(b)

Fig. 2: Surface plot of dielectric measurement data as function of 
frequency and temperature, (a) Dielectric constant, (b) Dielectric loss.

The material shows high dielectric constant and 
also shows low dielectric loss at room temperature 
compared to conventional material systems, making 
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it a very attractive dielectric material. In most of 
the applications, high dielectric constant and low 
dielectric loss in the entire range of operating 
conditions are desirable characteristics. Therefore, 
using the plots shown in Fig. 2(a) and (b), we 
examined the material its best operating conditions 
and investigated how the performance deviates 
when operating frequency and temperature are 
varied. We notice that the low frequency dielectric 
constant increases with increasing temperature till it 
attains its maximum value of 4140 at about 175 oC  
temperature. A further increase in temperature 
results in the reduction in its value although it 
remains sufficiently high even up to about 200 oC 
temperature. 

For further investigation, the dielectric constant 
for some selected frequencies has been plotted as 
function of temperature, which is shown in Fig. 3(a). 
The dielectric constant versus temperature curves 
show a peak whose value reduces with increasing 
frequency. The location of this peak also shifts with 
respect to temperature but it remains between 170 oC  
and 200 oC and does not show any clear direction 
of shift. The dielectric dispersion starts becoming 
significant at about 125 oC temperature as evident 
from the Fig. 3(b), which displays dielectric constant 
versus frequency curves for selected temperatures 
of measurement. Two distinct negative slope regions 
separated by a kind of plateau are visible in dielectric 
constant versus frequency curves. This indicates 
that there are two frequency regions showing 
change in dielectric permittivity. This behaviour 
of dielectric dispersion found in the low frequency 
range of 200 Hz – 55 kHz is due to the space charge 
contribution and is similar to the dispersion found at 
high frequency, i.e., >1 MHz which is due to dipole 
polarization. When the temperature is increased, the 
thermal energy is acquired by the polarized species 
and results in their increased motion. This results 
in the reduction in the relaxation time and in the 
shifting of dispersion characteristics towards the 
relatively higher frequencies. 

Fig. 3: (a) Dielectric constant versus temperature curves for 
different frequencies, (b) Dielectric versus frequency curves 
measured at different temperatures.

3.2. Fitting with Debye Model and Extraction 
of Parameters

The measured dielectric loss data has been found 
to have peaks as function of frequency associated 
with the steep negative slope region of the dielectric 
constant. This is a clear indication of the Debye type 
behaviour [25–27]. Therefore, the dielectric response 
has been analyzed based on the Debye relaxation 
model equations, equation (1) – (4) [22, 27].

ε*=ε '–ε ''

    (1)

(2)

(3)

(4)



30

Non-Metallic Material Science | Volume 05 | Issue 02 | October 2023

Here, ε* is the complex permittivity, while 
ε’ and ε” are the real and imaginary parts of the 
dielectric permittivity, respectively. ω is the angular 
frequency of measurement in rad/s, σ is electrical 
conductivity, ε∞ is the intrinsic permittivity and ε0 is 
DC permittivity. The difference between the intrinsic 
and the DC permittivity is dipolar relaxation strength, 
denoted here as Δε. τ is the relaxation time and α is 
the Debye distribution parameter of relaxation times. 
σdc is DC conductivity in the material, which appears 
in the dielectric loss expression. The DC conductivity 
causes a steep rise in the dielectric loss curve with 
reducing frequency in low frequency regime, which 
is absent in the surface plot of dielectric loss shown 
in Figure 2(b). Therefore, we conclude that the DC 
conductivity is negligible in the material and we 
ignored it in the fitting of the dielectric loss data. The 
dielectric constant and dielectric loss data as function 
of angular frequency has been fitted with equation 
(2) and equation (3) for selected temperatures. 
We found an excellent simultaneous fitting of both 
the parameters with the Debye model as shown in 
Figures 4(a-h). The dielectric loss versus frequency 
curves have shown different behaviour in different 
temperature range. No peak is observed at lower 
temperature, i.e., at 55 oC as depicted in Figure 4(a). 

Double peaks in the temperature range 125 oC to 150 
oC have been observed, and therefore, they have been 
fitted separately in two different bands of frequencies, 
as may be seen in Figures 4(b-d). The values of 
fitting parameters and the observed relaxation time 
obtained directly from the peak frequency (using the 
relation ωp.τ=1, where ωp is the angular frequency 
associated with the peak in dielectric loss) are listed 
in Table 1. The extracted relaxation time is found 
to be in close agreement with the observed values 
within the acceptable experimental error. At higher 
temperatures, i.e., for above 200 oC, only single peaks 
have been observed as shown in Figures 4(e-h).

The two peaks observed in the dielectric loss versus 
frequency data correspond to the two dispersions in 
the material, being a mix of relaxor type PMN-PT and 
normal ferroelectric BNT-BT. These peaks correspond 
to the dielectric dispersion contributed by the space 
charge and dipolar polarization. They move towards 
higher frequencies with increasing temperatures due 
to the higher thermal energy acquired by the polarized 
species at higher temperature. 

The Debye distribution parameter, α has significantly 
higher values in 2nd peak as compared to that of the 1st 
peak, indicating that the high frequency peak is broader 
as compared to the low frequency peak.

Table 1: Fitting parameter values extracted by fitting the dielectric constant and loss data simultaneously using Debye model 
equations (2) and (3). 

Temp (oC) Peak w.r.t. temp
Extracted parameters from fitting Observed relaxation time

α τ (s) Δε ε∞ τ (s)=1/ωp

Ferroelectric Phase

125
1st peak 0.312 0.0018 1803.6 1411.7 0.0054

2nd peak 0.488 1.2E-7 1289.2 145.0 1.22E-7

135
1st peak 0.282 0.0013 2050.5 1498.5 0.0012

2nd peak 0.685 7.99E-8 1048.0 644.0 9.43E-8

150
1st peak 0.279 0.0005 2899.9 1676.9 0.0005

2nd peak 0.670 2.3E-8 1109.0 800.0 7.12E-8

Paraelectric Phase

200 1st peak 0.291 8.1E-5 2712.7 1811.6 7.8E-5

230 1st peak 0.422 9.2E-6 2723.8 624.6 9.1E-6

250 1st peak 0.369 5.39E-6 2247.3 566.1 5.43E-6

290 1st peak 0.466 3.43E-6 1698.9 374.4 3.23E-6



31

Non-Metallic Material Science | Volume 05 | Issue 02 | October 2023

Fig. 4: Dielectric parameters as functions of frequency for different temperatures: (a) 55 oC, (b) 125 oC, (c) 135 oC, (d) 150 oC, (e) 
200 oC, (f) 230 oC, (g) 250 oC, (h) 290 oC.
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3.3. Relaxation Time

The relaxation times associated with these peaks 
also have significantly different values as displayed 
in Table 1. The logarithm of the relaxation time has 
been plotted as function of 1000/T and is found to 
follow the Arrhenius relation, shown in equation (5).

(5)

Here ΔE is the activation energy, τ0 is characteristics 
relaxation time, T is temperature and K is Boltzmann 
constant. The activation energy has been calculated 
from the slope of the Arrhenius plot, shown in 
Figure 5 and the characteristic relaxation time 
has been calculated from its intercept with the 
Y-axis. The characteristic relaxation time of the low 
frequency peak is found to be 2.91 µs and that for 
the high frequency peak is 4.39 ns. For the first peak, 
the activation energy of relaxation time is found to 
be 0.344 eV, whereas for second peak it is 0.424 eV.

Fig. 5: The relaxation time as function of 1000/T corresponding 
to the two peaks observed in dielectric loss data.

3.4. Electrical Conductivity

The DC conductivity has been found very less 
in this material and therefore, we examined the 
variation of AC conductivity w.r.t frequency at 
different temperatures. Figure 6 shows the Arrhenius 

plots of AC conductivity for different frequencies 
along with the extracted activation energies shown in 
the figure. It may be noted that the AC conductivity 
is more at higher frequencies and the corresponding 
activation energy is reducing when the frequency is 
increasing.

Fig. 6: Electrical conductivity as functions of temperature for 
different frequency. 

The temperature dependence of the AC conductivity 
curves has been examined separately in Figures 7(a-
h). A reasonably good fitting has been obtained with 
equation (4) using the same parameters extracted from 
the fitting of dielectric constant and dielectric loss data 
as tabulated in Table 1. 

The slope changes in the ac conductivity with 
frequency correspond to the peak in the dielectric 
loss and are indicative of the changes in the 
dominant dielectric dispersion mechanisms. The 
transitions in conductivity from one slope region to 
another slope region are encircled in Figures 7(a-
h). The transition frequencies and the difference in 
the slopes of the ac conductivity versus frequency 
curves contain important information about the 
material [28]. The correlation of these parameters with 
material characteristics is under investigation at our 
laboratory.

4. Conclusions
We investigated the dielectric dispersion in a 

quaternary ceramic material 0.47BNT–0.04BT–
0.31PMN–0.18PT having MPB composition, 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 7: Electrical conductivity as functions of frequency for different temperatures: (a) 55 oC, (b) 125 oC, (c) 135 oC, (d) 150 oC, (e) 
200 oC, (f) 230 oC, (g) 250 oC, (h) 290 oC.
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for the first time. The material shows very high 
dielectric constant of the order of 103 to 104 along 
with low dielectric losses over the whole range of 
frequencies and temperatures used in this study. The 
material shows two Debye type peaks in dielectric 
loss versus frequency curves associated with two 
dielectric dispersions. The first peak occurs at 
lower frequencies in the range 100 Hz to 105 Hz 
and the second peak occurs at>1 MHz. These peaks 
shift towards higher frequencies with increasing 
temperature. An excellent fit of both the peaks has 
been found with the Debye model. The relaxation 
times of the two dispersions have about three orders 
of magnitude difference in their values. The first 
peak has 2.91 µs characteristic relaxation time with 
344 meV activation energy, while second peak has 
4.39 ns characteristic relaxation time with 424 meV 
activation energy. A very high dielectric constant, 
low dielectric loss, good temperature stability and 
negligible DC conductivity make this quaternary 
material a good candidate for fabricating highly 
efficient devices for a wide variety of applications.
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