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Abstract
The barium zirconium titanate ceramic with formula  BaZr0.05Ti0.95O3 has been synthesized by the conventional solid state 
reaction technique. The synthesized ceramic sample is characterized by X-ray diffraction, scanning electron microscopy, 
Raman spectroscopy, temperature dependent dielectric spectroscopy and ferroelectric behaviour. The Raman spectrum 
confirms the orthorhombic structure at room temperature and local distortions due to distorted octahedral structures. The 
temperature dependent dielectric study reveals the occurrence of three transition temperatures representing rhombohedra 
to orthorhombic, orthorhombic to tetragonal and tetragonal to cubic transition in the material. The area of the hysteresis 
loop decreases with temperature up to the transition temperature, followed by an increase at higher temperatures. Scaling 
relations for coercive field  (Ec) and remnant polarization  (Pr) are studied as a function of temperature. This exhibits back-
switching polarization behaviour as a function of temperature. The thermal energy conversion potential of the studied sample 
is obtained by using Olsen cycle.

1 Introduction

Ferroelectric materials are widely used due to their excellent 
properties, such as hysteresis (non-volatile memory), high 
piezoelectric effect (actuators), strong electro-optic effect 
(electro-optic materials for data storage applications), high 
dielectric constant (capacitors), high pyro-electric coefficient 
(infrared detectors), high dielectric constant and anomalous 
temperature coefficient of resistivity [1–9]. Most of the work 
on the ferroelectric materials has been based on lead based 
materials, but due to environmental concern, they are not 
found suitable for direct industrial applications [10–13]. 
Recently, certain lead free perovskites are extensively 

studied due to their extraordinary dielectric, ferroelectric, 
piezoelectric, strain and electrostrictive properties. Among 
others,  BaTiO3 (BT) has attracted most of the attention due 
to its high dielectric constant, and ferroelectric behaviour for 
practical applications [14–19]. But, BT ceramic offers three 
main disadvantages. First, it has tetragonal to orthorhombic 
phase transition below room temperature (~ 5 °C); secondly, 
in the tetragonal phase the resonant frequency rises rapidly 
with temperature, and third is high dielectric loss shown by 
it. In order to overcome the drawbacks along with improve-
ment in various properties, BT system needs to be modi-
fied. It has been reported that incorporation of  Zr4+ ions in 
 BaTiO3  [BaZrxTi(1−x)O3] improves its properties, and shifts 
the Curie temperature towards lower side as  Zr4+ is chemi-
cally more stable than  Ti4+. Also, the feasibility of substi-
tution of  Ti4+ ions by  Zr4+ ions lies in the fact that  Zr4+ 
having larger ionic radius expands the lattice structure that 
reduces the possibility of conduction by electron hopping 
between  Ti4+ and  Ti3+ ions [20–29]. An interesting observa-
tion on the BZT system (with x = 0.05) was reported earlier, 
which exhibited high piezoelectric coefficient  (d33 = 236 
pC/N) and electromechanical coupling factor  (K33 = 56.5%) 
[30]. Recently, a high value of  d33 i.e., 300 pC/N (420 pC/N, 
 kp = 49% at 100 h sintering time) was reported for compo-
sition with x = 0.06 [31]. Kalyani et al. have reported that 
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 BaZr0.05Ti0.95O3 showed high piezoelectric properties due 
to existence of morphotropic phase boundary [32].

A systematic literature survey suggests that 
 BaZr0.05Ti0.95O3 shows good dielectric, ferroelectric and 
piezoelectric behaviour. Even though, there are few reports 
on the dielectric, ferroelectric and piezoelectric study on 
the composition reported in this paper, but the effect of 
temperature on the dielectric and ferroelectric behaviour 
has not been reported yet. The results of electrical char-
acterizations of  BaZr0.05Ti0.95O3 ceramic presented in our 
earlier publication [24] are quite encouraging and this has 
motivated us to further undertake the temperature and fre-
quency dependent dielectric properties on  BaZr0.05Ti0.95O3 
ceramic. The present manuscript is focused on the tempera-
ture dependent dielectric, dynamic hysteresis and thermal 
energy conversion analyses of  BaZr0.05Ti0.95O3 ceramic. In 
order to understand the effect of temperature on the ferro-
electric properties, hysteresis scaling relations of coercive 
field and remnant polarization as a function of temperature 
have been systematically studied and discussed. Addition-
ally, back switching polarization behaviour as a function of 
temperature is estimated by well established Arrhenius law 
and, average values of activation energy are evaluated. The 
novelty of the paper lies in the facts that the scaling relations 
for coercive field and polarization, and thermal energy con-
version of the material are being reported for the first time.

2  Experimental techniques

2.1  Synthesis

The Ba(Zr0.05Ti0.95)O3 (BZT) ceramic powder was synthe-
sized by the conventional high temperature solid state reac-
tion technique (SSR). The particulars of the precursors used 
and the various steps involved in the process of synthesis 
have been discussed in detail in our earlier report [24].

2.2  Characterizations

The crystal structure and phase purity of the synthesized 
powder was characterized by means of X-ray diffrac-
tion (XRD) using Panalytical X’pert Pro diffractometer 
operated by specific Cu Kα radiation having wavelength, 
λ = 1.541 Å. The X-ray analysis was carried in the 2θ range 
of 10° ≤ 2θ ≤ 90° and at a scanning rate of 2°/min. The sur-
face morphological study was done by the help of Zeiss 
(Germany) make scanning electron microscopy (SEM) 
using gold as conducting surface. The structural changes 
and disorder in the ceramic sample were studied in terms of 
Raman spectra, and data was collected in the range from 100 
to 1000 cm−1 using Jobin Yvon Horiba, France make spec-
trometer (Model T64000) with Argon–Krypton mixed ion 

gas laser (Model 2018 RM). The dielectric measurements 
were performed in the temperature range from 80 to 500 K 
and at different frequencies using Hioki, Japan make LCR 
tester connected to a computer. The ferroelectric behaviour 
was explored by using Marine India make P–E loop tracer 
at different temperatures.

3  Results and discussion

3.1  X‑ray diffraction (XRD) and scanning electron 
microscopy (SEM)

The phase formation of the  BaZr0.05Ti0.95O3 powder was 
confirmed by the XRD performed at room temperature. 
The details of the results of XRD studies are reported 
in our earlier article [24]. The SEM micrograph of the 
 BaZr0.05Ti0.95O3 ceramic taken at a magnification of 3.00 K 
shows well densed grains with an average grain size of 
10 µm as reported earlier [24]. The similar kind of ferro-
electric domains with lamellar structures were reported by 
Serrano et al. [33] and Tan et al. [34] in BZT and  BaTiO3 
ceramics, respectively.

3.2  Raman spectroscopic studies

Raman spectroscopy is an appropriate tool to get more 
insight into the local distortions, disorder and the strain pre-
sent in the system. Figure 1 displays the room temperature 
Raman spectrum of  BaZr0.05Ti0.95O3 ceramic powder in the 
wave number range from 100 to 1000 cm−1. The Raman 
active modes of phonons are recorded at different frequen-
cies. The important features appeared in the spectrum are: (i) 
intense and broad band at 522 cm−1  [A1(TO)] and 282 cm−1 
 [A1(TO)] (ii) broad and less intense peak at 717  cm−1 
 [A1(LO)], (iii) sharp band at 305 cm−1  [B1, E(TO + LO)] (iv) 
a weak band at 185.8 cm−1  [A1(LO)] represents orthorhom-
bic phase at room temperature, and (v) asymmetric peak 
at 516 cm−1  [A1(TO)] suggests the existence of coupling 
of TO modes associated with the tetragonal phase [35–37]. 
The A(LO) mode at 720 cm−1 represents the addition of Zr 
to  BaTiO3, which leads to substitution of Ti ions [38, 39]. 
The 305 cm−1 phonon mode represents local distortion in 
the octahedral  (TiO6/ZrO6) clusters [35].

3.3  Temperature and frequency dependence 
of dielectric constant

Figure 2a presents the dielectric behaviour of the BZT 
ceramic as a function of temperature at various frequen-
cies (1, 10, 100, 500 kHz and 1 MHz). For all the frequen-
cies, as noticed from figure, the dielectric constant (ε) first 
increases gradually to its maximum value (εm) and then 
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decreases smoothly with increase in temperature represent-
ing the phase transition temperature. The graph depicts three 
structural phase transitions at 400 K  (Tc), 339 K  (T1) and 
300 K  (T2). The sharp peak at 400 K (Curie temperature) 
represents the transition temperature  (Tc), which is associ-
ated with ferroelectric (tetragonal) to paraelectric (cubic) 
phase transition. It is also observed that the maximum value 
of dielectric constant (εm) decreases with frequency due to 
the merging of all kind of polarizations at higher frequen-
cies. A small hump is observed around 339 K  (T1) indicat-
ing orthorhombic to tetragonal transition or ferroelectric 
to ferroelectric transition. A third peak observed at 300 K 
is due to rhombohedral to orthorhombic phase transition. 
The dielectric study confirms the existence of orthorhombic 
structure of the material at room temperature also. A com-
parison of our results with other reported results validate the 
findings reported in this article [40].

The frequency dependence of dielectric constant in the 
temperature range from 40 to 150 °C is plotted in Fig. 2b. 
Initially, the dielectric constant is high at lower frequen-
cies, and is found to decrease with increasing frequency 
at all the temperatures. The higher value of dielectric con-
stant at lower frequencies is attributed to the excitation 
of bound electrons, lattice vibration, dipole orientation 
and space charge polarization (electronic, atomic, inter-
facial and ionic, etc.). As frequencies increase, various 
mechanisms cease to contribute to the total polarizability 
resulting in diminution in dielectric constant. At higher 
frequencies, relative permittivity becomes almost constant 
showing frequency independent behaviour. This can be 
understood from Maxwell–Wagner type polarization and 

Koop’s phenomenological theory of dielectrics [41, 42]. 
In the low frequency region, electric dipoles follow the 
frequency of applied field, but in the high frequency region 
the electric dipoles can not follow the fast variations of the 
applied field [43], and hence the values of ε remain con-
stant. Figure 2b also shows that for a particular frequency 
the dielectric constant increases with increase in tempera-
ture up to 130 °C (near Curie temperature) followed by 
decrease at still higher temperatures. The variation of ε 
with temperature is different for non-polar and polar poly-
mers. In general, for non-polar polymers, ε is independent 
of temperature. However, in the case of polar polymers, 
the dielectric permittivity increases with increasing tem-
perature [44]. This behaviour of polar dielectrics is typi-
cal because dipole orientation is facilitated by increasing 
temperature, thus increasing the permittivity.
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Fig. 1  Raman spectrum of  BaZr0.05Ti0.95O3 ceramic calcined at 
1200  °C for 4  h. The vertical lines (red) indicate the Raman active 
modes. (Color figure online)
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Fig. 2  a Variation in dielectric constant with temperature for 
 BaZr0.05Ti0.95O3 ceramic at various frequencies. b Variation in dielec-
tric constant with frequency for  BaZr0.05Ti0.95O3 ceramic at various 
temperatures
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3.4  Temperature and frequency dependence 
of dielectric loss

The dielectric loss (tanδ) is an important factor, which deter-
mines the suitability of a material in microelectronic sys-
tems. The dielectric loss results from several mechanisms: 
(1) ion migration; (2) ion vibration and deformation; (3) 
electronic polarization, etc. The most important mechanism 
applicable to most of the ceramics is ion migration. Ion 
migration is strongly affected by temperature and frequency. 
The losses due to ion migration are dominating at lower fre-
quencies and temperatures [45]. The variation of dielectric 
loss with temperature at various frequencies (1 kHz–1 MHz) 
is shown in Fig. 3a. The plot depicts dispersion of tanδ at 
lower frequencies; however, no peaks are observed in the 
dielectric loss factor in the middle of temperature region. 
Unlike previous case, the dielectric loss is almost constant 

up to 130 °C for all the frequencies. At higher temperatures 
(above 130 °C), the dielectric loss rapidly increases. This 
is due to the leakage conductivity, which has a significant 
effect on dielectric loss at higher temperatures [46]. Fig-
ure 3b shows the variation of dielectric loss as a function 
of frequency at different temperatures (from 40 to 150 °C). 
As is evident from the figure, the dielectric loss is very less 
(almost < 1) for all the temperatures and frequencies. The 
dielectric loss of the sample is very less for temperatures 
below 130 °C (ferroelectric phase), but its value is found to 
increase rapidly in the paraelectric phase (above 130 °C).

3.5  Diffusivity analysis

The diffuseness of the phase transition is given by the modi-
fied Curie–Weiss law as:

where γ and C′ are constants. γ is the parameter, which gives 
idea about the nature of the phase transition. γ = 1 indicates 
normal ferroelectric behaviour, while γ = 2 tells diffused 
(relaxor like) phase transition. A plot between log(1/ε′ − 1/
εm) and log(T − Tm) at 100 kHz frequency is presented in 
Fig. 4, which follows Curie–Weiss law, and a close linear 
relationship is observed. In the present study, the value of 
γ is found to be 1.45, which tends towards the diffuse fer-
roelectric behaviour. The broadness or diffusiveness occurs 
mainly due to compositional fluctuation and structural dis-
ordering in the arrangement of cation at one or more crys-
tallographic sites of the structure. Hence,  Ti4+ cations can 
stabilize the normal ferroelectrics phase in BT, while  Zr4+ 
cations at B-sites behave as a typical destabilizer against 
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normal ferroelectrics and induce paraelectric behaviour 
due to their higher ionic diameter and lower polarization. 
When Zr ions are doped in to  BaTiO3 matrix, more and more 
macro-domains (long-range ordered regions) break up into 
micropolar regions transforming from the normal ferroelec-
trics to the diffuse ferroelectric phase due to the larger ionic 
diameter of Zr ions [47]. As a result, a compositionally more 
disordered state appears, and the ferroelectric phase transi-
tion becomes smeared out by the chemical inhomogeneity 
leading to enhancement in diffuseness.

3.6  Temperature dependent ferroelectric studies

In order to investigate the ferroelectric properties of BZT 
ceramic, the measurement of polarization as a function of 
electric field (P–E hysteresis loop) is carried out. Figure 5a 
illustrates the P–E hysteresis loop of BZT ceramic at 9 kV/
cm electric field and elevated temperatures ranging from 
30 to 150 °C. Figure 5b shows the variation of remanent 

polarization  (Pr) and coercive field  (Ec) with temperature. 
Remanent polarization and coercive fields decrease with 
increasing temperature. This may result due to the effect of 
thermal fluctuations on the ferroelectric interaction among 
the dipoles and the lattice distortion [48] and decreasing 
 Pr values. It is also observed from the plot (Fig. 5b) that 
the coercive fields decrease up to the 125 °C followed by 
increase thereafter indicating that the transition temperature 
is close to 125 °C. It can be seen that the area of the loop 
decreases with rising temperature. Here, it is important to 
mention that loop area is related to domain wall motion, 
and larger area at lower temperature implies the increase 
of difficulty for domain wall motion and with an increasing 
temperature, the area of the loops decreases and becomes 
unsaturated [49]. Again, it is observed that there is still some 
polarization beyond the transition temperature.

Hysteresis loop is a common feature of a ferroelectric mate-
rial. It basically represents the difference in energy required 
during polarization and depolarization of the ferroelectric 
material in the form of heat. The heat absorbed during this 
process can be converted into electricity. It is reported that 
the polarization in reverse order can be traced into a clock-
wise loop between two temperatures. This cycle is known as 
Olsen cycle, which converts thermal energy into electricity. 
The Olsen cycle has two important features: (i) two isother-
mal and (ii) two isoelectric field processes [50, 51]. The cycle 
1→2→3→4→1 shown in Fig. 6 is the electric analog of Olsen 
cycle and the area under the closed cycle gives electric energy 
produced per unit volume per cycle. Various reports are avail-
able on the details of the Olsen cycle [52–54]. In the cycle, the 
process 1→2 is a constant low temperature  (TL) part, where 
the electric field increases from lower limit  EL to higher limit 
 EH. In this process, the material polarization increases. In the 
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process 2→3, heat is supplied to the material, which increases 
its temperature, produces lattice vibrations and the material 
depolarizes at constant electric field  EH. In this process, the 
temperature jumps from  TL to  TH. This results in generation 
of large depolarization current that can be stored for power-
ing electronic equipment using suitable circuit. The process 
3→4 is again a constant temperature process, where electric 
field reduces from  EH to  EL. As the electric field decreases, 
the polarization decreases due to which a weak polarization 
current develops. Finally, in the process 4→1, heat is extracted 
from the system at constant electric field  (EL) and that the 
material returns to its initial state, and cycle is completed. The 
energy density per unit volume of the sample can mathemati-
cally be expressed as [55]:

where E and P are electric field and polarization, respec-
tively. The Olsen cycle is employed for BZT ceramic in the 

(2)ND = ∮ E dP

temperature range 30–125 °C. The cycle is operated at a 
voltage of 9 kV/cm and  TL is kept 30 °C. The energy conver-
sion based on Olsen cycle for BZT ceramic as a function of 
applied higher electric field  (EH) at higher temperature  (TH) 
is shown in Fig. 7a–d. From the plots, it is observed that as 
the temperature difference increases, energy increases. Upon 
operating the cycle between 30 and 125 °C at 9 kV/cm, the 
maximum energy is calculated as 4.25 kJ/m3. The values of 
energy calculated in different temperature ranges are sum-
marized in Table 1.
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Table 1  Values of energy calculated in different temperature ranges

TL–TH (°C) ΔT (°C) EL–EH (kV/cm) ΔE (kV/cm) ΔW(kJ/m3)

30–50 20 3.25–7.41 4.16 1.25
30–75 45 3.25–7.43 4.18 1.3
30–100 70 3.25–7.4 4.15 1.91
30–125 95 3.25–7.42 4.17 4.25
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The variation of hysteresis loop parameters with tempera-
ture and electric field are also studied. For this, the P–E loop 
parameters coercive field  (Ec) and remanent polarization  (Pr) 
are plotted against temperature (T). The plots of  lnEc ver-
sus lnT and  lnPr versus lnT at 9 kV/cm electric field are 
presented in Figs. 8 and 9, respectively. The dependence of 
 lnEc on lnT was studied in terms of linear least square fit-
ting method. Linear least squares is an approach to fitting a 
mathematical or statistical model to data in cases where the 
idealized value provided by the model for any data point is 
expressed linearly in terms of the unknown parameters of the 
model. In the present case, the fitting parameter was found 
to be  R2 ∼ 0.993, which is quite acceptable when compared 
with ideal value. The slope (γ) of the graph  (lnEc vs. logT) 

gives the scaling relationship between  Ec and T. A linear 
relationship between  Ec and T is mathematically expressed 
in terms of following linear equation:

where γ is the slope of the plot and  YEc is the Y- intercept. 
In the present study, the experimental values obtained from 
different studies satisfy Eq. (3) very well. In Eq. (3),  YEc 
(Y-intercept) plays a key role in determining the value of 
 Ec at 0 °C temperature but the theoretical value of  Ec esti-
mated from Y intercept of the graph may differ from experi-
mental values. It is because at 0 °C, all the ferroelectric 
domains become frozen and, it is expected that ferroelec-
tric properties deviate from their normal behaviour at high 
temperatures.

Similar studies were performed on  lnPr versus lnT plot at 
9 kV/cm electric field which is shown in Fig. 9. Mathemati-
cally, the plot can be expressed by the equation:

where δ is the slope of the plot and  YPr is the Y- intercept.
In this study also, the obtained experimental values are 

in accordance with Eq. (4) and value of slope δ is supported 
by theoretical results. The scaling relationship between  Ec 
and  Pr with temperature at different electric fields can be 
explained on the basis of ferroelectric domain switching 
[56–60]. Ferroelectric domain switching is the process when 
the dipoles change from one spontaneously polarised state to 
the other by applied electric field. The domain switching is 
a regular phenomenon in all the ferroelectric materials, but 
the behaviour can be different for different compositions at 
morphotropic phase boundaries, crystal structure, doping, 
defects and domain states. The phenomenon of switching 
of domains is attributed to two mechanisms: one is domain 
wall motion and other is nucleation of domains. At lower 
electric fields, the nucleation is slow which dominates the 
switching process, while at higher electric fields the domain 
wall switching is feasible and the dipoles orient in the direc-
tion of electric field. As the electric field increases, the area 
of hysteresis loop increases and attains its saturation value. 
The domain wall motion is greatly influenced by tempera-
ture because the rise in temperature increases the lattice 
vibrations due to which the orientation of dipoles increases, 
which reduces the stability of polarization. Hence, the hys-
teresis loop area decreases with increasing temperature. The 
polarization of domains takes place in two steps; switch-
able polarization in domain  (Ps) and back switched polari-
zation  (Pr). When external field is applied, the polarization 
reaches to its maximum value  Ps and when it is withdrawn, 
the polarization remains  Pr. This phenomena is known as 
back switching polarization  (Pbc) and its value is given as:

(3)lnEc = �lnT + YEc

(4)lnPr = �lnT + YPr

(5)Pbc = Ps − Pr
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Fig. 8  Logarithmic plot of coercive field  (Ec) with temperature (T) at 
9 kV/cm electric field
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Fig. 9  Logarithmic plot of remanent polarization  (Pr) with tempera-
ture (T) at 9 kV/cm electric field
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Figure 10 depicts the plot of back switching polariza-
tion  (Ps–Pr) against temperature (T K). The plot indicates 
that the back switching polarization initially increases with 
temperature up to 400 K and then decreases signifying the 
phase transition at 400 K. The back switching polarization 
also follows the Arrhenius law as given below:

where  EA is the average activation energy of trapped charge 
defect such as oxygen vacancy, and  P0 is a constant. In order 
to estimate the activation energy involved in the domain 
switching, the slope of the plot ln(Ps − Pr) versus 1000/T is 
used (Fig. 11).

4  Conclusions

In this study, the  BaZr0.05Ti0.95O3 ceramic is successfully 
prepared by SSRT. The structural analyses are carried out 
by XRD and Raman spectroscopy which validate that the 
material exhibits orthorhombic symmetry. The tempera-
ture dependent dielectric behaviour shows the existence 
of three phase transitions for the present composition. The 
diffuseness is found to result due to chemical inhomoge-
neity, and corresponding parameters are obtained from 
the modified Curie–Wiess law. As an indication of Olsen 
cycle, it is observed that the present composition would 
be a suitable candidate for scavenging of waste thermal 
energy. The ferroelectric scaling relations for coercive field 
 (Ec), remnant polarization  (Pr), as a function of tempera-
ture (T) are also estimated. The temperature-dependence 

(6)Ps − Pr = P0exp

(

−E
A

K
B
T

)

back-switching kinetics is found to follow the Arrhenius 
law. The results presented in the manuscript will provide a 
brief idea about the hysteresis behaviour with temperature 
under external electric field.
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