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ABSTRACT

Purpose: The aim of this work has been to study electric properties of polycrystalline BaTiO3 (BT) at paraelectric 
phase. On the basis of the obtained results mechanism of dipolar polarization has been discussed.
Design/methodology/approach: Polycrystalline samples of barium titanate were prepared using calcinations 
method, at the temperature about 1670 K. Dielectric measurements were carried out by means of Quatro 
Cryosystem 4.0 and Agilent Precision LCR meter HP4284A equipped with WinDETA 5.62 software Novocontrol. 
The samples were refreshed before measurements by annealing at 700 K. The dielectric measurements were carried 
out within the frequency range 20 Hz - 1 MHz under cooling with 2 K/min speed.
Findings: The results show occurrence of maxims of dielectric permittivity (ε’) and phase angle (Φ) within the 
“cross – over” region. The temperatures related to these maxims depend on the frequency of electric field and 
are higher for higher frequencies. A positive temperature coefficient (PTC) of conductivity has been found in 
paraelectric phase of BT.
Research limitations/implications: It has been postulated, on the basis of the obtained results, that at the 
temperatures above 400 K (paraelectric phase) two types of polarization exist in BT: the polarization due to free 
dipoles (Pf) and the polarization (Pd) related to polar clusters formed by the dipoles.
Originality/value: The results confirm existence of two types of polarization in paraelectric phase of BaTiO3.
Keywords: Ferroelectric; Ceramics; Electrical Properties; Phase Transition; Polarization

MATERIALS

1. Introduction 
Changes of crystal structure and evolution of cooperative 

interactions of electric dipoles are of crucial meaning for 
understanding phenomena in paraelectric phase of ferroelectric 
materials. They involve phonon-asisted/thermaly activated 
nucleations of ferroelectric domains. They also influence physical 
properties of low temperature ferroelectric phase and determine a 
kind of ferroelectric – paraelectric phase transition. This 
consideration has prompted the authors to undertake the studies 
on the evolution of electric polarization, at cooling, in paraelectric 
phase of BaTiO3 (BT). Such studies can give insight into a 

formation of free dipoles and their clustering within “cross – 
over” region.  

Barium titanate exists in 4 structures [1, 2]. In the paraelectric 
phase, it has a cubic structure. Lowering of the temperature 
induces, step by step, 3 phase transitions: the first one into 
tetragonal structure (T) at about 400 K, the next one into 
ortorhombic structure (O) at about 300 K and finally to 
rhomboedric one (R) at about 210 K.  

The paraelectric – ferroelectric phase transition in BT was a 
subject of many neutronographic, dilatometric, optical, 
roentgenographic as well as Raman and infrared investigations [2–7]. 
The results confirmed the hypothesis of “cross – over” region 
existence connected with a change of the nature of the  structure 
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evolution from so called “displacive” one (below 650 K) to “order 
– disorder” type.  

Anomalous electric behavior of BT within “cross – over” 
region can be explained via relation to the formation and 
clustering of electric dipoles. Clusters appear as a result of short – 
range interactions between the dipoles. The dipole may be imaged 
as single elementary cell with ferroactive Ti ion shifted toward 
(111) direction. The dipole complexes form the chains oriented 
toward various corners of the cube, so they [4, 5] give no effect in 
the macro scale. The dipole complexes reveal strong dynamics. 
This, together with mechanical stresses and high local electric 
field, oppose their ordering. Polarization, prescribed to the polar 
regions in the paraelectric phase, is called dipole polarization Pd.
Its influence on the thermal expansion of BT in the paraelectric 
phase is shown in Fig.1.  

Dipole polarization was found in many materials. The 
temperature, at which it appeared, was usually below 650 K (Burns 
temperature). Spontaneous polarization observed in the ferroelectric 
phase could be treated as the sum of  cooperative polarization and 
the oriented part of dipole polarization (Fig.1) [2]. 

Fig. 1. Thermal expansion of barium titanate during cooling:  
1 – without pressure; 2 – under uniaxial pressure p = 1 MPa.  
The data measured with application of the electrical field  
E = 2.105 V/m; a, b – two ranges of linear dependence in 
paraelectric phase; Pk – cooperative polarization; Pd – dipole 
polarization; Ps – spontaneous polarization. 

The size of polar clusters, simulated for the temperature close 
to Tm (maximum values of dielectric permittivity for BT), gave 
values of the order of 10-8 m [8]. The rapid growth of polar regions in 
the paraelectric phase may be connected with the change of the 
interaction character. Cooperative character of this interaction 
manifests itself by increase of the range of the correlation and leads to 
the creation of the ferroelectric domains (Fig.2).  

The present work is aimed at determination of how dielectric 
properties of pure barium titanate in paraelectric phase change 
under temperature evolution. The changes are correlated with the 
polarization. The polarization components are described together 
with their evolution within “cross – over” region. In the studies, 
dielectric spectroscopy technique was applied to determine a role 
of polar phase in the electric conductivity [9-11].  

Fig. 2. Polarization microscope image of ferroelectric domains in 
pure BT.

2. Experimental  
Polycrystalline samples of barium titanate were prepared 

using calcinations method, at the temperature about 1670 K. 
Dielectric measurements were carried out by means of Quatro 
Cryosystem 4.0 and Agilent Precision LCR meter HP4284A 
equipped with WinDETA 5.62 software Novocontrol. The samples 
were refreshed before measurements by annealing at 700 K. The 
dielectric measurements were carried out within the frequency range 
20 Hz ÷ 1 MHz under cooling with 2 K/min speed. 

3. Results and discussion
In this part, the results of dielectric and electric measurements 

for paraelectric phase of polycrystalline BT samples are 
presented. The real part of dielectric permittivity '(T) was 
measured within the range 300 K ÷ 723 K (Fig.3). It is the 
temperature range including paraelectric – ferroelectric phase 
transition (~ 400 K) and, consequently, the “cross – over” region. 
The range of the “cross – over” behavior depends strongly on the 
measuring field frequency. The increase of the frequency shifts 
the “cross – over” range toward higher temperatures. 
Simultaneously, the '(T) values are lower. The dependence of the 
phase angle (Φ) on the temperature and the frequency of 
measuring ac electric field is shown in Fig.4. Above about 400 K, 
a rapid increase of Φ values (from ~ -90 deg toward ~ 0 deg) is 
seen. At higher temperatures, for a given frequency, the transient 
minimum of Φ occurs, followed by local increase. The range of 
the temperatures with minimal Φ values can be interpreted as that 
with a dominance of dipolar component of the polarization. It is 
also seen that the rise of the frequency shifts the local Φ
maximum towards higher T. One can postulate, that these local 
minimum regions are connected with a formation of polar 
structures within the paraelectric phase and at the paraelectric – 
ferroelectric phase transition. Fig.5 shows the scheme of the 
subsequent regions of the formation of free dipoles, arising from 
free ions, and giving polarization Pf. This kind of polarization has 
been not reported in the literature. 

Fig. 3. Dependence of the dielectric permittivity ( ') on the 
temperature (T) and frequency for polycrystalline BT.  

Fig. 4. Dependence of the phase angle (Φ) on the temperature (T) 
and frequency for polycrystalline BT.  

The only confirmations of Pf has been observed in dielectric 
studies and piroelectric current measurements performed at high 
temperatures. According to the results, the lowering of the 
temperature induces polar cluster creation [12]. It means that the 
behavior of the material is determined by short range electric 
interactions. At the phase transition, the interactions become long 
– range and mutual ones (of the ferroelectric character), which 
leads to the nucleation of the ferroelectric domains. 

The Ts in Fig.5 denotes the synthesis temperature, which for 
BT equals ~ 1200 K. Below this temperature, free charge carriers 
are present in the sample. These are electrons and ions. They form 
electronic and ionic conductivity components, as confirmed by 
the phase angle values Φ ≈ 0 and high conductivity ' (Fig.6). The 
lowering of T below Ta causes the transition into the A1 region 
where electric dipoles create. It leads to the creation of Pf
polarization, as postulated in this work. It is also manifested by a 
occurrence of the local minimum of the phase angle (Fig.4), local 
minimum of ' and local minimum of ". Further lowering of the 
temperature results in the creation of the polar clusters where 

short – range electric interactions prevail. The contribution of the 
polar clusters in the conductivity is small (lowering of ", increase of 

' and approaching 0 by Φ). Simultaneously, the strong increase of so 
called dipolar polarization takes place, which has been confirmed in 
dilatometric [2, 3] and optical studies [6] (A2 region). Close to the 
temperature of the paraelectric – ferroelectric phase transition TC, the 
softening of the ferroelectric mode occurs. It originates from the 
delocalization of the ferroactive Ti ion and  causes freezing the 
dynamics of the dipole clusters and the increase of the correlation 
range. The behavior of the material becomes more susceptible to the 
external field. Further increase of the correlation length leads to the 
paraelectric – ferroelectric phase transition and the ferroelectric 
domains growth. It is reflected by the local minims of ' and ". It 
is also connected with the structure lability within the phase 
transition region where local increase of the number of free 
charges takes place. 

Fig. 5. Evolution of the polarization within paraelectric (PP) and 
ferroelectric phases (FP) of BT: Ts – temperature of the synthesis; A1 
– the range of free dipoles related to the polarization Pf; A2 – the 
range of the clusters related to the polarization Pd; A3 – the range of 
the ferroelectric phase with the spontaneous polarization Psp.

Fig. 6. Temperature dependence of electric ac conductivity ( ') 
for polycrystalline BT sample. 

2. Experimental

3. Results and discussion 
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This, together with mechanical stresses and high local electric 
field, oppose their ordering. Polarization, prescribed to the polar 
regions in the paraelectric phase, is called dipole polarization Pd.
Its influence on the thermal expansion of BT in the paraelectric 
phase is shown in Fig.1.  
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paraelectric phase; Pk – cooperative polarization; Pd – dipole 
polarization; Ps – spontaneous polarization. 
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the paraelectric phase may be connected with the change of the 
interaction character. Cooperative character of this interaction 
manifests itself by increase of the range of the correlation and leads to 
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polarization. The polarization components are described together 
with their evolution within “cross – over” region. In the studies, 
dielectric spectroscopy technique was applied to determine a role 
of polar phase in the electric conductivity [9-11].  
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measured within the range 300 K ÷ 723 K (Fig.3). It is the 
temperature range including paraelectric – ferroelectric phase 
transition (~ 400 K) and, consequently, the “cross – over” region. 
The range of the “cross – over” behavior depends strongly on the 
measuring field frequency. The increase of the frequency shifts 
the “cross – over” range toward higher temperatures. 
Simultaneously, the '(T) values are lower. The dependence of the 
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measuring ac electric field is shown in Fig.4. Above about 400 K, 
a rapid increase of Φ values (from ~ -90 deg toward ~ 0 deg) is 
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minimum of Φ occurs, followed by local increase. The range of 
the temperatures with minimal Φ values can be interpreted as that 
with a dominance of dipolar component of the polarization. It is 
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structures within the paraelectric phase and at the paraelectric – 
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been not reported in the literature. 
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The only confirmations of Pf has been observed in dielectric 
studies and piroelectric current measurements performed at high 
temperatures. According to the results, the lowering of the 
temperature induces polar cluster creation [12]. It means that the 
behavior of the material is determined by short range electric 
interactions. At the phase transition, the interactions become long 
– range and mutual ones (of the ferroelectric character), which 
leads to the nucleation of the ferroelectric domains. 

The Ts in Fig.5 denotes the synthesis temperature, which for 
BT equals ~ 1200 K. Below this temperature, free charge carriers 
are present in the sample. These are electrons and ions. They form 
electronic and ionic conductivity components, as confirmed by 
the phase angle values Φ ≈ 0 and high conductivity ' (Fig.6). The 
lowering of T below Ta causes the transition into the A1 region 
where electric dipoles create. It leads to the creation of Pf
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occurrence of the local minimum of the phase angle (Fig.4), local 
minimum of ' and local minimum of ". Further lowering of the 
temperature results in the creation of the polar clusters where 
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polar clusters in the conductivity is small (lowering of ", increase of 
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called dipolar polarization takes place, which has been confirmed in 
dilatometric [2, 3] and optical studies [6] (A2 region). Close to the 
temperature of the paraelectric – ferroelectric phase transition TC, the 
softening of the ferroelectric mode occurs. It originates from the 
delocalization of the ferroactive Ti ion and  causes freezing the 
dynamics of the dipole clusters and the increase of the correlation 
range. The behavior of the material becomes more susceptible to the 
external field. Further increase of the correlation length leads to the 
paraelectric – ferroelectric phase transition and the ferroelectric 
domains growth. It is reflected by the local minims of ' and ". It 
is also connected with the structure lability within the phase 
transition region where local increase of the number of free 
charges takes place. 

Fig. 5. Evolution of the polarization within paraelectric (PP) and 
ferroelectric phases (FP) of BT: Ts – temperature of the synthesis; A1 
– the range of free dipoles related to the polarization Pf; A2 – the 
range of the clusters related to the polarization Pd; A3 – the range of 
the ferroelectric phase with the spontaneous polarization Psp.
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High contribution of the polarization in the processes within 
the A2 range is confirmed by the phase angle value close to 0. In 
the ferroelectric phase there exist ferroelectric domains 
characterized by the spontaneous polarization Ps. It is connected 
with the collectivization (Pd) of the clusters created in the “cross – 
over” region and also with the dipole moment increase related to 
the displacive effects.  

4. Conclusions 
The presented results show that a full model of polarization 

should be based on the cooperative polarization (i.e. dipolar 
polarization originating from the free dipoles) as a primary 
component. Such model allows broadening of the interpretation of 
the results of the electrical measurements performed in the 
paraelectric phase. The measurements, taken within broader 
temperature range, have enabled evaluating the changes of the 
polarization components (free, dipolar – Pd, cooperative – Pk,
spontaneous – Ps) in the paraelectric phase and at the paraelectric 
– ferroelectric phase transition of BT.  

It seems that better understanding of the nature of the 
polarization in ferroelectric materials will be possible in further 
studies of the nanocomposites [13-17]. 
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