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Abstract The results of X-ray diffraction, scanning

electron microscopy, and dielectric measurements per-

formed for polycrystalline Ba(Ti1-xZrx)O3 are presented.

Data from these measurements show a change of the type

of paraelectric–ferroelectric (PE–FE) phase transition (PT)

from sharp PT (x \ 0.10), through diffuse phase transition

(0.10 B x B 0.20), to relaxor type one (x = 0.30).

The lack of structural PT at the temperature Tm (the tem-

perature of the maximum of real part of the electric per-

mittivity e0) for 0.10 B x B 0.30, suggest that this PE–FE

transition is not connected with the change of crystal

structure. A phase angle of about U & -90�, between

electric current and applied voltage, suggests the occurrence

of polar regions (clusters) below 400 K. The change of these

clusters polarizability and their lability at the Tm is postu-

lated as possible origin of the observed maximum of e0.

Introduction

The solid solution Ba(Ti1-xZrx)O3 (BTZx) is the ferro-

electric material of perovskite type; A(B0B00)O3. The pure

barium titanate (BT) forms four structural phases [1].

At high temperatures (in the paraelectric phase) it has a

cubic structure. During decrease of the temperature in BT

sample three phase transitions (PT) take place: first to

tetragonal phase, T (*400 K), then to rhombic phase, O

(*300 K) and finally to rhombohedral phase, R

(*210 K). Synthesis conditions [2, 3], piezoelectric [4–6]

and dielectric investigations [7–12] of solid solution BTZx

can be found in the literature.

The Ti and Zr ions have the similar configuration of

external orbitals (Ti: 3s23p63d24 s2, Zr: 4s24p64d25 s2) and

different radius of ion orbitals (Ti: 68 pm, Zr: 80 pm). This

similarity results in regular changes of physical properties

of modified materials for different distribution of Zr ions.

Statistical distribution of B0 and B00 ions cause broadening

of the PT temperature region. This fact can be of essential

importance in practical applications. BT and BTZx are

used as multilayer capacitor ceramics, piezoelectric trans-

ducers, PTRC thermistors, and chemical sensors [13–15].

Zirconium titanate (ZT) is used in varistor and tunable

microwave filters and as the technical ceramic component

[14, 16, 17].

There are two aims of this work. The first is to determine

the influence of Zr substitution on the dielectric properties

of BTZx. The second is to analyze the change of the

character of the paraelectric–ferroelectric (PE–FE) PT

(from sharp or DPT to relaxor or glass-type behaviour

[18–23]) in this material.

The lack of the structural phase transition at Tm for

x C 0.10 suggests that the cause of maximum of e0 is the

change of clusters system polarizability.

Experimental

The polycrystalline BTZx samples were obtained by the

calcination method in two sintering processes at tempera-

tures: *1320 and *1620 K.

The XRD data were collected by Philips X’Pert Pro MD

powder diffractometer using Ka1 radiation from Cu anode.

The configuration was standard Bragg–Brentano setup

with Ge (111) monochromator at the incident beam. All
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measurements were performed with the 0.008� step size at

15�–90� scanning range and the 285 s of measurement time

for each angle step. The full pattern fitting procedure for

quantitative analysis and structural parameters determining

was carried out using Philips X’Pert HighScore Plus

(PW3212) Release 2.1 software.

The micro-structure of BTZx was investigated by means

of a Philips SEM 525 M electron microscope at room

temperature.

A sample of the diameter 10 mm and thickness 1.5 mm

was covered by silver paint electrodes. The dielectric

measurements were performed automatically (QUATRO

KRIO 4.0 with LCR Agilent 4824A meter and BDS 1100

cryostat). The measurements were made during cooling at a

rate of 2 K/min, within the frequency range of 20 Hz–

1 MHz.

Results and discussion

Figure 1 presents the X-ray pattern for polycrystalline

sample of BTZ10 at the temperature of PE–FE phase

transition (Tm = 363 K). It shows that at this temperature

only 13% of the tetragonal phase (a = b = 4.003 Å,

c = 4.058 Å) and 87% of the cubic phase (a = 4.031 Å)

exist.

This means that a 10% Zr concentration leads to

freezing of the paraelectric, cubic structure. For BTZ30

only the cubic phase was observed at room temperature.

Figure 2 shows the SEM image of surface structure of

pure BT (a) and BTZ30 (b, c) samples.

In this figure one can see crystallites with sharp edges of

BT, the crystallites with smooth edges (b) and ‘‘micro-

rollers’’ (c) of BTZ30.

Variety of crystallites (formed for high concentrations of

Zr) follows from local gradients: of temperature and Zr

ions concentration.

Figure 3 shows three clear maxima for the BT sample,

involving the following structural phase transitions: C–T,

T–O, O–R.

One can see a large increase of diffuseness of PT as well

as a strong lowering of the Tm with increase of concen-

tration of zirconium (see Fig. 4).

Figure 5 present the temperature changes of the real part

of the electric permittivity e0(T) for BTZ20. The indepen-

dence of the Tm on the frequency of the applied electric

field pointed on the DPT.Fig. 1 X-ray pattern at temperature 363 K of the BTZ–10 sample

Fig. 2 SEM images of surface

microstructure for BT a and

BTZ30 b, c samples
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The following formula describes ferroelectric materials

with DPT:

e�1 ¼ e�1
m þ AðT � TmÞc; ð1Þ

where em is the maximum value of the electric permittivity

e0, A, and c are fixed constants.

In DPT the value of c is close to 2. These values were

compiled in Fig. 6, where:

y ¼ e�1 � e�1
m ð2Þ

x ¼ T � Tm: ð3Þ
Figure 3 shows a broad phase transition in BZT30. The

PT is typical for relaxor materials.

From the glass model one can write the following Vo-

gel-Fulcher equation [24, 25] involving Tm,m values for

different frequencies:

m ¼ m0 exp
Ea

kB Tm;m � Tf

� �

 !

ð4Þ

where m and m0 are the relaxation frequency at temperature

T and a sufficiently high temperature, respectively, Ea is

the activation energy of polar regions, kB is the Boltzmann

constant and Tf is the freezing temperature of polar regions.

Figure 7 present the dependence of (lnm) on (1000/

(Tm,m-Tf). From this graph one can calculate a glassy

temperature value: Tf & 140 K.

Figures 8 and 9 show the value of phase angle as a

function of temperature for concentrations x = 0.10 and

0.20. All U values are close to approx. -80 to -90�

Fig. 5 The real part of dielectric permittivity e0 as a function

of temperature for polycrystalline BTZ20 sample

Fig. 6 Dependence of (logy) on (log |x|) for polycrystalline BTZ20

sample

Fig. 3 The real part of dielectric permittivity e0 as a function of

temperature for polycrystalline BTZx samples

Fig. 4 Temperature Tm, of maximum of the dielectric constant e0 as a

function of x concentration for polycrystalline BTZx samples
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characteristic for the capacitive character of the material.

This is also connected with the polar character of the

material. Moreover, it is consistent with the occurrence of

polar regions (clusters [26, 27]) in BTZx.

In PE–FE PT temperatures peaks of the phase angle

were not observed. This suggests that the PT is not con-

nected with structural PT but it follows from the change of

the polar system in the region of PE–FE PT.

The change of system of these clusters, in the region of

the PF phase transition, leads to formation of a strong

maximum in measurements of the real part of the electric

permittivity.

The clusters polarizability change with temperature is

the source of dipolar polarization Pd [28–30]. This polari-

zation originates from short-range interaction of electric

dipoles. The growth of clusters size is a consequence of

their long-range structural and electric collectivization.

Conclusions

The study presents the results of the dielectric measure-

ments of BTZx. They confirm that a substitution of Zr ions

in sublattice B leads to strong diffuseness and to lowering

of the temperature of PE–FE phase transition. In the room

temperatures, the BTZx (0 \ x\0.20) is ferroelectric. For

0.10 \ x\0.20 BTZ show DPT. For x C 0.30 Zr ions lead

to freezing of cubic structure below the temperature of the

PE–FE phase transition. This behavior is similar to that of

other relaxor type ferroelectrics.

The lack of structural phase transition at the temperature

Tm for 0.10 B x B 0.30, suggest that the PE–FE PT is

connected solely with the change of clusters system

polarizability.

The observed change of physical properties of BTZx can

be applied in practice to change the work temperature of

electromechanical devices.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.
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