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Abstract A detailed investigation of the crystal structure

and electrical properties of Ba1-xSrxZr0.05Ti0.95O3 (x = 0.1,

0.2, 0.3 and 0.5) ceramics prepared using high energy ball

milling is presented in this manuscript. The X-ray diffraction

patterns confirmed the single phase formation of the exam-

ined compounds. The substitution of Sr2? drove the crystal

symmetry of the system from tetragonal to cubic at x = 0.3.

The structural conformation was also carried out employing

the Rietveld refinement analysis. The microstrutural study

was developed through the scanning electron microscopy,

which showed a decrement in the grain size with Sr doping.

Using the impedance spectroscopic technique, the electrical

microstructure of the system was presented and the overall

electrical properties indicated the presence of grains

separated by grain boundaries and is explained in terms of the

bricklayer model. Negative temperature coefficient of re-

sistance behavior was observed in all compositions. The

activation energy estimated from impedance, modulus and

conductivity formalism confirmed that the oxygen vacancies

play an important role in the conduction mechanism.

1 Introduction

BaTiO3 (BT) based pervoskite materials have been exten-

sively studied owing to their remarkable dielectric, ferro-

electric, piezoelectric and pyroelectric properties

throughout the last decades [1–4]. They are also an im-

portant electroceramic due to their applications in multi-

layer ceramic capacitor (MLCC), positive temperature

coefficient of resistance (PTCR) Thermistors, piezoelectric

sensors, transducers and electro-optic devices [5–9]. Bar-

ium titanate has a special place in the pervoskite group of

compounds because it forms a solid solution with other

pervoskites with a wide range of compositions which leads

to various applications. For many years, A- and B-site

dopants have been used to modify the electrical properties

of BaTiO3. It is well known that semiconducting barium

titanate shows the PTCR (positive temperature coefficient

of resistivity) effect near its Curie temperature. To lower

the Curie temperature and to improve the temperature

stability Zr4? is substituted for Ti4? as Zr4? is more stable

than Ti4?. It is also reported in the literature that the ad-

dition of small amounts of ZrO2 (\5 mol%) to BaTiO3

raises the band gap of Ba(Ti1-xZrx)O3 solid solution (from

2.89 to 3.01 eV at 2 % Zr) and thus lowers electrical

conductivities [10]. Moreover, the reduction enthalpy is

also significantly raised by the presence of Zr (from 5.6 eV

for BaTiO3 to 7.3 eV at 2 % Zr), which consequently

suppresses the reduction process, leading to decrease in the

formation of oxygen vacancies with lower electrical con-

ductivities [11]. Again, in order to lower the grain internal

resistivity SrTiO3 is widely used as basic composition

which will shift the capacitance dispersion to higher fre-

quency, and promote the stability of bias dependence. Sr2?

(0.144 nm) and Zr4? (0.072 nm) have similar ionic radii to

Ba2? (0.161 nm) and Ti4? (0.061 nm). Thus, BaTiO3
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easily forms complete solid solutions with SrTiO3 and

BaZrO3 [12, 13].

In order to know the overall electrical properties of any

material, understanding of its microstructure, which mainly

comprises grains and grain boundaries, is really essential.

To distinguish between transport characteristics of grains

and grain boundaries, impedance spectroscopy is a useful

technique. This technique is capable to resolve the contri-

bution of different phases such as grain interior, grain

boundaries, and the electrode-sample contacts; further-

more, by employing impedance spectroscopy it is possible

to determine the presence of any impurity phase in the

sample regarding grain boundaries, which can act as carrier

traps and form the barrier layer for charge transport. Em-

phasis has been put on understanding electrical behavior on

the effect co doping Sr2? and Zr4? in BaTiO3 pervoskite

using impedance spectroscopy study.

2 Experimental

Strontium doped Barium Zirconium Titanate (BSZT) with

general formula Ba1-xSrxZr0.05Ti0.95O3 (x = 0.0, 0.1, 0.2,

0.3 and 0.5) ceramic powders were prepared by a combi-

nation of solid state reaction and high energy ball milling

technique. The ball to powder ratio (BPR) was maintained

at 20:1 by weight. BaCO3 (99.9 %), SrCO3 (99.9 %), ZrO2

(99.8 %) and TiO2 (99.95 %) were used as starting mate-

rials and stoichiometric amounts of these materials were

weighed. The high energy ball milling of these weighed

powders were carried out in a Fritsch planetary. For proper

mixing of the weighed powders, the powders were mixed

in tungsten carbide balls (10 mm diameter) with toluene as

milling media for 5 h at 300 RPM. The milled powders

were treated at 1,100 �C for 4 h in a programmable

furnace.

The synthesized powder was structurally characterized

by X-ray diffraction (XRD) using a Philips diffractometer

model PW-1830 with Cu-Ka (k = 1.5418 Å) radiation in a

wide range of 2h (20 B 2h B 70) at a scanning rate of 2

degree per min. In order to measure the electrical proper-

ties of BSZT ceramics, the disc was pressed uniaxially at

200 MPa with 2 wt % polyvinyl alcohol added as a binder.

Afterwards, this discs were sintered at 1,200 �C for 4 h.

Silver contacts were deposited on the opposite disc faces

and heated at 700 �C for 15 min. The frequency (1 Hz-

1 MHz) and temperature (30–500 �C) dependent dielectric

measurements were carried out using a N4L-NumetriQ

(model PSM1735) connected to a computer.
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Fig. 1 XRD patterns of Ba1-xSrxZr0.05Ti0.95O3 ceramic calcined

powder at 1,100 �C for 4 h (insert shows reduced XRD patterns of

BSZT ceramics)
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Fig. 2 Rietveld Refinement of Ba1-xSrxZr0.05Ti0.95O3 ceramic

a x = 0.0 and b x = 0.5
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3 Result and discussion

3.1 Structural studies

Figure 1 displays the room temperature X-ray diffraction

spectra of Ba1-xSrxZr0.05Ti0.95O3system for x = 0.0, 0.1,

0.2, 0.3, and 0.5. It clearly indicates the single phase for-

mation of the examined compounds and confirms the

complete solid solubility of Sr2? up to x = 0.5 in BZT.

The crystal symmetry of the system remains in tetragonal

up to x = 0.3 and with further increase in Sr2? the struc-

ture changes to cubic. A close observation of the X-ray

diffraction data indicates a shift in diffraction peaks toward

higher 2h values (insert of Fig. 1). This is translated as the

reduction of the lattice parameter with an increase in the

Sr2? content. The reduction in the lattice parameter can be

explained because of the low ionic radius Sr2? ion (1.44 Å)

substituting the higher ionic radius Ba2? ion (1.61 Å).

Figure 2a, b illustrate the structural refinement using the

Rietveld method confirming that the XRD patterns of

BSZT ceramic with different compositions:[(a) x = 0;

(b) x = 0.5]; are monophasic with a perovskite-type te-

tragonal structure and cubic structure, respectively. Ri-

etveld refinements performed using the Full prof software

involved Rietveld texture and stress analysis. The opti-

mized parameters were scale factor, background with ex-

ponential shift, exponential thermal shift, polynomial

coefficients, basic phase, microstructure, crystal structure,

structure factor extractor, shift lattice constants, profile

half-width parameters (u, v, w), lattice parameters (a, b, c),

Wyckoff, site occupancy, and occupancy. These pa-

rameters were used to obtain a structural refinement with

better quality and reliability. The fitting parameters (Rp,

Rexp, Rwp, v2, and GoF) indicate good agreement between

refined and observed XRD patterns. Figure 3a,c shows the

schematic representation of crystalline super cells for

BSZT ceramics with(a) x = 0, and (b) x = 0.5. Lattice

parameters and atomic positions obtained from Rietveld

refinements were used to model these supercells through

the Visualization for Electronic and Structural Analysis

(VESTA) program, version 3.1.7, for Windows. Fig-

ure 3a,c illustrates super cells (2 9 292) for the BSZT

ceramics with (a) x = 0; perovskite-type tetragonal struc-

ture of a space group of (P4mm) and (c) x = 0.5, per-

ovskite-type cubic structure of a space group of (Pm3m)

respectively. In these supercells, zirconium (Zr) and tita-

nium (Ti) atoms are coordinated to six oxygen (O) atoms

which form octahedral [TiO6]/[ZrO6] clusters. Moreover,

Barium (Ba) atoms and Srtonium (Sr) atoms are coordi-

nated to twelve O atoms which form cuboctahedral

[BaO12] clusters (Fig. 3b,d).

cFig. 3 Supercells (2 9 292) for the Ba1-xSrxZr0.05Ti0.95O3 ceramics

with a x = 0 and c x = 0.5 illustrating the [TiO6], [ZrO6],[BaO12]/

[SrO12] clusters, Barium (Ba) atoms and Srtonium (Sr) atoms are

coordinated to twelve O atoms [BaO12] clusters b x = 0.0 and

d x = 0.5
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3.2 SEM images analyses

Figure 4a–e illustrate SEM images of sintered BSZT ce-

ramics. The nature of the microstructures of BSZT ce-

ramics indicates that the grains were densely packed. SEM

images showed the presence of large and small grains in

microstructure for pure BZT ceramics and doped BSZT

ceramics, respectively. Therefore, the incorporation of

Sr2?ions in A-site of the BZT lattice promotes a reduction

in average grain size. All compositions show non-

uniformly distributed grains due to the characteristic of

matter transport mechanism between the grains during the

sintering process. At the initial stages of solid state reac-

tion, the carbonates and oxides were ball milled in order to

reduce the powder particle sizes. The heat promoted slow

kinetics of inter-diffusion in the contact points between the

particles with irregular morphologies. This diffusion re-

sulted into irregularly shaped grains due to an elastic de-

formation caused by the surface energy reduction in the

contact interface by its orientation and mobility.

Fig. 4 SEM micrograph of Ba1-xSrxZr0.05Ti0.95O3 ceramics, a x = 0.0, b x = 0.1, c x = 0.2, d x = 0.3 and e x = 0.5
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3.3 Impedance study

Figure 5a–e shows the variation of the real part of impe-

dance (Z0) as a function of frequency for all the samples.

The nature of variation shows a monotonous decrease in

the value of Z0 with rise in the frequency. The impedance

value is higher at lower temperatures in the low frequency

region and decreases gradually with increase in frequency.

The value of Z0 also shows a decreasing trend with rise in

temperature in the low frequency domain, but tends to

merge with the low temperature data in the high-frequency

region. The decrease in Z0 with rise in temperature and

frequency also indicates a possibility of increase in the

conductivity with increase in temperature and frequency.

The merger of real part of impedance (Z0) In the high

frequency domain for all temperatures indicates a

possibility of the release of space charge as a result of

lowering in the barrier properties of the material. These

results indicate that electrical conduction will increase with

the rise in temperature and the phenomenon is dependent

on release of space charge. It was also observed that the

values were increasing as the Sr content increased. The

increases in Sr content allowed more grain aggregates

which increased the area of potential barrier between the

grains and offered more resistance for charge carrier.

Figure 6a–e show the variation of the imaginary part of

the impedance Z00 with frequency at different temperatures

for BSZT. The Z00-frequency patterns exhibited some im-

portant features such as (i) appearance of a peak at a par-

ticular frequency (known as relaxation frequency), (ii)

decrease in the magnitude of Z00 with a clear shift in the

peak frequency toward higher frequency, and (iii) peak
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Fig. 5 Variations of real part Z0

of Ba1-xSrxZr0.05Ti0.95O3

ceramics with frequency at

different temperatures

a x = 0.0, b x = 0.1, c x = 0.2,

d x = 0.3 and e x = 0.5
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broadening with a rise in temperature. A significant

broadening of the peaks with an increase in temperature

suggests the existence of a temperature-dependent electri-

cal relaxation phenomenon in the material. The asymmetric

broadening of the peaks suggests the presence of electrical

processes in the material with a spread of relaxation time.

The effect of an increase in Sr substitution on the electrical

behavior of the samples can clearly be seen in terms of (i) a

increase in the magnitude of Z00 (ii) shift in the peak fre-

quency toward lower frequency, and (iii) peak broadening

and asymmetry. The shifting of the peak frequency toward

the lower frequency side with doping the Sr at Ba site

indicates the increase in the relaxation time. As the con-

centration of Sr increases, the increase in the broadening

and asymmetry of the peaks suggests that there is an in-

crease in the distribution of relaxation times and departure

from ideal Debye-like behavior. The relaxation species in

the material may be immobile species/electrons at low

temperature and defects/vacancies at higher temperature.

This result also shows the significant effect of Sr substi-

tution on the electrical behavior of BZT.

Figure 7a–e shows the temperature dependence of

complex impedance spectra (Nyquist plots) of BSZT. The

impedance spectrum is characterized by the appearance of

semicircular arcs whose radius decreases with increase in

temperature. The complex impedance plots comprise two

overlapping semicircular arcs with the center below the

real axis. According to Debye’s model, a material having a
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Fig. 6 Variations of imaginary

part Z00 of

Ba1-xSrxZr0.05Ti0.95O3

ceramics with frequency at

various temperatures a x = 0.0,

b x = 0.1, c x = 0.2, d x = 0.3

and e x = 0.5
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single relaxing time gives rise to an ideal semicircle cen-

tered on the real axis.The shape of our plots suggests that

the electrical response is composed of at least two relax-

ation phenomena with different relaxation frequencies. The

high frequency semicircle is due to the bulk property of the

materials where the low frequency arc is due to the grain

boundary in the materials.

For successful data analysis, an equivalent circuit model

consisting of some combinations of resistance (R) and ca-

pacitance (C) elements connected in series and/or parallel is

required to model the impedance data and represent physically

the various charge migrations and polarization phenomena

occurring in the ceramics. The impedance data are fitted using

two RQ circuit in series (RgbQgb)(RgQg) (shown in inset of

Fig. 7a) by the Zsimwin software, where, Rgb, Rg and Qgb, Qg

are the resistances and constant phase elements of two electro-

active regions, i.e., grain boundary, and grain, respectively.The

term Q represents a non-ideal capacitance which is physically

determined by parameter admittance (Y’) with exponent n be-

ing n B 1. This departure exhibited by the parameter Q is

exclusively due to the distribution of the relaxation times,

which leads to the decentralization phenomenon of the semi-

circle [14–19]. The capacitance of Q is obtained from the ex-

pression, C = R(1-n)/n Q1/n, where the value of parameter n
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lies between 0 and 1. If n = 1, the constant phase element will

behave as a pure capacitor and for n = 0 it acts as a pure

resistor. Constant phase element ‘‘Q’’ is used to accommodate

the heterogeneity present in the sample. The values of the

circuit elements obviously depend on the volume fraction of

the individual components (i.e., grain and grain boundary ef-

fects), In ceramics, grain boundaries are often electronically

active due to depletion effects and act as barriers to the cross

transport of the charge carriers. The electrical phenomena can

be expressed in terms of a bricklayer model, where the con-

duction through the grain and grain boundaries dominates.

This fitting is based on the non-linear least square fitting where

an algorithm is used for fitting.

It is observed from the fitting data that at all tem-

peratures, Rb \ Rgb. The resistance associated with grain

and grain boundary obeys the Arrhenius equation as,

R ¼ Roexp
Ea

KBT
ð1Þ

The activation energy is calculated from Arrhenius plot as

shown in Fig. 8a,b and presented in Table 1. The Ea for grain

boundaries is found to be higher than that of grains indicating

higher resistive behavior than that of grains. The values

obtained for Eg and Egb suggest that relaxation peak at lower

frequency could be due to oxygen vacancies at grain

boundaries (and/or possibly domain boundaries) whereas

peak at high frequency is due to the oxygen vacancy related

defects relaxation inside the grain [20]. In crystalline mate-

rials, the surface atoms on the grains will have a higher dif-

fusion coefficient than that of the lattice grains and thus the

grain boundary is expected to have a higher conductivity

[21]. The activation energy of the grain boundary is a little

higher than that of the grain. The value of the activation

energy for conduction clearly suggests a possibility that the

conduction in the higher temperature range for ionic charge

carriers may be oxygen vacancies. In perovskite ferroelectric

materials oxygen vacancies are considered as one of the

mobile charge carriers [22] and mostly in titanates, ioniza-

tion of oxygen vacancies creates conduction electrons, a

process which is defined by the Kroger-Vink notation as [23]

Ox
o !

1

2
O2 þ Vx

o

Vo
x $ V �o þ e0

V �o $ V 00o þ e0

ð2Þ

Thus, excess electrons and oxygen vacancies are formed in

the reduction reaction

Ox
o !

1

2O2

þ V 00o þ 2e0 ð3Þ

And they may bond to Ti4? and Zr4? in the form

Table 1 Activation energy (in eV) calculated from different pa-

rameters of Ba1-xSrxZr0.05Ti0.95O3 ceramics

Composition Z 00 M00 Rg Rgb rdc

x = 0.0 0.52 0.46 0.45 0.47 0.48

x = 0.1 0.53 0.48 0.43 0.50 0.49

x = 0.2 0.56 0.50 0.41 0.51 0.52

x = 0.3 0.57 0.52 0.36 0.52 0.57

x = 0.5 0.54 0.47 0.40 0.51 0.50

Table 2 The thermistor parameter a and b for Ba1-xSrxZr0.05Ti0.95O3

ceramic

Composition a b

x = 0.0 0.01685 4211.48537

x = 0.1 0.01759 4,396.7975

x = 0.2 0.01889 4,722.41621

x = 0.3 0.01823 4,558.71521

x = 0.5 0.01873 4,683.18664
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Fig. 8 Arrhenius plot of resistance for the Ba1-xSrxZr0.05Ti0.95O3

ceramics a Grain and b Grain boundary
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Ti4þ þ e0 $ Ti3þ

Zr4þ þ e0 $ Zr3þ ð4Þ

These electrons trapped by Ti3? or Zr3? ions or oxygen

vacancies can be thermally activated, thus enhancing the

conduction process. Doubly charged oxygen vacancies are

considered to be the most mobile charges in perovskite

ferroelectrics and play an important role in conduction [24].

It is observed from the impedance analysis that the re-

sistance of the materials decreases with increase in tem-

perature resulting NTCR behavior in the materials. The

relation between resistance and temperature for a com-

pound exhibiting NTCR behavior is expressed as,

RT ¼ RN exp b
TN � T

TTN

� �� �
; ð5Þ

where RT is the resistance at temperature T, RN the resis-

tance at temperature TN is known, and b is an NTC ther-

mistor characteristic parameter.

The thermistor characteristic parameter can be ex-

pressed as

b ¼ TTN

TN � T

� �
ln

RT

RN

ð6Þ

The sensitivity of the thermistor b can be also defined by

the temperature coefficient of resistance (a), which can be
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Fig. 9 Variations of a real part

of M0 for

Ba1-xSrxZr0.05Ti0.95O3

ceramics with frequency at

different temperatures:

a x = 0.0, b x = 0.1, c x = 0.2,

d x = 0.3 and e x = 0.5
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expressed as a function of b parameter according to the

following equation

a ¼ 1

R

� �
d Rð Þ
dT

� �
¼ � b

T2
ð7Þ

The various thermistor parameters are given in Table 2.

Thus, the high value of b obtained endorsed BSZT as a good

quality NTC material for the fabrication of thermistor devices.

3.4 Modulus spectroscopy analyses

The frequency and temperature dependence of the real part

of the modulus (M’) of BSZT with x = 0.00, 0.1, 0.2, 0.3 and

0.5 is shown in Fig. 9a–e. M0 approaches to zero at all tem-

peratures, suggesting the suppression of electrode polariza-

tion. M’ reaches a maximum value corresponding to M? due

to the relaxation process. It is also observed that the value of

M? decreases with increase in temperature. These graphs

show that modulus peaks shift towards the high frequency

side on increasing temperature. M0 (x) shows a dispersion

tending toward M? (the asymptotic value of M’(x) at higher

frequencies). The nature of variation indicates that the

electrical properties of the material arise due to the bulk

(intra-grain) property. In the low temperature region, the

value of M0 increases with the increase in frequency and

decreases with rise in temperature with slow rate. While in

the high-temperature region, the value of M0 increases

rapidly with an increase in both the temperature and fre-

quency. It may be contributing to conduction phenomena due

to the short range mobility of charge carriers. This implies

the lack of a restoring force for flow of charge under the

influence of a steady electric field [25].
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Fig. 10 Variations of

imaginary part of M00 for

Ba1-xSrxZr0.05Ti0.95O3

ceramics with frequency at

different temperatures:

a x = 0.0, b x = 0.1, c x = 0.2,

d x = 0.3 and e x = 0.5
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The frequency and temperature dependence of the

imaginary part of the modulus (M00) of BSZT with

x = 0.00,0.1, 0.2, 0.3 and 0.5 is shown in the Fig. 10a–e.

Two characteristic peaks were observed in all compositions

representation both grain and grain boundary effect. The

frequency region below the peak frequency of M00 versus

frequency spectra determines the range in which charge

carriers are mobile over long distances The asymmetric

modulus peaks shift towards the high frequency side with a

rise in temperature exhibiting the correlation between the

motions of mobile charge carriers [26]. The observed M00

peaks of the plots are related to conductivity relaxation of

the materials. The asymmetry in peak broadening shows

the spread of relaxation times with different time constant,

and hence the relaxations of non-Debye type. The existence

of low frequency peaks suggests that the ions can move

over long distances where as high frequency peaks suggest

about the confinement of ions in their potential well. The

nature of modulus spectra confirms the existence of

hopping mechanism in the electrical conduction of the

materials. From the figures, it can be observed that the

deviations of maximum peak frequencies are increasing

with increase in the concentration of Sr2? ions in the BZT

system. Therefore, the doped samples show the short range

movement of charge carriers and the un-doped sample

shows the long range movement of charge carriers.A non-

exponential type of conductivity relaxation suggests that

ion migration takes place via hopping accompanied by a

consequential time dependent mobility of other charge

carriers of the same type in the vicinity [19]. For x = 0.0, a

broad single peak is observed in M00 spectra whose position

appears to be shifting toward higher frequencies at in-

creasing temperatures. It has been observed that the height

and broadening of the modulus peak appear to decrease

with an increase in Sr concentration. The decrease in the

modulus peak height on increasing x suggests an en-

hancement in the capacitance value of the sample on

substitution of Sr in the compound [27].

Figure 11a,b shows the variation of relaxation time xm

calculated from Z00 and M00 versus frequency plot respec-

tively with reciprocal of temperature i.e., log xm versus

103/T (K) for different Sr concentration, which follows the

Arrhenius behavior. The calculated activation energy is

given in Table 1. It is interesting to note that the activation

energy obtained from the Z00 spectra represents the local-

ized conduction (i.e., dielectric relaxation) whereas the

activation energy obtained from the M00 spectra represents

non-localized conduction (i.e., long-range conduction)

[28]. From the figure, it has been observed that the relax-

ation times decrease with an increase in Sr concentration.

Again, the activation energy of the localized conduction

(i.e., dielectric relaxation) and non-localized conductions

(i.e., long-range conduction) decreases with an increase in

Sr concentration systematically. The activation energy for

x = 0 is found to be nearly 0.5 eV from the relaxation time

obtained from the M00 and Z00 versus frequency plot. This

range of activation energy is typical for oxygen vacancies

or 3d-metal–oxygen vacancies in various perovskite

materials.

3.5 Ac conductivity

The variation of Ac conductivity with different frequencies

at different temperatures for all the compounds is shown in

Fig. 12a–e. The power law dependence of Ac conductivity

is of a universal nature and corresponds to a short range

hopping of charge carriers through trap sites separated by

energy barriers of varied heights. Each pair of potential

well corresponds to a certain time constant of transition

from one site to another. The conductivity rac can be

written as rac = rdc ? Axn known as Jonscher’s power

law [29] where n is the frequency exponent in the range of
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a impedance and b modulus
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0 \ n \ 1. According to Jonscher, the origin of frequency

dependence of conductivity lies in the relaxation phe-

nomena arising due to mobile charge carriers. The low

frequency dispersion is attributed to the Ac conductivity

whereas the frequency independent plateau region in the

conductivity pattern corresponds to the d.c. conductivity of

the material sample. The frequency at which the slope

change takes place is known as the hopping frequency,

which corresponds to polaron hopping of charged species

[30]. The hopping frequency shifts to the higher frequency

side with temperature.

The above-mentioned observation in conductivity

spectra can be explained on the basis of the jump relaxation

model and conduction through grain boundaries. The fre-

quency independent plateau at a low frequency is attributed

to the long-range translational motion of ions contributing

to dc conductivity (rdc). The observed frequency inde-

pendent dc conductivity was explained by Funke [30] in

the jump relaxation model (JRM). According to this model,

the conductivity at the low frequency region is associated

with the successful hops to its neighboring vacant site due

to the available long time period; such successive jumps
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b x = 0.1, c x = 0.2, d x = 0.3

and e x = 0.5
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result in a long-range translational motion of ions con-

tributing to dc conductivity. The dc conductivity was cal-

culated from the frequency independent part and the

variation of dc conductivity with temperature is shown in

Fig. 13. The conductivity variation indicates an increase in

conductivity with rise in temperature with a typical Ar-

rhenius-type behaviour. The type of temperature depen-

dence of Dc conductivity indicates that the electrical

conduction in the material is a thermally activated process.

The activation energy was calculated from the linear por-

tion of the plot of Dc conductivity (s) versus 103/T

(Fig. 13). In ceramic samples, oxygen vacancies are usu-

ally considered as one of the mobile charge carriers in

ferroelectric perovskite. The ionization of oxygen vacan-

cies creates conducting electrons, which are easily ther-

mally activated. From the results of conduction and the

value of the activation energy for conduction, it clearly

suggests a possibility that the conduction in the higher-

temperature range for charge carriers may be oxygen va-

cancies [31].

4 Conclusion

The present work reports the structural and electrical

properties of BSZT compounds prepared through High

energy ball milling. The X-ray diffraction study shows a

single phase in all compounds and the structure changes

from tetragonal to cubic at x C 0.3. Complex impedance

spectroscopy, in terms of a simultaneous analysis of the

complex impedance, is used to investigate the electrical

behaviour of the ceramics. The complex impedance spec-

troscopy indicates the possible contributions of the bulk

and grain boundaries and also temperature- dependent re-

laxation. Modulus analysis establishes the possibility of

hopping mechanism for electrical transport processes in the

system. Almost the same activation energies calculated

from relaxation time of impedance and modulus plots

indicate the existence of both types of charge carriers. The

compounds exhibit negative temperature coefficient of re-

sistance (NTC) behavior and temperature dependent re-

laxation phenomena. The Ac conductivity follows the

universal power law. The activation energy calculated for

both bulk and grain boundary effect suggests the possibility

of electrical conduction due to the mobility of oxide ions or

oxide ion vacancies at higher temperature.
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