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Abstract Various compositions of glasses were prepared by

melt quenching method in the glass ceramic 64[(PbxSr1-x)

OTiO2]–25[(2SiO2�B2O3)]–7[BaO]–3[K2O]–1[La2O3] (0.5 B

x B 1) system doped with La2O3. Dielectric constant, er versus

temperature, T, plots revealed diffused peaks, while dielectric

loss, D, versus T plots showed shifting in the peaks toward the

higher temperature side similar to relaxor-like ceramics. Curie

temperature was found to change systematically with changing

the concentration of SrO. Impedance spectroscopy results

indicated the contributions of polarization process relaxing in

low frequency region attributed to polarizations at the crystal to

glass interface and the glassy region.

Introduction

Ferroelectric glass ceramics are technologically important

materials. The properties and applications of glass ceramics

depend on the complex inter-relationship of structural,

compositional, and processing variables [1]. Ferroelectric

ceramics have been applied to many electronic and optical

devices by utilizing their excellent dielectric, piezoelectric,

and optical properties [2]. Recently considerable attention

has been focused on the development of the technology for

their crystal growth and high dielectric constant in bulky

glass ceramic samples. These glass ceramics possesses

interesting dielectric properties resulting from the combi-

nation of high permittivity crystallites and low permittivity

glassy matrix. Impedance spectroscopy technique [3, 4]

can be better exploited to understand the mechanism

responsible for interesting dielectric and crystallization

behavior. SrTiO3 (ST) borosilicate glass ceramic system

has been investigated extensively for their crystallization

microstructural and dielectric behavior [5–8]. Crystalliza-

tion study of this glass ceramic system shows that Sr2B2O5

forms a major crystalline phase followed by Sr3Ti2O7,

TiO2, and some other phases. Different additives to the

glass composition affect crystallization, microstructural,

and dielectric behavior of resulting glass ceramics. Sahu

et al. [9, 10] reported that (PbSr)TiO3 (PST) solid solution

crystallites can be crystallized in borosilicate glassy matrix.

The crystal structure and lattice parameters of these crys-

tallites of perovskite phase change systematically with

changing Pb2?/Sr2? ratio in the glass compositions. The

dielectric behavior of these glass ceramic samples shows

that Curie temperature, Tc increases with increasing Pb2?/

Sr2? ratio [11, 12]. But these glass ceramics find limited

applications because of their low dielectric constant (er) (of

the order of 100). It has been reported that La2O3 promotes

the crystallization of perovskite phase [13]. La2O3-doped

ST glass ceramics show high value of er of the order of

1,000 due to space charge polarization at crystal–glass

interface. Recently, Kumar et al. [14] have reported

dielectric characterization of ferroelectric (PbxSr1-x)TiO3
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glass ceramics doped with La2O3, showing improved

crystallization and dielectric characteristics.

The electrical properties of glass ceramics are due to a

result of different contributions from various components

and processes present in the materials. In general, the

overall dielectric properties arise due to crystallites, glassy

interface and electrode processes. The motion of charge

could take place in any fashion viz. charge displacement,

dipole reorientation and space charge formation [15]. In

order to achieve reproducibility and to have a proper

control over these properties, contributions from the crys-

talline phase, glassy matrix, and contact electrode must be

separated out. The method of complex immittance analysis

has emerged as a very powerful tool for separating out

these contributions [3]. It is also useful in studying defects,

microstructure, surface chemistry and electrical conduc-

tivity for materials including dielectrics, ionic conductors,

and adsorbate–adsorbent interfaces [16]. Under an AC

field, frequency dispersion or dielectric relaxation is

observed due to different polarization mechanisms [17].

The presence of a dielectric relaxation then corresponds to

a possible polarization mechanism, which occurs on a

macroscopic scale. Each relaxation process may be char-

acterized by a relaxation time, which describes the decay of

a particular polarization process with time on removing the

external field. Experimentally more than one relaxation

process can be observed in the frequency range of interest.

Certain dielectric functions are employed more often than

others depending on the particular field of application. For

example, electric modulus is generally used for glasses [18]

while impedance is chosen for polycrystalline ionic con-

ductors. Various studies on the crystallization behavior and

dielectric properties of glass ceramics containing crystal-

line phase such as PbTiO3 have been reported [19–28].

Recently research work has been carried out on (Sr1-x

Pbx)TiO3 glass ceramics with addition of Nb2O5 for

dielectric and impedance spectroscopic studies [29]. More

recently in a letter by our group, we have reported

dielectric characterization of ferroelectric glass ceramic

system [(PbxSr1-x)]O�TiO2]–[2SiO2�B2O3]–[K2O]–[BaO]–

[La2O3] (0.5 B x B 1), showing improved crystallization

and dielectric characteristics [30]. Doping of La2O3 influ-

enced dielectric constant value causing a considerable

enhancement in its value. In view of the fact that the

addition of 1 % La2O3 enhances the crystallization of the

glasses and therefore, acting as a nucleating agent, it was

planned to synthesize a few compositions of 64[(PbxSr1-x)�
OTiO2]–25[(2SiO2�B2O3)]–7[BaO]–3[K2O] glass ceramic

system doped with La2O3 and study their dielectric and

impedance behavior with respect to temperature and fre-

quency scales. In this paper, we present our detailed inves-

tigation on electrical and dielectric properties of the system

64[(PbxSr1-x)�OTiO2]–25[(2SiO2�B2O3)]–7[BaO]–3[K2O]

doped with La2O3 for relatively high concentration of

substituent, i.e., 0.5 B x B 1. A few glass ceramic samples

in of this system have been selected for the dielectric study.

The prime goal of this work is to determine the charac-

teristics of impedance and crystallization behavior of PST

borosilicate glass ceramic system.

Experimental procedure

A series of glasses in the system 64[(PbxSr1-x)O�TiO2]–

25[2SiO2�B2O3]–7[BaO]–3[K2O]–1[La2O3] were prepared

by progressive substitution of SrO for PbO (x = 1.0, 0.9,

0.8, 0.7, 0.6, and 0.5). Well mixed, dried powders con-

taining appropriate amounts of reagent grade PbO, SrCO3,

TiO2, H3BO3, SiO2, K2CO3, and La2O3 were melted in

pure alumina crucibles for an hour in the temperature

range 1,210–1,240 �C, depending on the composition,

under normal atmospheric conditions. The melt was

quenched by pouring it onto an aluminum mold and

pressing with a thick aluminum plate. The glasses were

then annealed at 400 �C for 3 h. Differential thermal

analysis (DTA) was done using a NETZSCH Simultaneous

Thermal Analyzer (STA-409) from room temperature

(*27 �C) to 1,400 �C employing a heating rate of 10 �C/

min to determine glass transition, Tg and crystallization

temperatures, Tc. Sintered alumina was used as a reference

material. On the basis of DTA results, various glass cera-

mic samples with compositions x = 1.0–0.5 were prepared

by heat treatment of the glasses in the temperature range

605–1,060 �C for 6 h. The different heat treatment

schedules and nomenclature of glass ceramic samples are

listed in the Table 1. Five letters glass code refers to the

composition of the glass. First two letters PT, 9P, etc.,

designate the fraction of lead, i.e., x in the glass system. PT

refers to x = 1.0, i.e., 100 % lead (Pb) and 0 % strontium.

9P, 8P, etc., refer to x = 0.9, 0.8, etc., respectively. The

third letter L indicates that La2O3 is used as an additive.

The last two letters 7B refers to fraction of modifier oxides

BaO in the parent glass compositions. For the nomencla-

ture of the glass ceramic samples following methodology

has been adopted: First five letters in the code for the glass

ceramic samples are similar to the code of their parent

glass and refer to the composition of glass, next three

digits indicate the crystallization temperature. The last

letter T or S refers to holding time at crystallization tem-

perature, 3 and 6 h, respectively. For example, the glass

ceramic code PTL7B663T represents the glass ceramic

sample which has been prepared from the glass PTL7B

containing 100 % lead, 1 % La2O3 and BaO/K2O ratio of

7/3 and heat treated at 663 �C for 3 h. Phases were iden-

tified using powder X-ray diffraction (XRD) analysis.

Diffraction patterns were recorded employing a Rigaku
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X-ray diffractometer using CuKa radiation. The crystalline

phases in each glass ceramic sample were identified by

comparing its XRD pattern with standard patterns of var-

ious crystalline phases. The glass ceramic samples were

ground and polished successively using SiC powders on a

thick and flat glass plate. Finally polishing was carried out

on a blazer cloth using diamond paste (1 lm). The pol-

ished glass ceramic samples were etched for 1 min with a

suitable etchant 30 % HNO3 ? 20 % HF solution. Etched

surface of various glass ceramic samples were coated with

Gold by sputtering method. The samples were then

examined using a, JSM-840 scanning electron microscope

(SEM) to study the morphology of different crystalline

phases. Capacitance (C) and dissipation factor (D) were

recorded as a function of temperature between room

temperature and 500 �C at 0.1, 1, 10 kHz and 1 MHz

using an HP 4284A precision LCR meter. The impedance

measurements were carried out as a function of frequency

(0.01 Hz–3 MHz) using a Novo Control a-S High Reso-

lution Dielectric Analyzer. The values of capacitance C,

dielectric loss D, conductance G, real and imaginary

impedance Z/ and Z// were measured as a function of fre-

quency at various temperatures. Complex impedance and

modulus plots (Z// vs. Z/ and M// vs. M/) were drawn for a

few compositions. Based on the complex plane impedance

and modulus plots, equivalent electrical circuit, models

representing the behavior of different glass ceramic sam-

ples have been proposed. Various resistances R’s, capaci-

tances C’s and relaxation times, s’s have been determined.

Distribution of s’s for different circuit elements of the

equivalent circuit model showing the electrical character-

istics of glass ceramic samples were discussed.

Results and discussion

XRD analysis

The composition x = 0.2, has a tetragonal crystal struc-

ture at room temperature. The heat treatment schedule and

nomenclature of glass ceramic samples are listed in

Table 1. Figure 1 depicts the XRD patterns of the glass

ceramic samples PTL7B663S, 9PL7B680S, and

8PL7B775S with x = 1.0, 0.9, and 0.8, respectively. All

three glass ceramic samples were obtained by crystalli-

zation of the parent glasses PTL7B, 9PL7B, and 8PL7B

by heat treatment for 6 h. Perovskite PbTiO3 crystallizes

as a major phase with secondary phase of PbTi3O7 for the

glass ceramic sample PTL7B, while for both remaining

glass ceramic samples perovskite PST crystallizes as a

major phase with secondary phase of PbTi3O7. XRD

patterns of the glass ceramic samples 7PL7B790S,

6PL7B796S, and 5PL7B781S crystallize at three different

temperatures for 6 h are shown in Fig. 2a–c. Perovskite

PST crystallizes as a major phase for all the three glass

ceramic samples. XRD pattern of glass ceramic sample

7PL7B790S with x = 0.70 shows intense peaks of sec-

ondary phase of PbTi3O7. XRD pattern of the glass

ceramic sample 6PL7B796S depicts a low intensity peak

of secondary phase of PbTi3O7. Figure 2c shows the XRD

pattern of glass ceramic sample 5PL7B781S crystallized

for 6 h. It is observed from XRD pattern of this glass

ceramic sample that PbTi3O7 and TiO2 (rutile) crystallize

as secondary phases. Crystal structure, lattice parameters

and axial ratio of major crystalline phase of different glass

ceramic samples are listed in Table 2.

Table 1 Heat treatment

schedule, glass and glass

ceramic codes and crystalline

phases of different glass

ceramic samples in the system

64[(PbxSr1-x)O�TiO2]–

25[2SiO2�B2O3]–7[BaO]–

3[K2O]–1[La2O3]

P Pervoskite titanate,

PT PbTi3O7, R rutile (TiO2)

Glass code Glass ceramic

code

Heat treatment schedules Crystalline

phases
Heating rate

(�C/min)

Holding

time (h)

Holding

temp (�C)

PTL7B PTL7B663T 5 3 663 P ? PT ? R

PTL7B663S 5 6 663 P ? PT

9PL7B 9PL7B680T 5 3 680 P ? PT

9PL7B680S 5 6 680 P ? PT

8PL7B 8PL7B775T 5 3 775 P ? PT

8PL7B775S 5 6 775 P ? PT

7PL7B 7PL7B790T 5 3 790 P ? PT

7PL7B790S 5 6 790 P ? PT

6PL7B 6PL7B796T 5 3 796 P?PT

6PL7B796S 5 6 796 P?PT

5PL5B 5PL7B781S 5 3 781 P ? PT

5PL7B781S 5 6 781 P ? PT ? R
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Scanning electron microscopic studies

Figure 3a–c shows the scanning electron micrographs of

glass ceramic samples 9PL7B637T, 8PL7B775T, and

5PL7B781T, respectively, heat treated for 3 h. Fine crys-

tallites of major phase of perovskite (Pb, Sr)TiO3 are ran-

domly dispersed in the glassy network and agglomeration

of the crystallites is also observed in these micrographs. In

Fig. 3a, b, the crystallites of secondary phase of PbTi3O7

were clearly seen. These crystallites of secondary phase of

PbTi3O7 have the larger size in comparison to crystallites

of major phase of perovskite PST. SEM of the glass

ceramic sample 5PL7B781T (Fig. 3c) indicates the pres-

ence of uniform and interconnected agglomerated

crystallites.

Figure 4a–d shows scanning electron micrographs of

some representative glass ceramic samples. Micrometer or

sub-micrometer fine grains of perovskite SrTiO3 form

during crystallization. In most of the cases, these grains

show agglomeration and dense microstructure regions with

some glassy region in-between. This type of microstructure

is normally observed for those glass ceramics, which show

initial phase separation before crystallization. Two regions

depict different tendency of crystallization during heat

treatment. The region with higher tendency of crystalliza-

tion occupies greater volume with respect to the region,

which do not crystallize and remains glassy. Two types of

microstructure were observed for these glass ceramic

samples. One is uniformly distributed fine grained micro-

structure and the second is phase separated fine grained

microstructure. Figure 4a shows the SEM image of glass

ceramic sample PTL7B663S. The bright grains inside the

(a)

(b)

(c)

Fig. 1 X-ray diffraction patterns of different glass ceramic samples:

a PTL7B663S, b 9PL7B680S, and c 8PL7B775S

(a)

(b)

(c)

Fig. 2 X-ray diffraction patterns of different glass ceramic samples:

a 7PL7B790S, b 6PL7B797S, and c 5PL7B781S
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micrographs show the major phase of the perovskite

PbTiO3, while dark region may show the residual glass

embodied around the fine crystallites of the major phase.

These fine crystallites are interconnected and uniformly

distributed in the glassy matrix. It is also observed that the

secondary phase of PbTi3O7 agglomerated at surfaces of

the crystallites and appears brighter. These crystallites of

secondary phase have the large crystallites size in com-

parison to that of the crystallites of major phase of

perovskite PST. Figure 4b shows the SEM image of the

glass ceramic sample, 8PL7B775S. Very fine and dense

crystallites of perovskite PST are uniformly dispersed in

glassy matrix. It is also observed that secondary phase of

PbTi3O7 crystallites are crystallized. The crystallites of

PbTi3O7 are found large in size as compared to major

phase crystallites. Figure 4c shows the SEM image of the

glass ceramic sample 6PL7B796S with composition

x = 0.6 for 6 h. Perovskite PST crystallizes as a major

phase for this glass ceramic sample. SEM image of the

glass ceramic sample 5PL7B881S (Fig. 4d) indicates that

uniform and interconnected crystallites of the major phase

of PST. However, the crystallites are fully developed

within glassy matrix. The agglomeration of the crystallites

was observed for the SEM image of glass ceramic sample

5PL7B881S (see Fig. 4d). This agglomeration of the

crystallites is brighter and appears white in color. In order

to have insight of the microstructure and confirm the phase

contrast of different phases present in the sintered samples,

the Backscattered SEM image of various compositions

should be recorded, however, due to limited facility we

could not perform these measurements.

Dielectric behavior

Figure 5 shows the variation of dielectric constant (er) and

dissipation factor (D) with temperature at a few selected

frequencies for the glass ceramic sample PTL7B663S. The

dielectric constant, er remains constant up to a certain

temperature thereafter it increases rapidly. er and D at RT

and at 1 kHz for glass ceramic sample PTL7B663S have

been found to be 47 and 0.0071, respectively. A peak in er

versus T, is observed at all frequencies. Since the er

increases rapidly with increasing temperature around this

frequency, these peaks seem to be shifted toward the higher

temperature side followed by rapid increase of er, due to an

increase in space charge polarization. The variation of

D versus T, also shows a peak. After this peak, the

dielectric loss again increases rapidly with increasing

temperature due to the motion of the alkali ions. Figure 6

depicts the er versus T plots for the glass ceramic sample

8PL7B775S. Relaxation peaks were observed in both er and

D versus T plot. A frequency-dependent broad dielectric

peak is observed, which indicates that some relaxation

polarization mechanism is operative in these glass ceram-

ics. The inverse of frequency represents the relaxation

time, s of the polarization process at the peak temperature.

Plots of log s versus 1/T for the glass ceramic sample

8PL7B775S is shown in Fig. 7. The plot is found to be

linear obeying Arrhenius relationship.

s ¼ s0 exp
EA

kT

� �

where EA is the activation energy for the relaxation

process. Value of EA for this glass ceramic sample is

determined as 0.482 eV. In these glass ceramics, the peak

in their er versus T plots occurs close to Tc, for the

corresponding Pb0.8Sr0.2TiO3 solid solution ceramic

composition (Table 3) [31]. The presence of similar peak

in er versus T plot for these glass ceramic samples is

attributed to ferroelectric to paraelectric transformation. It

is observed that the Tc, peak of the crystallites is embedded

in the glassy matrix. er versus T and D versus T plots of the

glass ceramic sample 6PL7B796S is shown in Fig. 8a, b.

Very high value of er was observed in this glass ceramic

sample. Large value of er is attributed to space charge

polarization due to the conductivity difference between the

crystallized phase of perovskite PST and residual glassy

matrix. Figure 9 represents the dielectric and loss behavior

Table 2 Crystal structure, lattice parameters and axial ratio of major crystalline phase in different glass ceramic samples in the system

64[(PbxSr1-x)O�TiO2]–25[2SiO2�B2O3]–7[BaO]–3[K2O]–1[La2O3]

Glass ceramics Crystal structure Lattice parameters Axial

ratio (c/a)

PbTiO3 ceramica

c (Å) a (Å) c (Å) a (Å) c/a

PTL7B663S Tetragonal 4.115 ± 0.005 3.912 ± 0.004 1.052 4.138 3.892 1.063

9PL7B680S Tetragonal 4.052 ± 0.008 3.913 ± 0.008 1.035 4.004 3.837 1.043

8PL7B775S Tetragonal 4.031 ± 0.0008 3.912 ± 0.0008 1.030 3.983 3.864 1.030

7PL7B790S Tetragonal 4.028 ± 0.004 3.908 ± 0.004 1.030 3.984 3.903 1.020

6PL7B797S Tetragonal 4.123 ± 0.010 3.906 ± 0.009 1.055 3.947 3.882 1.016

5PL7B781S Tetragonal 4.112 ± 0.006 3.915 ± 0.006 1.050 3.960 3.896 1.016

a Ref. [31]
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of the glass ceramic sample 5PL7B781S. At low

frequencies (0.1–1 kHz), er and D are steeply rising up to

a certain temperature and then a broad peak is observed at

both frequencies. The high values of er in these glases
ceramic samples are due to the addition of lanthanum oxide

(La2O3) and mainly depending on the semiconducting

nature of the glass ceramics. The value of Tc, and er at

(a)

(b)

(c)

X 8,000

X 8,000

X 8,000 1µm

1µm

1µm

Fig. 3 Scanning electron micrographs of glass ceramic samples:

a 9PL7B637T, b 8PL7B775T, and c 5PL7B781T

(a)

(b)

(c)

(d)

X 8,000 1µm

X 8,000 1µm

X 5,000 1µm

X 5,000 1µm

Fig. 4 Scanning electron micrographs of glass ceramic samples:

a PTL7B663S, b 8PL7B775S, c 6PL7B796S, and d 5PL7B781S
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1 kHz at room temperature are given in Table 3 for various

glass ceramic samples. Small concentration of donor

dopants such as La3? in perovskite ceramics are known

to induce an n-type semiconductivity by electronic

compensation [14].

La3þ �!SrTiO3
La�Sr þ e0

At higher concentration, titanium vacancies form for

compensating La3? doping

La3þ �!SrTiO3
La�Sr þ

1

4
V 0000Ti

The simultaneous presence of ferroelectric to paraelectric

transition and relaxation polarization increases the broadness

of er versus T peaks with relatively large peak height.

Dielectric characteristics of these glass ceramic samples are

very much similar to ferroelectric relaxor materials.

Impedance and modulus spectroscopy

A representative glass ceramic sample, 8PL7B775S has

been selected for immittance spectroscopic study because

this glass ceramic sample shows dielectric behavior with

(a)

(b)

Fig. 5 Variation of a dielectric constant, er and b dissipation factor,

D, with temperature at different frequencies for the glass ceramic

sample PTL7B663S

(a)

(b)

Fig. 6 Variation of a dielectric constant, er and b dissipation factor,

D, with temperature at different frequencies for the glass ceramic

sample 8PL7B775S

Fig. 7 Variation of relaxation time, s with inverse of temperature for

glass ceramic samples 8PL7B775S
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well-resolved relaxation peaks in their D versus T plots.

Figure 10 shows immittance spectroscopy plots (Z// vs.

log f and M// vs. log f) for the glass ceramic sample

8PL7B775S. Z// increases very rapidly with decreasing

frequency due to the motion of the alkali ions. Generally Z//

plots do not show a peak; only at high temperature, a peak

is observed because it appears that the peak at lower

temperatures is beyond the lowest available frequency

range. M// plots for this glass ceramic sample show a broad

peak which shifts to high frequency side with increasing

temperature. In Z// versus log f and M// versus log f spec-

troscopic plots a peak is observed at a frequency where a

polarization process shows a relaxation. The height of Z//

peak is proportional to resistance R of the equivalent circuit

corresponding to the polarization process. The height of the

M// peak is proportional to the modulus, i.e., inverse of er.

Hence, Z// plots show the most resistive contribution of the

equivalent circuit model and M// plots highlight the least

capacitive contribution of the equivalent circuit. In these

glass ceramic samples La2O3 has been added as an addi-

tive. La ions can diffuse into the solid solution crystallites

of PST making them semiconducting. La2O3 doping in

SrTiO3 leads to the formation of electronic defects and/or

vacancies of titanium cation, depending on the doping level

and processing condition as present in the following

equations, where all symbols are in Kröger–Vink notations.

Table 3 Grain size and dielectric characteristics of the different glass ceramic samples

Glass ceramic

codes

Grain

size (lm)

Tc at 1 kHz (�C) er at 1 kHz at RT er at Tc Tc of PbxSr1-xTiO3

ceramicsa

PTL7B663S 1.00 – 47 – 495

9PL7B680S 0.33 393 44 675 389

8PL7B775S 0.20 323 45 1,536 323

7PL7B790S 1.00 283 58 843 283

6PL7B797S 1.40 193 3,725 8,354 211

5PL7B781S 0.56 – 52 – 120

a Ref. [31]

(a)

(b)

Fig. 8 Variation of a dielectric constant, er and b dissipation factor,

D, with temperature at different frequencies for the glass ceramic

sample 6PL7B796S

(a)

(b)

Fig. 9 Variation of a dielectric constant, er and b dissipation factor,

D, with temperature at different frequencies for the glass ceramic

sample 5PL7B781S
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La2O3 þ 2TiO2 �!
SrTiO3

2La�Sr þ 2Tix
Ti þ 6OO þ

1

2
O2 þ 2e=

2La2O3 þ 3TiO2 �!
SrTiO3

4La�Sr þ 3Tix
Ti þ V

====
Ti þ 12OO

The interface between semiconducting crystalline phase

and insulating glassy matrix is highly resistive and space

charge polarization develops at this interface. The variation

of Z// and M//with log frequency at 25 and 250 �C for glass

ceramic sample 8PL7B775S, plotted in a combined manner

is shown in Fig. 11. These plots indicate that two distinct

polarization processes are present. The polarization

processes relaxing at low frequencies is resistive in

nature with high value of associated capacitance, C,

whereas the polarization process relaxing at high

frequencies contributes to low value of resistance R and

C. The R for both the contributions decreases exponentially

with T. Two peaks are observed in M// versus log f plots.

The peak height of low frequency peak decreases with

increasing T, whereas height of high frequency peak

increases with increasing, T. M// is inversely proportional

to dielectric constant, polarization, or capacitance, and thus

interface polarization corresponding to low frequency with

increasing T. This observation is in conformity with the

dielectric behavior of this glass ceramic. Hence, it can be

concluded that in these glass ceramic samples, there are

three contributions to the polarization processes. Because

of these three types of polarization processes contributing

to total dielectric behavior, D versus T plots for these glass

ceramic samples either do not show any peak or show a

very broad peak.

Complex plane impedance and modulus analysis

Complex impedance plots (Z// vs. Z/) for glass ceramic

sample 8PL7B775S at different temperatures are shown in

Fig. 12. At lower T, there is a steeply rising arc indicating

that the resistive contribution of one of the polarization

processes (interface) is very high, masking the resistive

contributions to other polarization processes. By comprising

(a)

(b)

Fig. 10 Variation of a Z//, b M// with log f at some steady

temperatures for the glass ceramic sample 8PL7B775S

Fig. 11 Variation of a Z// and b M// with log f at 25 and 250 �C for

the glass ceramic sample 8PL7B775S
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these plots with simulated patterns [32], it can be ascertain

that the equivalent circuit must contain a high value of

blocking electrodes capacitor. It is well known that the

information at higher frequency side is relatively suppressed

in impedance plots, whereas it is highlighted in modulus

plots [33]. Therefore, the impedance data for this glass

ceramic sample would be analyzed in electric modulus

formalism. Complex modulus plots for glass ceramic sample

8PL7B775S is shown in Fig. 13. There is one highly

depressed arc at lower temperature. With increasing tem-

perature, another arc starts appearing in the low frequency

range near the origin. The intercept of these arcs (Z// vs.

Fig. 12 Complex impedance,

Z// vs. Z/, plots at a few selected

temperatures for the glass

ceramic sample 8PL7B775S
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Z/and M// vs. M/) represents the resistive and inverse of the

capacitive contributions of different polarization processes,

respectively. The resistive and capacitive contributions of

polarization processes relaxing in the low frequency range

are higher in comparison to those of the polarization pro-

cesses relaxing in the high frequency range. Because the

glass ceramic sample consists of fine crystallites of tetrag-

onal PST phase dispersed in the glassy matrix. The glassy

matrix is continuous and the total resistance of the glass

ceramic sample is high indicating the presence of insulating

glassy matrix. Since the titanate crystallites are doped with a

donor dopant La2O3, the interface of crystal and glass blocks

Fig. 13 Complex modulus, M//

versus M/, plots at a few

selected temperatures for the

glass ceramic sample

8PL7B775S
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the charges because of its insulating nature. This result a low

resistance crystallites. Therefore, low frequency relaxation

processes represent the contributions of glassy matrix and

crystal to glass interface. The high frequency relaxation

processes represent the contributions of the crystal phases in

the glass ceramic. If we take a closer look at the complex

modulus plots at different temperatures and consider the

curvature of the arc in different regions, the low frequency

arcs in complex impedance and modulus plots can be fitted

with two circular arcs whereas the higher frequency arc can

be fitted with three circular arcs. The manually fitted circular

arcs are also drawn in different complex impedance and

modulus plots at different temperatures wherever possible.

R’s and C’s contributions of different processes opera-

tive in these glass ceramic samples have been determined

from the intercepts of the fitted arcs on Z/ and M/ axes,

respectively. The relaxation frequency (inverse of relaxa-

tion time = RC) were obtained from the point of maxi-

mum of circular arc of M// verus M/ plots. It has been done

only in cases, where R’s contributions could not be

determined from the complex plane impedance plots.

Values of different R and C contributions are listed in

Table 4.

The equivalent circuit for the Pb, rich glass ceramic

sample 8PL7B775S can be modeled by mainly two parallel

RC circuits connected in series representing the contribu-

tions of polarization processes from crystallites and the

glass to crystal interface. Each parallel RC circuit can

further be subdivided into two or three RC circuits. The

separation of the RC contribution depends on composition,

heat treatment, and the temperature of measurements.

The polarization contributions relaxing at high fre-

quency, divided into three parts and representing the

contributions of the crystalline phases in the glass ceramics

may be from major crystalline and minor crystalline pha-

ses. It has been reported that La doping in ferroelectric

ceramics changes the Tc. Tc decreases with increasing La

doping [34]. In these glass ceramics, La2O3 addition

enhances the crystallization of perovskite phase, and hence

serves as a nucleating agent. La ions might not be dis-

tributed homogeneously. Because of non-uniform distri-

bution of La ions, different regions of the crystallites in the

glass ceramic sample may have different Tc and also dif-

ferent conductivity. This may lead to different polarization

processes in different regions of crystallites, which may

give rise to relaxor-like behavior with high value of er in

these glass ceramic samples. The glass ceramic sample

also contains alkali K2O and alkaline earth oxide, BaO. It

has been reported that these modifier elements are neces-

sary for the crystallization of the perovskite phase in major

amount in the glass ceramics. However, these ions are not

part of the glass network and contribute to electrical con-

duction particularly at high temperature. This also gives T
a
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rise to increase in the value of D with increasing temper-

atures in the high temperature range.

Conclusion

Bulk transparent glasses were prepared in the glass ceramic

system 64[(PbxSr1-x)O�TiO2]–25[2SiO2�B2O3]–7[BaO]–

3[K2O]–1[La2O3] with addition of 1 mol% La2O3

(0.5 B x B 1). Perovskite PST is found to crystallize as

major phase for all glass ceramic samples. Pyrochlore

phase of PbTi3O7 is found to crystallize in Pb rich com-

positions. It has also been observed that presence of BaO

favors the formation of good transparent glasses, whereas

presence of K2O favors crystallization of perovskite tita-

nate phase. The fine crystallites are found to be uniformly

distributed in the glassy matrix. Enhanced crystallization is

observed for 6.0 h heat treatment schedule. The high value

of er is attributed to space charge polarization. Glass

ceramic sample 6PL7B796S showing high value of er with

small temperature dependence may find application in

ceramic capacitor industry. It is also observed that the

value of er is less for the glass ceramic sample PTL7B663S.

The contributions of the polarization process relaxing in

the low frequency region are due to polarizations at the

crystal to glass interface and the glassy region. The model

equivalent RC circuit element representing the polarization

process relaxing in the low frequency region can be sub-

divided into two RC elements.
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