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Abstract
Polycrystalline Fe3+-modified PLZT Pb0.92(La0.1Fe0.9)0.08(Zr0.60Ti0.40)0.98O3 (PLFZT) was prepared by high temperature solid-state

reaction. Preliminary room temperature X-ray study confirms the formation of single-phase compounds in a tetragonal crystal system. The

electrical behavior (complex impedance Z*, complex permittivity e*, complex modulus M*) of the PLFZT system has been studied by non-

destructive complex impedance spectroscopy (CIS). Grain and grain boundary conduction is observed from complex impedance spectrum at

high temperatures (650 K and above) by the appearance of two semicircular arcs. The Cole–Cole plots of permittivity spectrum consisted of a

circular arc followed by a semicircular spur indicate that the dielectric phenomenon of PLFZT is due to conductive grain boundaries. This is

quite different in nature from Debye type mono dispersive phenomenon. The temperature variation of real permittivity gives evidence of the

ferroelectric phase transition as well as of the relaxation behavior. The presence of non-Debye type multiple relaxations has been confirmed by

complex modulus analysis.

# 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ferroelectric materials with perovskite structures have

received much attention due to their excellent functional

properties, such as piezoelectricity, pyroelectricity, electro-

optic effects, useful for devices. Since the discovery of

lanthanum-modified lead zirconate-titanate (PLZT) cera-

mics with high optical transparency and good electro optical

and other characteristics, numerous interests have been

generated on the materials for possible applications in

optical devices [1–5]. Depending on the chemical composi-

tion of PLZT, various ferroelectric/antiferroelectric or

paraelectric phases with slightly different dielectric proper-

ties and crystal structures of different type are formed. In all

ferroelectrics, in general, the study of electrical conductivity

is very important to realize the associated physical

properties and nature of conductivity in these materials.

On the other hand, study of electrical properties of PLZT
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using complex impedance spectroscopy (CIS) technique has

received little attention [6,7].

The CIS is a powerful technique to characterize many

electrical properties of materials. It is useful to evaluate and

separate the contribution of the overall electrical properties

in the frequency domain due to electrode reactions at the

electrode/sample interface and migration of ions through the

grains and across the grain boundaries in a polycrystalline

material.

Detailed literature survey reveals that not much work has

been done on Fe-modified PLZT ceramics [8]. However,

impedance studies, i.e., electrical properties and frequency

response at different temperatures of Fe-modified PZT and

related materials have hardly been reported in the literature

[9,10]. Recently, the structural and dielectric properties of

PLZT with the varying concentration of Fe3+ ion have

thoroughly been studied by us [11]. In view of the interesting

results, we report here our studies on electrical properties

(material impedance, electrical relaxation process, dielectric

behavior, electrical modulus, etc.) of the PLFZT system

using complex impedance spectroscopy technique.
ved.



S. Dutta et al. / Ceramics International 33 (2007) 13–2014
2. Background

The CIS is a non-destructive experimental technique for

the characterization of micro structural and electrical

properties of some electronic materials [12]. The technique

is based on analyzing the ac response of a system to a

sinusoidal perturbation and subsequent calculation of

impedance as a function of the frequency of the perturbation.

The analysis of the electrical properties (conductivity,

dielectric constant/loss, etc.) carried out using relaxation

frequency (vmax) values gives unambiguous results when

compared with those obtained at arbitrarily selected fixed

frequencies. The frequency dependent properties of a

material can be described as complex permittivity (e*),

complex impedance (Z*), complex admittance (Y*), complex

electric modulus (M*) and dielectric loss or dissipation

factor (tan d). The real (e0, Z0, Y0, M0) and imaginary (e00, Z00,
Y00, M00) parts of the complex parameters are in turn related to

one another as follows:

e� ¼ e0 � je00 as :

e0 ¼ � Z 00

vC0ðZ 02þ Z 002Þ (1)

e00 ¼ Z 0

vC0ðZ 02þ Z 002Þ (2)

M� ¼ M0 þ jM00 ¼ 1

e�
¼ jve0Z� (3)

Z� ¼ Z 0 � jZ 00 ¼ 1

jC0e�v
(4)

Y� ¼ Y 0 þ jY 00 ¼ jvC0e� (5)

tan d ¼ e00

e0
¼ M00

M0
¼ Z 0

Z 00
¼ Y 0

Y 00
(6)

where v = 2pf is the angular frequency, C0 is the geome-

trical capacitance, j ¼
ffiffiffiffiffiffiffi

�1
p

. These relations offer wide

scope for a graphical analysis of the various parameters

under different conditions of temperature or frequency. The

useful separation of intergranular phenomena depends ulti-

mately on the choice of an appropriate equivalent circuit to

represent the sample properties.
Fig. 1. XRD patterns of PLZT, PLFZT material.
3. Experiment

Polycrystalline sample of Pb0.92(La0.1Fe0.9)0.08(Zr0.60-

Ti0.40)0.98O3 was prepared by a high-temperature solid-state

reaction technique using high purity ingredient oxides in the

required stoichiometry. These ingredients were thoroughly

mixed in wet (methanol) medium for 6 h. The mixture was

calcined in a high purity alumina crucible at 1325 K for 7 h

in an air atmosphere and brought to room temperature under

slow cooling. The process of calcination and mixing was

repeated until the formation of the compound was confirmed

by XRD technique. The calcined powder was pelletized into
a disk using polyvinyl alcohol (PVA) as binder. Finally the

disks were sintered at 1525 K for 24 h in a platinum crucible

in PbZrO3 atmosphere to prevent the lead loss at high

temperature.

The X-ray powder diffraction pattern of the sample was

recorded on calcined powder over a wide range of Bragg

angles (208 � 2u � 808) at room temperature using a Philips

(PW 1710) X-ray powder diffractometer (with Co Ka

radiation, l = 1.7902 Å
´

) with a scanning rate of 28 min�1.

For electrical characterizations, the sintered disks were

polished to make both the faces flat and parallel and

electroded with high-purity air-drying conducting silver

paste. The impedance measurements were taken. Measure-

ments were made isothermally allowing thermal equilibrium

by leaving the furnace at the preset temperature for 30 min

on these disk samples and the data were recorded using

computer-controlled Hioki 3532 LCR Hitester, over a wide

range of temperature (305–750 K) and frequency (0.1–

103 kHz) with an applied voltage of 1.3 V. Measurements

provided the real and imaginary parts of the impedance and

dielectric as frequency-dependent values.
4. Results and discussion

4.1. Structural

Fig. 1 shows the comparative changes in the basic XRD

pattern of the PLZT material with the 9% replacement of the

La ion by the Fe ion. On Fe doping in PLZT the following

changes were observed in the X-ray diffraction pattern; (i)

shift in peak position (ii) increase in peak (1 0 1) intensity

(iii) appearance of a shoulder, i.e., peak splitting towards the

lower angle side (iv) peak broadening. All the observed

peaks were indexed and lattice parameters were determined

using a least-squares standard computer program ‘‘POWD’’

[13]. On the basis of the best agreement between observed

and calculated interplanar spacing (dobs and dcal), a suitable

unit cell of the Fe doped PLZT compound was selected in

tetragonal crystal system with a = 4.053 Å and c = 4.087 Å

whereas the cell parameters for PLZT was found a = 4.009

and c = 4.013. The tetragonality (c/a) is increased by 1% on
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Fig. 2. Nyquist plot of PLFZT material. Fig. 3. Plot of imaginary part of impedance with frequency of PLFZT.
Fe doping at PLZT. A tetragonal splitting at higher Bragg

angle is observed in the diffraction peaks which justify the

selection of the tetragonal crystal system. So from XRD

analysis of the material it can be concluded that basic crystal

structure of PLZT (60/40) is remained unaltered on the Fe

substitution at the La-site. A slight distortion in the unit cell

(1%) and increase in volume (5%) is observed due to 9%

replacement of the La ion by Fe.

4.2. Complex impedance study

Fig. 2 shows the complex impedance spectrum of PLFZT

at five different temperatures. The change in temperature

ensures a distinct effect on the characteristics impedance

spectrum of the material by the appearance of low

temperature single semicircular arc arised due to the bulk

properties of the material and high temperature (600 K and

above) double semicircular arcs (inset Fig. 2) due to the

consequence of the bulk and grain boundary conduction.

These semicircular arcs appear in distinct frequency ranges,

one at a higher frequency followed by another lower

frequency semicircular arc. This feature is almost similar at

different temperatures, also with a difference in radii of

curvature of the arcs, which reduces with rise in temperature.

The semicircular pattern in the impedance spectrum is a

representative of the electrical processes taking place in the

material which can be expressed as an equivalent electrical

circuit comprising of a parallel combination of resistive and

capacitive elements. The presence of two semicircular arcs

accordingly can be thought of as resulting from cascading

effect of parallel combination of resistive and capacitive

elements arising due to the contribution of bulk property of

the material and grain boundary effect. The high frequency

semicircle is attributed to the bulk property of the material

(parallel combination of bulk resistance and bulk capaci-

tance), and low frequency semicircle is due to the grain
boundary effects in the material (parallel combination of

grain boundary resistance and capacitance). The electrical

processes taking place within the material has been modeled

on for a polycrystalline system and is shown in terms of the

equivalent electrical circuit in the Fig. 2 (inset).

Fig. 3 shows the variation of Z00 with frequency at

different temperatures. A broad peak appears irrespective to

the temperatures. The average peak position regularly shifts

towards higher frequency as the temperature increases. This

insures the temperature dependent relaxation process in the

sample. Furthermore, as evident from the plots, as the

temperature increases the magnitude of Z00 decreases, the

effect being to be more pronounced at the peak position. The

shift of the peak towards higher frequency in raising the

temperature is possibly due to the reduction in the bulk

resistivity. The asymmetric peaks suggest the presence of

electrical processes in the material with spread of relaxation

time. The relaxation species may possibly be electrons or

immobile species at lower temperature and defects at higher

temperature that may be responsible for electrical conduc-

tion in the material.

Effectively large values of Z0 and Z00 at low frequencies or

temperatures indicates a predominant effect of the polariza-

tions which is consistent of large e values of PLZTs. The

intercepts of the two semicircles are used to calculate the

bulk resistance (Rb) and grain boundary resistance (Rgb)

while the corresponding frequency value evaluated from the

apex of the semicircles have been used to calculate the bulk

and grain boundary capacitance (Cb) using the relation,

vmaxCbRb ¼ 1 or; vmaxCgbRgb ¼ 1 (7)

for a parallel combination of R and C. As temperature

increases, both the grain resistance (Rb) and grain boundary

resistance (Rgb) is found to decrease with rise in temperature

indicated by a shift in the radius of the semicircular arcs
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Table 1

Comparison of bulk capacitance (Cb), relaxation time (t) and full width at

half maximum (FWHM) calculated from complex modulus data at different

temperatures

T (K) Cb (nF) t (s) FWHM (decade)

475 0.42 1.06 � 10�3 –

525 0.67 3.2 � 10�4 –

575 1.36 2.31 � 10�4 –

650 1.01 6.36 � 10�6 1.61

675 0.41 7.95 � 10�7 1.35

700 0.1 3.53 � 10�7 1.24

Fig. 4. Plot of relaxation time with 1000/T of PLFZT.
towards left side on the real (Z0) axis with increase in

temperature. This provides convincing evidence that the

electrical properties of PLZT are dependant on microstruc-

ture as well as temperature.

A single nondegenarate process involves a single

nondegenarate relaxation time

t ¼ CbRb ¼
1

v
(8)

for a given set of Rb and Cb at a temperature. The value of t

determined at selected temperatures in the region of mea-

suring temperature using the values of Rb and Cb in Eq. (8) is

listed in Table 1. The t-value is found to be decreasing

linearly on increasing value of the temperature (above
Fig. 5. Complex permittivity (
575 K) suggesting a typical semiconductor behavior. The

variation of t with temperature (Fig. 4) implies that the

relaxation process is temperature dependent. The activation

energy Ea evaluated from the slope of the curve by the

relation,

t ¼ t0e�Ea=kT (9)
Cole–Cole) plot PLFZT.
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Fig. 6. (a) Plot of real part of permittivity (e0) with frequency of PLFZT

material. (b) Plot of imaginary part of permittivity (e00) with frequency of

PLFZT material.
where t0 pre exponential factor, Ea activation energy, k the

Boltzmann constant and T the absolute temperature, is found

to be 0.47 eV below 575 K and 2.6 eV above 575 K.

4.3. Complex permittivity study

The technique of impedance analysis has enabled us to

separate the real and imaginary parts of dielectric constant in

accordance with the relations (1) and (2). The values so

obtained are expressed in the form of complex permittivity,

was developed by Cole and Cole [14] (Fig. 5). The figure

indicate a polydispersive nature of dielectric phenomenon in

PLFZT with the possibility of distributed relaxation time as

indicated by the presence of semicircular arcs at different

temperatures with their center located below the real (e0)
axis. The complex dielectric spectrum of this nature is well

described by the empirical relation developed by Cole–Cole

and expressed as:

e� ¼ e0 � je00 ¼ e1 þ
es � e1

1þ ðivtÞ1�h
¼ e1 þ

De

1þ ðivtÞ1�h

(10)

where De = es � ea is the dielectric relaxation strength, t is

the characteristics relaxation time and h is the parameter

describing the distribution of relaxation time. Here, h = 0

describes mono dispersive relaxation, while 0 < h < 1 indi-

cates a distribution of relaxation times in the system. Clearly

the Cole–Cole plot indicates that dielectric phenomenon is

different from Debye type mono dispersive phenomenon.

Further, the complex permittivity plots have been

observed to become progressively more circular with rise

in temperature. They are also characterized by the

appearance of another semicircular spur in the low

frequency region, which may be attributed possibly to the

diffusion phenomenon of Warburg type arising due to ion

migration at higher temperatures. This result possibly

indicates that with rise in temperature the intrinsic property

of the material changes with loss in polarization process

resulting in the mobility of cations. This appears reasonable

because the presence of La3+ at the Pb2+ site leads to

increase in the Pb2+ vacancies in the perovskite structure

resulting in possible creation of vacancies favouring a

preferred La3+ diffusion into Ti4+ rich composition [15].

This type of behavior is typical to dielectric ceramics having

conductive grain boundary arising out of a relaxation

process of the Maxwell–Wagner type.

The real (e0) and imaginary (e00) components of the

relative permittivity of PLFZT in a wide temperature range

is shown in Fig. 6(a) and (b) where the real and imaginary

components are plotted on a linear scale against the

logarithm of frequency. The magnitude of e0 decreases

increasing frequency (Fig. 6(a)) which is a typical

characteristic of any ferroelectric material.

The prevailing form of frequency dependence of the

dielectric loss peaks may be represented by the empirical
law combining two power laws (vn�1, n < 1), respectively,

below and above the peak frequency (vp)

e00ðvÞ/ 1

ðv=vpÞ�m þ ðv=vpÞ1�n
(11)

in which exponents m and n lie in the range of 0–1 and the

peak frequency is generally temperature dependent. This

empirical relation is applicable only at lower frequencies

while at high frequencies perturbing processes arising due to

presence of some series resistance in the measuring system

or overlap of some other loss processes. So, dielectric loss of

the material may be explained in better way using a law

corresponding to the second term in Eq. (11) over a wide

range of frequencies assuming the conduction caused by

hoping charge carriers to some extent [16]. So over a wide

range of frequencies the dielectric loss follows a universal

law of loss

e00ðvÞ ¼ BðTÞvnðTÞ�1 (12)
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Fig. 7. Variation of dielectric permittivity (e0) with temperature of PLFZT

material.
where B(T) is a temperature dependent parameter.

According to Kramers–Kronig relations, the empirical

relation for e00(v) implies the same frequency depence as for

e0(v) in which the ratio of e00(v)/e0(v) is a constant (i.e.,

independent of frequency). In the present study, the

calculated dielectric constant from the experimental data

plots is far off from the Debye relaxation type for which it is

equal to vt [12].

The variation of real permittivity with temperature is

shown in Fig. 7. It appears that the temperature dependence of

real dielectric constant (e0) at different frequencies have

typical features of relaxor ferroelectrics: (i) the value of e0

increases gradually with rise in temperature and reached to a

maximum value e0max at a particular temperature known as

Curie temperature (Tc). This general feature is similar at all

frequencies, (ii) the value of e0max at Tc decreases with

increasing frequency. Further its value is larger at lower

frequency (1 kHz), (iii) the value of Tc shifts towards the

higher temperature sidewith increase in frequency and (iv) the

dielectric dispersion is absent at high temperatures beyond Tc

where as the dielectric constant has been observed to decrease

with increasing frequencies at temperatures around and lower

than Tc. This indicates strong dielectric dispersion at

temperatures around and below Tc. The Tc value shifts from

600 to 650 K with the increased frequency value 1 kHz to

1 MHz. These features suggest that the e0 in PLFZToriginates

possibly as a result of the combined effect of relaxation

polarization and resonance polarization processes [17] and is

governed by the relations:

emðv; TÞ ¼ e1ðv; TÞ þ e2ðv; TÞ;

with e1ðv; TÞ ¼
eHðTÞ

1þ D1½eHðTÞ=AðTÞ ln v0�m
;

e2ðv; TÞ ¼
e1ðv; TÞ

1þ D2½AðTÞ ln v0=eHðTÞ�n

(13)
em = total measured dielectric response of the material,

e1 = dielectric response related to relaxation polarization,

e2 = dielectric response related to resonance polarization, eH

and eL are the measured dielectric constant at high and low

temperatures. D1 and D2 are frequency dependent constants

m (>1), n (>1), and are independent of both temperature and

frequency.

As temperature rises, the thermally activated flips of polar

regions (also known as super paraelectrics) and their

interaction in the material lead to a gradual increase in

the permittivity of the system. The appearance of dielectric

peak may be attributed to phase transition (ferroelectric–

paraelectric) in the material. On further rise in temperature,

there is a rapid loss of the polarization in the material. This

result in the monotonous fall of dielectric constant with rise

in temperature beyond Tc [18,19]. It also appears that the

dielectric constant is higher at the lower frequency.

4.4. Complex modulus study

The complex modulus spectrum indicates electrical

phenomenon with the smallest capacitance occurring in a

dielectric system. Fig. 8 represents complex modulus

spectrum of PLFZT at different temperatures. The appear-

ance of a single arc in the spectrum at different temperatures

confirms the single-phase character of PLFZT. This

observation agrees well with the results of preliminary

XRD analysis. The modulus data expressed in the complex

modulus formalism:

M� ¼ 1

e�
¼ jðvC0ÞZ�; j ¼ ð�1Þ1=2

(14)

enables us to understand the phenomenon of conductivity

relaxation in terms of the variation of M00 as a function of

frequency.

The modulus master curve is shown in Fig. 9 that enables

us to have an insight into the dielectric processes occurring

in the material as a function of temperature. The master

modulus curve indicates a considerable shift in modulus
Fig. 8. Complex modulus plot of PLFZT material.
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Fig. 9. Modulus master curve for PLFZT material.
peak pattern and basically the similar shape and pattern with

slight variation in full width at half maximum (FWHM) with

rise in temperature. The value of FWHM as evaluated from

the normalized modulus spectrum when compared with that

of a Debye peak (1.14 decade) gives a fairly accurate

estimate of b. The value of b estimated in the present studies

using the value of FWHM (Table 1) suggests non-Debye

type relaxation phenomena in good agreement with the

observations from complex permittivity spectrum of multi-

ple relaxations. Also the lowering in the value of b at high

temperature (700 K) may indicate that the most of the charge

species have been relaxed at the elevated temperature and

the system is approaching towards the monodispersive

(Debye) type.

The variation of normalized parameters M00=M00max and

Z 00=Z 00max as a function of logarithmic frequency measured

at 650 K is presented in Fig. 10. The peak frequency shifts

towards higher frequency region as it moves from M00 to Z00.
Fig. 10. Logarithmic plot of normalized parameters (M00, Z00) at 650 K.
The magnitude of mismatch between the peaks of both

parameters represents a change of the apparent polariza-

tion [20]. The difference in peak position of normalized

parameters is an evident of short-range conductivity [19].

The very distinct curves of M00=M00max and Z 00=Z 00max (Fig. 10)

illustrates clearly that polarization process is due to a

localized conduction of multiple carriers that describes

the presence of multiple relaxation process in the material.

Normally dielectric material contains a certain density

of localized charges, some of which may be able to hop

over many consecutive sites ultimately giving rise to a dc

conductivity, while others may be restricted to shorter

ranges, with the limiting case of pairs of hopping

sites. Again the lower value of es/e1 (in the region of

425–625 K) at all the temperatures region follows the

short-range conduction of the material due to hopping

at low temperatures and defects at higher temperature

region.
5. Conclusions

Polycrystalline PLFZT has been studied by a complex

impedance spectroscopy technique. Structural and electrical

properties of the material have been estimated from

impedance data. These results have been expressed in terms

of complex impedance spectrum, complex permittivity

spectrum, complex modulus spectrum and conductivity

spectrum. Modulus analysis has confirmed the single-phase

behavior of the materials in a good agreement with the

information received from XRD study. The dielectric

processes in the materials have been shown to be due to

the existence of relaxation and resonance polarization and

thermally activated flips of polar regions. The polydispersive

nature of the dielectric phenomenon suggests the presence of

distributed relaxation time in the material.
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