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Abstract

Praseodymium modified lead titanate ceramics (Pb1�xPrxTi1�2yMoyFeyO3) with x = 0.02, 0.04, 0.06, 0.08 and 0.10 and y = 0.02 have been

prepared by high temperature solid state reaction technique. Cold pressed pellets were sintered at 1100 8C for 2 h. Lattice parameters and crystal

tetragonality was determined by X-ray diffraction analysis. All the synthesized samples show single phase with tetragonal structure. Tetragonality

decreases and relative density increases with the increase in praseodymium substitution. Electrical characteristics which include dielectric

properties and ac conductivity were studied as a function of temperature and frequency. Variation of dielectric constant with temperature shows a

ferroelectric phase transition and transition temperature (TC) decreases with increase in the praseodymium content. Nature of transition was studied

and found to be diffused. Conductivity (sac) was measured as a function of frequency in the range 103–106 Hz at different temperature suggesting

hopping mechanism.
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1. Introduction

Ferroelectric materials based on the perovskite structure are

of great interest in microelectronics, finding applications in

pyroelectric and piezo-electric devices, actuators, sensors, non-

volatile memories and optical wave guides [1]. ABO3 type of

perovskite compounds, such as BaTiO3, SrTiO3 and PbTiO3

have drawn a great deal of attention due to their ferroelectric

and electro-optic properties [2–4].

Among the many ferroelectric oxides with perovskite

structure, some of them are in the forefront both in the area

of research as well as in industrial applications. Lead titanate

(PT) is one of the most highly investigated ferroelectric

materials both in thin film and bulk forms owing to its superior

ferroelectric properties [5]. However, this material has poor

mechanical properties due to its large tetragonal strain which

makes poling of PT material difficult. Also, it is very difficult to

produce pure and dense PT because of its porous and fragile
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nature due to high vapour and tetragonal distortion. Hence,

much attention has been focused on the modification of PT by

doping with the purpose of obtaining improved mechanical and

electrical properties. The incorporation of off-valent (La3+,

Sm3+, Gd3+, etc.) and isovalent (Ca2+, Ba2+, Sr2+) ions into Pb2+

site is reported to enhance the mechanical stability along with

good dielectric, ferroelectric and piezoelectric properties [6].

The substitution of these ions results in the reduction of lattice

anisotropy leading to hard and dense ceramic with high

mechanical strength [7–9]. Doping reduces Curie temperature

of PT ceramics, which for pure PT ceramics is high (490 8C).

Dielectric and piezoelectric properties of Sm modified PT

ceramic prepared by solid state reaction method has been

studied by Tickoo et al. [10]. In the present investigations,

experiments were performed aiming at substitution of Pr3+ ion

into Pb2+ sites whereas Fe and Mo in Ti sites partially.

Modification of Fe is reported to produce ceramic of high

mechanical quality factor [11]. Substitution of Mo6+ ions in

Ti4+ site enhances the resistivity by compensation of charge due

to off – valency substitution of Pr3+ in Pb2+ site. As a result,

these modified (PT) ceramics will have high resistivity and high

mechanical strength and can be subjected to severe poling

conditions [7].
d.
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Fig. 2. Variation of lattice parameters (a, c) and lattice tetragonality (c/a) with

praseodymium substitution (x).
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2. Experimental

The samples having composition Pb1�xPrxTi1�2yMoyFeyO3

with x = 0.02, 0.04, 0.06, 0.08 and 0.10 and y = 0.02 were

prepared by solid state reaction technique. Proportionate amount

as per mole formula of starting material (PbO, TiO2, Pr6O11,

MoO3, Fe2O3) were weighed and wet mixed by milling for 48 h

using zirconia balls as grinding media and distilled water as

wetting agent. The slurry was dried in an oven. The dried powder

was calcinated at 800 8C for 2 h in the furnace. Calcinated powder

was then compacted to form pellet of size 10 mm in diameter and

1–2 mm in thickness. Small amount of PVAwas added which act

as binder. All the samples were then sintered at a temperature of

1100 8C for 2 h at a constant rate of heating (4 8C/min). X-ray

diffraction analysis was carried out at room temperature using

x-ray diffractometer (Rigaku Co. Ltd. Japan) with Cu Ka

radiation having wavelength (l = 1.5405 Å) in the range of Bragg

angle 2u (208 � 2u � 708) with scanning speed of 28/min.

Microstructural study for Pr doped PT ceramics was done by

using scanning electron microscope (LEO 435 VP). Gold coating

was sprayed on the discs by using a turbo sputter coater for

avoiding possible charging of specimen before SEM observation.

The dielectric properties were measured by using fully

automated impendence analyzer 4192A-LF interfaced with

USB-GPIB converter 82357 B (Agilent). For the measurements

of dielectric constant and tangent loss as a function of

temperature and frequency, the samples of thickness 1 mm and

diameter 10 mm were polished with silver electrodes and then

fired in an oven upto at 400 8C for 1 h. The dielectric properties

were then measured at different frequencies of 1, 5, 10, 20, 50,

and 100 kHz in the temperature of range 30–500 8C.

3. Results and discussions

3.1. Structural characteristics

Fig. 1 shows X-ray diffraction pattern of Pr modified

ceramics with composition Pb1�xPrxTi1�2yMoyFeyO3 with

x = 0.02, 0.04, 0.06, 0.08, 0.10 and y = 0.02. This diffraction
Fig. 1. X-ray diffraction pattern of Pb1�xPrxTi1�2yMoyFeyO3 sintered at

1100 8C for different compositions x = 0.02, 0.04, 0.06, 0.08, 0.10 and y = 0.02.
pattern confirms single phase formation with tetragonal structure

for all the composition. From the observed d-values, lattice

parameters (a and c) were computed and tetragonality (c/a) was

calculated and these are shown in Fig. 2. The value of ‘c’

decreases faster where as ‘a’ decreases first upto 0.04 and then

remains almost constant. Crystal tetragonality (c/a) is found to

decrease with the increase in the Pr substitution content resulting

in hard and dense ceramics [12]. This decrease in the

tetragonality with the increase in Pr content clearly indicates

that Pr ions enter the lattice on A-site replacing Pb ions.

Therefore, it can be concluded that Pr substitution enhances the

densification and stabilizes the sintered compositions to a high

degree. The X-ray density of the prepared sample was calculated

using the relation: rX-ray = nM/a2cN; where ‘n’ is the number of

molecules/unit cell ffi 1, M is the molecular weight, ‘a’ and ‘c’ is

the lattice parameter and ‘N’ is the Avogadro’s number. The

experimental density was calculated by considering the

cylindrical shape and using the relation: rex = m/V = m/Pr2h;

where ‘m’ is the mass, ‘r’ is the radius and ‘h’ is the thickness of

the pellet. Porosity ‘P’ of the sample was calculated by

employing relation: P = rX-ray � rex/rx � 100; where ‘rX-ray’ is

theoretical density and ‘rex’ is experimental density in gm/cm3.

The result of theoretical density, experimental density and

porosity is given in tabular form (Table 1). It is found that

experimental density increases from 92.94% to 94.62% of the

theoretical density with the increase in praseodymium con-

centration from 2 to 10 mol%. The increase in experimental

densities and reduction in porosity is due to the fact that increase

in Pr content decreases the tetragonality in PT ceramic, because

of its large spontaneous stress described as [Ts / (c/a � 1)] [7].

Reduction in internal stress allows the crystallites in grains to

accommodate more closely to form a denser microstructure,

which results in reduction in porosity and increase in density.

Fig. 3(a and b) shows scanning electron micrograph (SEM)

of Pr modified PT ceramics with x = 0.04 and 0.10,

respectively. It is found that well developed grains are observed

in all compositions. SEM micrograph indicates that grains are

nearly spherical and uniformly distributed throughout its



Table 1

Lattice constants (a & c), tetragonality (c/a), X-ray density, experimental density, porosity, relative density and grain size for different composition of Pr substituted in

lead titanate.

x a (Å) c (Å) c/a rX-ray (g/cc) rex (g/cc) Porosity Relative density (in %) Grain size (nm)

0.02 3.94 4.15 1.053 7.80 7.25 7.05 92.94 –

0.04 3.88 4.04 1.041 8.23 7.65 7.04 92.95 268

0.06 3.91 4.05 1.035 8.07 7.51 6.93 93.06 507

0.08 3.90 4.02 1.030 8.11 7.58 6.53 93.46 353

0.10 3.89 3.99 1.025 8.18 7.74 5.36 94.62 531
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sample. The grain with no such voids confirms high density of

the sample. Grain size has been measured by average line

intercept (ALI) technique and is found to increase with the

increase in Pr substitution except for 8 mole% where it shows

decrease. The average grain size varies from 268 to 531 nm, the

value of which is given in Table 1.

3.2. Electrical characteristics

3.2.1. Dielectric properties

The temperature variation of dielectric constant (e0) for

different Pr composition at a frequency range 103–105 Hz is

shown in Fig. 4(a–d). As typical of normal ferroelectric,
Fig. 3. Scanning electron microscopic (SEM) images of Pb1�xPrxTi1�2y Moy-

Fe
y
O3 ceramics sintered at 1100 8C for different compositions (a) 0.04, (b) 0.10.
dielectric constant (e0) increases gradually with the temperature

below the Curie temperature and then decreases with further

increase in temperature. It can be seen from the figure that

substitution of Pr into PbTiO3 lattice, the value of dielectric

constant at room temperature (e0RT) increases, while the

maximum value of dielectric constant (e0) and ‘TC’ decreases.

A small shift in the Curie temperature is also observed for almost

all the composition at higher frequency which indicates some

type of relaxational phenomenon occurring in these materials.

Fig. 5 shows dielectric constant versus temperature at 1 kHz for

various Pr substitutions in PT ceramics. One observe that when

Pr substitution increases, the peak value of dielectric constant

decreases except for x = 0.10. The increase in peak value of

dielectric constant for x = 0.10 is attributed to the change in the

average grain size. As the average grain size of x = 0.06 is less

(507 nm) than for x = 0.10 (531 nm), so, one would expect the

increase in the dielectric constant value and hence increase in the

peak value of dielectric constant. The maximum and minimum

value of dielectric constant being for 0.04 and 0.08 mol% of Pr

substituted composition, respectively. This decrease in e0max

implies that substitution of Pr reduces dipole moment of the

lattice and lowers the peak value of dielectric constant. The

transition temperature is also found to decrease with the increase

in Pr substitution. This decrease in transition is attributed to

decrease in crystal tetragonality caused by Pr substitution, which

reduces the internal stress and which in turn reduces the transition

temperature [13]. Decrease in transition temperature for

x = 0.04, 0.06, 0.08, and 0.10 is shown in Fig. 6. The decrease

in transition temperature has been observed in lanthanum and

calcium modified PT ceramics [14–16]. Fig. 7 shows the

variation of e0with frequency (103–106 Hz) from room tempera-

ture to 500 8C for x = 0.04, which is normal dielectric/

ferroelectric behaviour. It is observed that the value of dielectric

constant of each specimen at higher frequency gets markedly

dropped. This phenomenon can be explained in terms of

interfacial polarization. This built up of charges at the grain–

grain boundary interface is responsible for large polarization,

therefore high dielectric constant at lower frequency [17]. Fig. 8

shows the variation of dielectric loss (tan d) with temperature for

all the compositions at a fixed frequency. The loss in these

materials is mainly due to structural inhomogeneity and domain

wall movements, i.e., intergrain heat flow or grain rotation

[18–20].

The region around the dielectric peak is broadened, which

are diffuse phase transaction (DPT). This may be due to the

disorder in the arrangement of rare earth (Pr) and other atoms,

leading to a microscopic heterogeneity in the composition and



Fig. 4. Temperature dependence of dielectric constant at different frequency for Pr substituted lead titanate ceramics with compositions (a) 0.04, (b) 0.06, (c) 0.08 and

(d) 0.10.
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thus a distribution of different local curie points [21]. The

structural disorder arises due to the presence of a number of

voids and impurities of different size. The degree of diffusivity

(g) can be calculated using the expression [22]:
ln(1=e0 � 1=e0max) = g ln (T � TC) + C; where ‘e0max’ is the

maximum value of dielectric constant at transition temperature,

‘g’ is the degree of diffusiveness which lies in the range

1 < g � 2. g = 1 represent the ideal Curie Weiss behaviour,



Fig. 5. Variation of the dielectric constant (e0) with temperature at a frequency

of 1 kHz for different praseodymium composition.

Fig. 6. Variation of Curie temperature (TC) with praseodymium composition

(x).

Fig. 7. Variation of dielectric constant with frequency at different temperature

(25–500 8C) for 0.04 of Pr substituted lead titanate ceramics.

Fig. 8. Variation of dielectric loss (tan d) with temperature at a frequency of

1 kHz for 0.04, 0.06, 0.08 and 0.10 of Pr substituted lead titanate ceramics.
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Fig. 9. ln(1=e0 � 1=e0max) versus ln(T � TC) of praseodymium substituted lead

titanate ceramics giving the values of diffused phase transition.

Fig. 10. Plot of ln(sac) conductivity versus 1000/T.

Fig. 11. Activation energy (Ea) at different frequencies (y) for 0.04 of praseo-

dymium substituted lead titanate ceramics.
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whereas ‘g’ between 1 and 2 indicates diffuse phase transition

[16]. The value of ‘g’ is calculated from the slop of graph ln

(1=e0 � 1=e0max) versus ln (T � TC). Fig. 9 shows the variation of

ln (1=e0 � 1=e0max) with ln (T � TC) at a particular frequency of

5 kHz for different composition, i.e., x = 0.04, 0.06, 0.08, 0.10

and it is found that the value of ‘g’ comes out to 1.67, 1.46, 1.37,

1.32, respectively. This implies the diffuse phase transition,

which may be due to the compositional fluctuations and

structural disordering in the arrangement of cations in one or

more crystallographic sites in the structure that finally results in

a microscopic heterogeneity in the grown materials with local

curie points [23,24].

3.2.2. AC conductivity and activation energy

The ac conductivity (sac) and activation energy (Ea) of all the

composition in the high temperature region was calculated from

the measured dielectric data, using the formula [25]:

s = e0e0vtan d = s0 exp (�Ea/kbT); where e0 is the free space

permittivity, ‘v’ the angular frequency, ‘tan d’ is the dielectric

loss, ‘s0’ pre-exponential factor and ‘kb’ the Boltzmann

constant. The ac conductivity is plotted against the inverse of

temperature at a frequency of 1 MHz and is shown in Fig. 10,

which shows the change in slope almost at the same transitions

temperature as is observed in case of dielectric studies. This

change in the slope is due to the difference in activation energy

in the paraelectric and ferroelectric phase, which is due to the

grain boundary effect [26]. From the figure, one can clearly see

that there is shift in the transition temperature from ferroelectric

to paraelectric phase. This behaviour can be attributed to

relaxational process associated with the domain reorientation,

domain wall motion and the dipolar behaviour [23]. There are
distinct region of conduction mechanisms in different

temperature range (i) n and/or p-type hopping charge

(corresponding to low temperature), (ii) small polarons and

oxygen vacancy conduction (corresponding to intermediate

temperature region) and (iii) intrinsic ionic conduction (at high

temperature region) [27]. The nature of variation of ac

conductivity (sac) for wide temperature range favours the



Fig. 12. ln(sac) versus frequency (y) at different temperatures (25–500 8C) for

0.04 Pr substituted lead titanate ceramics.
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thermally activated transport properties obeying Arrhenius

formula:

s = s0 exp (�Ea/kbT). The activation energy ‘Ea’ is

calculated at temperature in the ferroelectric region near the

maximum where the loss tangents are relatively low. The

activation energy is calculated from the slope of the graph of

ln(sac) versus T�1 for frequencies of, 1, 5, 10, 20 kHz. It can be

seen from the graph (Fig. 11) of activation energy (Ea) versus

frequency (y) for x = 0.04 mol% of Pr substitution, that the

activation energy decreases with the increase in frequency and

magnitude of activation energy is greater than 0.2 eV. Same

trend has been observed for all the composition, which suggests

that conduction mechanism is due the hopping of charge

carriers (i.e., n and p type) from one site to other [28].

Therefore, very small amount of energy is required to activate

the charge carriers/electrons for electrical conduction. It has

been shown by Ang et al. [29] and Moretti and Michel-

Calendini [30] that the value of activation energy depends on

ionization level of the oxygen vacancy. Usually, activation

energy less than 1.0 eV is connected to singly ionized vacancies

[29] and/or electronic mobility in space charge regions [31].

Thus, the conduction process within this temperature range

may be due to the hopping of charge carriers and/or singly

ionized oxygen vacancies of the ceramics. With a view to

understand and authenticate the conduction mechanism, a.c

conductivity ‘ln(sac)’ is plotted as a frequency ‘y’ in the range

of 103–106 Hz for different temperature and is shown in Fig. 12.

It is observed that a.c conductivity increases with increasing

frequency at all temperature which is characteristics feature of

material where hopping mechanism dominates. As frequency
increases, ac conductivity increases due to the strong mobility

of charge carriers.

4. Conclusion

Praseodymium modified lead titanate with composition

Pb1�xPrxTi1�2yMoyFeyO3; where x = 0.02, 0.04, 0.06, 0.08,

0.10 and y = 0.02 have been successfully synthesized by solid

state reaction technique. XRD analysis of the sintered

composition predicted that all the prepared samples are in

pure perovskite phase with tetragonal structure. Grain size

calculated from the scanning electron micrograph comes out to

be in nano-meter thus suggesting formation of nano particles in

Pr modified lead titanate ceramics. Increase in the amount of Pr

decreases crystal tetragonality. The Curie temperature is found

to decrease as function of composition (x) which is due to

decrease in stress in compositions containing higher Pr

concentration. Phase transition is observed in all composition

and nature of transition is found to be diffused with the degree

of diffusivity ‘U’ equal to 1.67, 1.46, 1.34 and 1.32 for x = 0.04,

0.06, 0.08 and 0.10, respectively. The AC (sac) conductivity

increases with the increase in frequency at all temperature

suggests that hopping mechanism dominate.
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