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Abstract

A conventional solid-state method was used to prepare Pb(Fe,;Ti, ;W ;)05 single perovskite material. The
sample sintered at 900 °C was studied by XRD and after Rietveld refinement the orthorhombic structure with
Pbam space group was confirmed. The FTIR frequency bands corresponding to Pb—0, Ti-O, O-lattice, W-
O-W and Fe—O stretching vibrations together with the XRD data also confirmed that Fe’* and W°* ions are
incorporated in the structure and most probably substituted Ti** ions at the B site of the perovskite ABO;
structure. The average grain size of the perovskite ceramics, estimated from SEM micrograph, was 1 to 2 um.
Variation of dielectric properties and AC conductivity with frequency and temperature revealed that the mate-
rial had semiconducting nature and negative temperature coefficient of resistance (NTCR). The Nyquist plots
were modelled with an equivalent circuit consisted of parallel capacitance, resistance and constant phase el-
ement corresponding to the grains (bulk) and grain boundaries. It was observed that grain resistance (R;) of
the sample decreases with the rise of temperature, which supports the NTCR behaviour. The semi-circular arcs
of the Nyquist and Cole-Cole plots confirm the semiconducting nature of the sample.
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I. Introduction crostructure) that come on the market because of the
demand for technological applications from manufac-
turing units.

Most of the industries require well-developed mate-
rials to work with, process monitoring and quality as-
surance. The relevant electrical properties of a material
play a vital role to decide its applications. The precise
electrical measurements of a sample can provide scien-
tists and engineers useful knowledge which can be in-
corporated to enhance the properties of the materials,
thereby increasing the demand for fundamental science
and various technological applications. In this context,
the dielectric measurement of material can provide cru-
cial design parameters for many applications in elec-
tronic industry. For example, the impedance of a sub-
strate, dielectric relaxor, frequency of the resonator and
cable insulator are directly related to the dielectric mea-
surements [1,2]. It is well known in the literature that
information on the dielectric properties of a given mate-

There are different types of material structures, out
of which perovskite and tungsten bronze are found to
have the best piezoelectric and ferroelectric properties
available in nature. Thus, people showed great interest
in studying perovskite structures because of anomalous
structures which can be obtained by doping. Particu-
larly, the advantages of perovskite structure are its flexi-
bility of choosing different types of cations for substitu-
tion on both A and B sites without much change of the
structure and also making the complete solid solution
with many cations over a wide range of compositions.
It is important for a material scientist to give updated
information about different new materials (starting with
their chemical composition, constituent phases, and mi-
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rial is very useful to enhance the ferrite, absorber, pack-
aging and design capacity [3-5]. Nowadays, the basic
information of the dielectric properties of a material can
be applied to well-defined areas such as aerospace, au-
tomotive, food and medical industries [6—12]. The read-
justment of the atoms, molecules, and defects in the ma-
terials due to the external electric field to attend equi-
librium state is called dielectric relaxation, which de-
pends on the lattice properties, frequency and tempera-
ture. The dielectric relaxation can be used to study the
molecular interactions in polar liquids and also study
H-bond in liquids [13-16]. The value of the dielectric
constant of a material can be used to separate polar sol-
vents from non-polar solvents by reducing solute’s in-
ternal charge.

A lot of researches have directed their research on
the particular group of materials called ferroelectrics,
having a high dielectric constant and low tangent loss,
which shows the non-linearity and exhibits hysteresis of
P-E curve [17-19]. The exceptional characters of the
ferroelectric materials are the spontaneous polarization,
reversibility, anomalous physical properties and struc-
tural modification at the transition temperature [20]. The
presence of the above interesting properties makes the
ferroelectric materials extremely useful for different de-
vice fabrication: i) the high dielectric constant ferro-
electric materials are good for energy storage capaci-
tors, ii) a good ferroelectric hysteresis may be useful
for non-volatile memories, iii) high piezoelectric value
may be useful in making electronic devices such as sen-
sors, actuators and resonant wave devices such as radio-
frequency filters, iv) high pyroelectric coefficients may
be useful in making infra-red detectors, v) the strong
electro-optic effects may be useful in making optical
switches and vi) anomalous temperature coefficients of
the resistivity may be used in electric-motor overload
protection circuits [21-23].

Physical and chemical properties of a perovskite
compound have to be understood before considering
how to enhance the inherent properties of the ma-
terials and use them in different devices. The single
Pb(Fe, /3Til /3W1 /3)03 (PFTW) perovskite compound is
known for its good dielectric properties, but it is still an
interesting area of research as evident from the literature
[24]. Thus, in this paper, structure and electrical proper-
ties of Pb(Fe, /3Ti1 /3W1 /3)03 perovskite compound have
been discussed in detail. The results and discussion of
the samples show some interesting properties and indi-
cate on practical applications.

II. Experimental

A conventional solid-state method was used to pre-
pare the Pb(Fe,;;Ti; ;W,;)O; single perovskite com-
pound material. In the first step, high purity metal ox-
ides (PbO, FeO, TiO, and WO,) were mixed in ap-
propriate weight ratio to meet the stoichiometry of
PbFe, ;Ti; ;W, ;05 perovskite compound. In the sec-
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ond step, an agate mortar and pestle were used to ho-
mogenise the metal oxides mixture manually for 2-3 h.
Wet-grinding with methanol followed for at least 2h
for additional particle size reduction and more effective
homogenisation. In the third step, the sample was cal-
cined at different temperatures (starting from 600 °C) in
a temperature programmed furnace and the formation
of the compound was constantly checked by XRD (us-
ing D8 Advance of M/s Bruker Co with 4 = 1.5405 A).
If the compound was not formed or no solid state reac-
tion took place, the reaction mixture was further ground
and calcination temperature was increased. Finally, at
850°C the reaction took place and the formation of
the desirable compound was ascertained by the XRD
analysis. Then the powder sample was used to make
10mm diameter and 2mm thickness circular pellets.
The pressed PFTW samples were sintered at three dif-
ferent temperatures 850, 900 and 950 °C and the respec-
tive densities of the sintered samples were calculated
from the geometry and the mass of the sample [25].
The densities of the Pb(Fe,;Ti; ;W,;;)O; perovskite
sintered at 850, 900 and 950 °C were 7.75, 7.87 and
7.88 g/cm?, respectively. Since the pellets were sintered
well enough at 900 °C, this sample was selected for fur-
ther analyses.

Before the electrical measurement, both sides of the
circular sample were silver painted and heated up to
150°C for 2h to eliminate the residual moisture. The
electrical continuity of both sides of the silvered sam-
ple was checked using a multi-meter. The LCR (Phase
Sensitive Meter, PSM) was used to measure the elec-
trical parameters of the sample, which includes relative
dielectric constant (&,), tangent loss (tan §), AC conduc-
tivity (o4¢), impedance (Z), etc. by scanning between
1 kHz and 1 MHz from room temperature to 500 °C.

II1I. Results and discussion

3.1. Structure

Figure 1 represents the XRD profile of the PFTW sin-
gle perovskite compound. The Rietveld refinement of
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Figure 1. XRD profile of the PbFe, ;Ti;;W,;0; single
perovskite compound
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Figure 2. XRD pattern with Rietveld refinement of the
PbFe, ;Ti;;W,;0; single perovskite compound

the experimental XRD data was done by using MAUD
software [26]. The presence of all existing XRD peaks is
closely matched with standard crystal data correspond-
ing to the JCPDS file No. 01-086-0109 and confirm
that the sample has orthorhombic crystal structure with
Pbam space group. There is no second phase formed be-
cause of the absence of extra XRD peaks [27,28]. Fig-
ure 2 represents the XRD pattern of the sample with Ri-
etveld refinement carried out by using the Pseudo-Voigt
function [29]. The calibration of the refinement of peaks
was done by changing the presence of different simu-
lation parameters, i.e. FWHM, shape parameters, zero
shift, background scale factor, lattice parameters, spec-
imen displacement, preferred orientation, transparency,
atomic positions and anisotropic temperature parame-
ters [30]. The refined cell parameters are a = 9.305 /0\,
b =9247A, ¢ =567Aand @ = B = y = 90°. The
reliability factors obtained from the Rietveld refinement
are R, ,(%) = 15.55, Rex,(%) = 3.31, Rp(%) = 14, and
GOF = (y)* = 4.63 which are well-matched with the
literature data.

Figure 3a represents FTIR spectrum of the PFTW
single perovskite compound. The frequency band at
499 cm™! corresponds to Pb—O stretching [31-33]; fre-
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quency band at 518 cm’! corresponding to Ti—O stretch-
ing [34]; the band at 538cm™ corresponds to O-
lattice stretching [35,36]; the bands at 623 cm’! and
695 cm™! correspond to W-O—W stretching [37] and fre-
quency band at 651 cm™ corresponds to Fe—O stretch-
ing [38,39]. These results confirm that Fe* and W®*
ions are incorporated in the structure and most proba-
bly substituted the Ti** ions in the B site of the per-
ovskite ABO; structure as also confirmed by the XRD
data. Figure 3b represents the SEM micrograph of the
PFTW single perovskite compound. The average grain
size estimated from SEM micrograph is from 1 to 2 um.

3.2. Dielectric properties

Figures 4a and 4b represent the variation of the di-
electric constant with a wide range of frequency (form
1kHz to 1 MHz) and temperatures (from 25 to 500 °C).
The dielectric constant (g,) of a sample provides the
ability to store energy when a suitable electric potential
is applied across the sample. The dielectric constant of a
sample depends on the two factors, i.e. polarization vec-
tor and capacitance. For small scale electrical devices,
materials with a higher value of the dielectric constant
(e,) are always chosen. It is observed that dielectric con-
stant of the sintered PFTW sample decreases with fre-
quency increase. At low frequency range, dielectric con-
stant increases considerably with the rise of temperature
from 25 to 500 °C. Figure 4b shows that ¢, gradually in-
creases with the increase in temperature, passes through
a maximum which is moved towards higher tempera-
ture. This transition could be attributed to some kind of
relaxor ferro- or antiferroelectric behaviour [40]. This
peak basically disappears with increasing frequency,
which is the typical relaxor-ferroelectric behaviour. This
interesting ferroelectric transition is known to take place
in the steps: i) from paraelectric to ferroelectric and ii)
ferroelectric to relaxor ferroelectric. The peak around
~300 °C due to the existence of the ferroelectric transi-
tion is also observed in the tangent loss curves (Fig. 5b).
This result reveals that the prepared material may be a

Figure 3. FTIR spectrum (a) and SEM image (b) of the PbFe, ;Ti;;;W,;0; single perovskite compound
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Figure 4. Variation of dielectric constant with frequency (a) and temperature (b)
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Figure 5. Variation of tangent loss with frequency (a) and temperature (b)

good candidate for energy storage devices at low fre-
quency range of applied AC electric field. Similarly, at
the higher range of temperature, the dielectric constant
of the sample decreases with frequency supporting the
energy storage ability.

Figures 5a and 5b represent the variation of the tan-
gent loss with frequency (from 1kHz to 1 MHz) and
temperature (from 25 to 500 °C). Tangent loss (tan )
of a material gives the idea of electrical energy loss
due to the conduction, dielectric relaxation, dielectric
resonance and loss from non-linear processes [41]. The
preliminary development of the dielectric loss in a ma-
terial may be due to mismatching of the frequency of
the applied electric field with electric displacement vec-
tors. There are two types of dielectric losses seen in
materials. Those that come from the crystal symme-
try, frequency of applied AC electric field and temper-
ature are called extrinsic losses, whereas combined ef-
fects of impurities, structural defects, grain boundaries,
micro-cracks, dislocations and vacancies are called in-
trinsic losses. In the present study, at lower range of fre-
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quency, the dielectric losses of the sintered PFTW sam-
ple increase with the rise of temperature, but at higher
range of temperatures tand decreases with the rise of
frequency. The weak peak around ~300 °C could be also
clearly seen in tangent loss curves (Fig. 5b). So, the pre-
pared sample is a potential material for device fabrica-
tion for energy storage.

3.3. Impedance analyses

Figures 6a and 6b represent the variation of the real
and imaginary part of impedance in the wide range of
frequency at different temperatures from 25 to 500 °C.
Both curves show a decreasing tendency which confirms
that the material becomes more conducting, so the sam-
ple has NTCR character, i.e. semiconducting nature. At
different temperatures, both Z’ and Z” curves merging
in a high frequency range specify the release of space
charge, which may be the cause for the decrease of the
barrier properties [42]. The observed relaxation in low-
temperature region may be due to the electron mobility
while oxygen vacancies or defects may be possible rea-
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Figure 7. Fitted Nyquist plots

sons at higher temperatures. So, it may be concluded
that the observed electrical conduction in the sample is
related to the hopping of the electrons, oxygen ion va-
cancies and defects [43].

Figure 7 represents the Nyquist plots of the
PbFe,;Ti; ;W ;0; single perovskite compound in the
temperature range from 350 to 500 °C. The presence of
semi-circular curves in the Nyquist plots is due to the
contribution of grains, which may influence the resistive
and capacitive data of the given materials. An electri-
cal circuit was designed taking resistive and capacitive
passive elements (R, C, CPE) to calibrate the theoret-
ical values of the measured electrical parameters. The
above designed equivalent circuit has been modelled us-
ing ZSIMP WIN version 2 software packages [44,45].
Semicircular arc shows that the Debye-type relaxation
is present in the sample. The fitted values of the bulk
resistance (Rj,) show that resistance of the sample de-
creases with the rise of temperature ensuring the NTCR
behaviour [46] and semiconducting nature. The list of
the electrical parameters, i.e. grain resistance (R;), ca-
pacitance (Cp) and CPE power exponent (n) calculated
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Table 1. The circuit parameters C,, CPE, CPE power
exponent (rn) and R, obtained from equivalent circuit [47]

T Cb CPE n Rb
[°C] [F/cm?] [Fs™!/cm?] [Q/cm?]
25 1.23x107% 272x10° 08 1.00x 10"
50 1.26x107° 1.58x107'° 0.8 1.00x10"
100 126x107% 158x107'° 0.8 9.02x10"*
150 1.27x107° 1.74x107'° 0.8 1.00x 10"
200 1.27x107° 1.74x107'° 0.8 1.00x 10"
250 1.29%x 1070 242x107° 08 1.00x 10"
300 1.24x1079 321x10° 0.8 523x10°
350 1.19x107'% 259%x10™° 08 619100
400 1.12x 107" 1.88x107° 0.8 152000
450 1.10x 1070 1.45x107° 0.8 47170
500 1.14x 107 134x10™° 0.8 16250

using equivalent circuit (C || CPE || R) are represented
in Table 1.

3.4. Conductivity

Figures 8a and 8b represent the variation of AC con-
ductivity with frequency and temperature. The AC elec-
trical conductivity of the prepared sample was calcu-
lated by the following equation:

TAac =W: & - & -tand (D)
The hopping conduction mechanism is dominated over
the band conductivity process in the material [48]. The
activation energies of the sample at different frequency
were calculated by the following equation:

E

e 2
2.303kg- T @

logo =logoy —

where o is pre-exponential factor and kg is the Boltz-
mann constant. A graph of log o versus (1/T) is plot-
ted and slope of the plot is equal to (—E,/2.303kp).
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The activation energies, in the temperature range from
240 to 480 °C, are 0.03314, 0.03394, 0.03751, 0.05458
and 0.06609 eV at 1 kHz, 10kHz, 100 kHz, 500 kHz and
1 MHz, respectively.

Figures 9a and 9b show the variation of M’ and M"”
in a wide range of frequency. The material’s conduc-
tivity, polarization and relaxation time can be evaluated
from the data analysis of the electrical modulus, which
is function of frequency and temperature. The real and
imaginary parts of the modulus (M’ and M"’) can be cal-
culated using the relations, where all terms have their
usual meaning [49]:

, (-R-C)>

M =4 m] ®)
. w-R-C

M _A[1+(w-R-C)2] @

Due to the presence of crystal defects and inhomo-
geneous domains in the materials, electrical impedance
plots are not useful to calculate the effect of grains
and grain boundaries. Thus, electrical modulus plays
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an important role to calculate the effects of grain and
grain boundaries in the materials. It is observed that the
value of M’ increases with the increase in frequency
and merge into one line at high temperature, whereas
the M"” decreases with the rise of frequency. Therefore,
conclusion may be drawn that material undergoes a ther-
mally activated relaxation process due to the presence
of hopping charge carriers [50]. The symmetrical mod-
ulus plots agree with the results of the Debye-type be-
haviour in the material. Figure 10 represents the Cole-

1.6x10°3 T T T T
L 20393 @350 °C 1
[ @ 400 °C’]
1.2x103 @ 450 °C
_ [ @500 °C]
= ogx103 1
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Figure 10. Cole-Cole plots
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Cole plots for electric modulus of the PFTW single per-
ovskite compound. The semicircular arcs of the Cole-
Cole plots confirm that the prepared sample is semicon-
ducting in nature [51,52].

IV. Conclusions

PbFe, ;Ti; ;W ;05 single perovskite compound was
prepared and XRD profile shows that sample has or-
thorhombic structure with space group Pbam. Rietveld
analysis gives refined lattice constants a 9.305 A,
b =9247A,¢c=5678Aanda = B =y = 90°. The
FTIR analysis shows presence of Ti—O, W-O-W, Fe-O
vibration stretching. This confirms that Fe?>* and W®*
ions are incorporated in the structure and most proba-
bly substituted Ti** ions at the B site of the perovskite
ABO; structure. The semiconducting behaviour is ob-
served following NTCR character confirmed from the
dielectric spectra. The equivalent circuit (C || CPE || R)
was used to model the impedance data and evaluate bulk
resistance and capacitance. It was observed that grain
resistance (Rp) of the sample decreases with the rise
of temperature, which further supports the NTCR be-
haviour. The electrical modulus explains thermally ac-
tivated relaxation process due to the presence of hop-
ping charge carriers. The perfect semi-circular curves of
the Cole-Cole plots confirm the semiconducting nature.
Therefore, the prepared PbFe, ;Ti; ;W 30, is semicon-
ducting in nature and may be very useful in designing
energy storage capacitors, sensors and actuators.
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