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Abstract

In the present study, lead titanate doped with 1 mol% Sm (Pb0.985Sm0.01TiO3 - PST) was synthesized by using planetary

ball mill and solid-state reaction method. The PST ceramics were obtained by sintering at 800, 900, 1000 and 1100 °C

and their structure and electrical conductivity were investigated. The structural studies confirmed the presence of

tetragonal phase and uniform fine grain structure of the prepared ceramics. It is observed that DC conductivity is

directly proportional to temperature and follows the Arrhenius law. AC conductivity also increases with the increase in

temperature for all sintered samples, but the σAC vs. frequency curves tend to become flat, which shows the dominance

of DC conductivity at higher temperatures in the low frequency region. The variation of density of states (DOS) at

the Fermi level with temperature at different frequencies was investigated for the PST ceramics. The experimental

investigation of DOS was compared with computational studies using material simulation software Quantum Espresso

for optimized geometry. The studies of DC and AC conductivity confirmed migration between long range potential

wells of the charge carriers and polaron induced charge-hopping mechanism in these ferroelectric ceramics.
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I. Introduction

One of the most important types of advanced materi-
als for the research is the group of ferroelectric ceramics
[1–3]. Perovskite oxide materials have chemical struc-
ture (ABO3). The A-cation occupies the corner sites, the
B-cation is located at the body centre site and oxygen
anion is at the face centre sites of the unit cell [4]. These
perovskite materials can be doped at the A-site and/or
B-site with cations having different ionic radii depend-
ing on charge balance and tolerance factor [5–7]. Per-
ovskite based ferroelectric materials have numerous ap-
plications viz. high capacity memory devices, catalyst,
high temperature superconductors, optical waveguides,
frequency based piezoelectric and pyroelectric devices,
solid oxide fuel cells (SOFCs), sensors, solar cells, ther-
mistors, etc. [8–12]. Studies on the partial substitution
of cations at the A- and/or B-site in the perovskite struc-
ture indicate structural modifications, lattice distortions,
cationic or anionic vacancies, change in oxidation state
and may improve catalytic activity [13–16].
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Rare earth doping at the A-site of the per-
ovskite structure is widely investigated for their multi-
functional applications [17–22]. Deren et al. [17] in-
vestigated cross relaxations of Ho3+ doped CaTiO3 and
LaAlO3 perovskites for improvement of emission effi-
ciency. Application in light emitting diodes (LEDs) is
reported in the investigation of synthesis and photolumi-
nescence of Eu3+, Sm3+ and Pr3+ co-doped Ca2ZnWO6
double perovskite by Dabre et al. [18]. It was observed
in the studies by Liang et al. [19] that La3+ doped
BaMnO3 has high stability and catalytic activity for
CO and CH4 oxidation. In another study by Li et al.

[20], the partial substitution of Ce2+ by La3+ in the
base compound CeMnO3 acted as a catalyst and re-
duced NO to NH3 at low temperatures. Sm3+ doped
Srr2NiMoO6 double perovskite with the resultant struc-
ture Sr2-xNixMoO6-δ can act as an anode material in
SOFCs [21]. Singh et al. [22] have investigated the suit-
ability of Sm3+ doped SrTiO3 as an anode material in
SOFCs. The conduction studies on the resultant per-
ovskite structure SmxSr1-xTiO3-δ revealed polaron hop-
ping with the formation of electrons.

There are various methods to synthesize rare earth
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doped perovskites, viz. wet chemical methods [23],
solid state reaction method [24], spin-coating technique
[25], pulsed laser deposition [26], electro-spinning tech-
nique [27], chemical vapour decomposition [28], etc.
Wet chemical methods can be broadly classified into
thermal decomposition [29], co-precipitation [30], sol-
gel [31] and solvothermal methods [32]. Planetary ball
mill (PBM) is an energy-intensive mechanochemical
process used for synthesis of different compounds at
nano-level [33,34].

The structure of lead titanate (PbTiO3) is simple and
easy to synthesize [35,36]. It is a promising material to
investigate these days, used as ferroelectric and non-
volatile information storage [37]. The properties of a
large electro-optic coefficient and high photorefractive
sensitivity make lead titanate (PT) an efficient optical
sensor [38]. PT is enormously used in electronic in-
dustry for high temperature and frequency applications
[39]. Though lead is graded as a toxic hazard, several
researches indicate lead based oxides as an anticancer
and antimicrobial drugs material [40,41]. PT ceramics
are also used for the detection of cancerous hepatic tis-
sues [42].

To the best of our knowledge, synthesis of Sm3+

doped PT by PBM and solid-state reaction method is re-
ported for the first time. Previously Parashar et al. [43]
have reported structural and electrical studies of Gd3+
doped PT synthesized by PBM. The authors have stud-
ied application of Nd3+ doped PT ferroelectrics in mi-
croelectronic memory devices. The phenomenon of the
correlated barrier hopping (CBH) model was success-
ful to explain experimental observations around mor-
photropic phase boundary (MPB) [44]. Chakraborty et

al. [45] also investigated preparation of nano zinc ti-
tanate ceramics in spinel and perovskite form sintered at
800 °C using PBM. The electrical behaviour of the pre-
pared ceramics was analysed through impedance spec-
troscopy [45].

The structural analyses through X-ray diffraction and
scanning electron microscopy of Sm3+ doped PT were
reported in the present investigation. The DC and AC
components of electrical conductivity were evaluated
as a function of temperature using complex impedance
analysis [46]. The Jonscher’s exponential constant S

was calculated from the slope of logσ(ω) vs. logω
to explore the effect of polaron-induced temperature-
dependent conduction phenomena in the prepared ce-
ramics [47]. The conductivity data were further used to
evaluate density of states (DOS) [43,44]. The optimized
geometry, self-consistent-field (SCF) and DOS were
calculated within the graphical user interface (GUI)
of BURAI-1.3.1 of Quantum-Espresso (QE) software
package [48,49].

II. Experimental

Lead titanate doped with 1 mol% Sm3+

(Pb0.985Sm0.01TiO3 - PST) was synthesized by us-

ing planetary ball mill (PBM) and the solid state
reaction method. The raw materials, PbO (99% from
Merck), TiO2 (99% from Merck) and Sm2O3 (99.9%
from Sigma Aldrich) were mixed in stoichiometric ratio
for 15 min. The stoichiometric chemical reaction for
the desired compound is presented as follows:

0.985 PbO + TiO2 + 0.005 Sm2O3 −−−→

−−−→ Pb0.985Sm0.01TiO3−δ +
δ

2
O2 (1)

The top-down synthesis approach was carried out in
PBM using the high energy ball milling (HEBM) tech-
nique. The milling was performed in PBM (Retsch PM
200, Retsch, Germany) at room temperature for 0, 5,
10, 15 and 20ḣ. The milling process was conducted in
a tungsten carbide (WC) vial and with WC balls with
10 mm diameter at a speed of 300 rpm and the ball-
to-powder weight ratio of 20:1. The prepared ceramic
powders were mixed with 3% of polyvinyl alcohol and
then put in a hydraulic press with 20 bar applied pres-
sure to obtain pellets of 12 mm diameter. For sintering,
the samples were inserted in an electric furnace at 800,
900, 1000 and 1100 °C for 8 h.

The X-ray diffraction (XRD) patterns of the synthe-
sized ceramics were recorded by using Rigaku D/Max
2200 with Cu Kα radiation (λ = 1.5406 Å) in the 20° to
80° 2θ range at a scanning rate of 0.020° min−1 for con-
firmation of phase composition. The crystallite size (D)
of the prepared PST ceramics was calculated using the
Scherrer’s equation [50]:

D =
0.89 · λ
β · cos θ

(2)

where, λ = 0.154 nm is the wavelength of Cu Kα radi-
ation, θ represents the Bragg’s diffraction angle corre-
sponding to the diffraction arising from a crystal plane
and β is the full width at half maxima for a specific
diffraction peak. The surface morphology of the Sm3+

doped PbTiO3 ceramics has been analyzed using Scan-
ning Electron Microscopy (SEM) HITACHI S-3400N
with an air lock chamber.

In order to perform electrical characterization the flat
polished surfaces of the sintered pellets were coated
with silver paste (Alpha Aesar) and then dried at 600 °C
for 30 min. The electrical parameters were measured us-
ing a HIOKI-3532 LCR Hitester under an electric field
of about ∼1 V in the temperature range of 100–525 °C
at different frequencies varying from 102–106 Hz at a
heating rate of 40 °C/min.

III. Results and discussion

3.1. Structural analysis

Figure 1a shows the XRD patterns (recorded at room
temperature) of the prepared PST powders subjected to
5, 10, 15 and 20 h ball milling. It is evident that no sharp
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Figure 1. XRD patterns of: a) PST ceramics after 5, 10, 15 and 20 h of ball milling and b) PST ceramics subjected to 20 h of
ball milling sintered at 800, 900, 1000 and 1100 °C for 8 h

peaks were present for the samples ball milled for 5 h.
The definite pattern of XRD peaks gradually improves
after 10 h of ball milling and prominent single phase
peaks were observed after 20 h of ball milling.

The XRD patterns (Fig. 1b) of Sm3+ doped PbTiO3
ceramics sintered at 800, 900, 1000 and 1100 °C
matched the diffraction peaks of tetragonal PT phase
identified using X-pert High Score plus. It can be seen
from Fig. 1b that the prominent peaks are observed at
∼31.9°, ∼39.8° and ∼58.7° which correspond to (101),
(111) and (211) planes, respectively. The sharpness of

the XRD peaks increases with the increase of sintering
temperature. Thus, the large increase of the crystallite
sizes of the Sm3+ doped PbTiO3 samples (calculated
using Eq. 2) was observed between the sample milled
for 20 h (11.7 nm) and the sample heat treated at 800 °C
(22.2 nm).

Grains, grain boundaries and pores are the parame-
ters of ceramic microstructures [51], thus, microstruc-
tures of the prepared ceramics were analysed by SEM.
It is evident from SEM micrographs shown in Fig. 2
that sintering improves the crystallinity of the prepared

Figure 2. SEM micrographs of PST ceramics sintered at: a) 800 °C, b) 900 °C, c) 1000 °C and d) 1100 °C
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ceramics. The grains are aggregated and deformed for
the samples sintered at 800, 900 and 1000 °C, but the
coarsening of the structure can be clearly seen. Uni-
formly distributed and relatively fine grains (the aver-
age grain size of ∼1 µm) were observed for the PST
sample sintered at 1100 °C. This may be due to the
anisotropic growth rate along different crystal axes [52].
The lattice strains, calculated using POWD software
[53] for the samples at RT, 800, 900, 1000 and 1100 °C,
were 0.0183, 0.0107, 0.0101, 0.0047 and 0.0036, re-
spectively. The porosity among the grains also decreases
with the increase in sintering temperature. The degree
of disorder for coarse grains is higher as compared to
the fine-grained microstructures [54]. The increase in
sintering temperature decreases entropy and porosity of
the system, hence the transformation to the uniform fine
grains structure was observed (Fig. 2d).

3.2. Conduction mechanism

DC electrical conductivity

The DC electrical conductivities of the PST ceramics
sintered at 800, 900, 1000 and 1100 °C as a function
of temperature are shown in Fig. 3. It is observed that
DC conductivity (σDC) is directly proportional to the
temperature and follows the Arrhenius law [55]:

σ = σ0 exp−
Ea

kBT
(3)

where, σ0 is the pre-exponential factor that depends on
composition, Ea is the activation energy and T repre-

sent the absolute temperature. The activation energies of
the PST samples sintered at 800, 900, 1000 and 1100 °C
were obtained by linear fitting the measured conductiv-
ities presented in logarithmic plots (Fig. 3). The strong
coupling of the dipoles in the ferroelectric region assists
in thermally activated charge transport process [56]. It
is clear from a literature survey that activation energies
for singly and doubly ionized oxygen vacancies lie in
the region of 0.3–0.6 eV and 0.7–0.12 eV respectively
[57,58]. In the present investigation, the samples sin-
tered at 800, 900, 1000 and 1100 °C have activation
energies of 0.47, 0.48, 0.63 and 0.71 eV, respectively.
Hence, it can be said that the samples sintered at 800,
900 and 1000 °C may have singly ionized oxygen va-
cancy and the sample sintered at 1100 °C doubly ionized
oxygen vacancy. This may be accounted for by more
conduction electrons and oxygen vacancies at higher
sintering temperatures.

It is evident from Fig. 3 that Ea increases with sinter-
ing temperature. In crystalline ceramics, electrical con-
ductivity is affected by bulk resistance (Rb) and grain
boundary resistance (Rgb). The grain boundaries act as
obstruction to the flow of charge carriers. With the in-
crease of sintering temperature, Rb increases and Rgb de-
creases while grain size increases and grain boundaries
become more ordered. This diverts the transfer of elec-
tron momentum and energy to the source of obstruction,
which causes localized heating. Hence, higher activa-
tion energy is required to overcome these ordered grain
boundaries [54,59].

Figure 3. Variation of DC conductivity with inverse of temperature for PST ceramics sintered at: a) 800 °C, b) 900 °C,
c) 1000 °C and d) 1100 °C
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AC electrical conductivity

The frequency-dependent AC electrical conductivity
in ceramics is often given by [60]:

σAC = σDC + A · ωS (4)

where σDC is DC part of conductivity, ω is the angular
frequency of the applied field and S is the index of AC
conductivity, which varies from 0 ≤ S ≤ 1. The value
of S is independent from ion-lattice and electron-lattice
interactions. The constant factor A is given by the fol-
lowing equation:

A =
π · N2e2

6kB · T · (2α)
(5)

where e is the electronic charge, T is the temperature, α
is the polarizability of a pair of sites and N is the num-
ber of sites per unit volume among which hopping takes
place. The factor A depends on the extent of polariza-
tion. The AC electrical conductivity in ceramics is of-
ten explained in terms of any of the following phenom-
ena [61]: i) correlated barrier hopping (CBH), ii) quan-
tum mechanical tunnelling (QMT), iii) non-overlapping
small polaron tunnelling (NSPT) and iv) overlapping
large polaron tunnelling (OLPT).

The AC electrical conductivities of the PST ceram-
ics sintered at 800, 900, 1000 and 1100 °C are shown in
Fig. 4. It is observed that σAC vs. frequency curves ex-
hibit dispersion throughout the chosen frequency range,
indicating relaxation behaviour in the prepared ceram-
ics. With the increase of temperature for all the sintered
samples, the curve tends to become flat, which shows
the dominance of DC conductivity at higher tempera-
tures in the low frequency region. It is evident from Fig.
4 that the magnitude of DC and AC conductivity in-
creases with the increase in temperature, exhibiting the
properties of negative temperature coefficient of resis-
tance (NTCR) in the prepared ceramics [44,58]. The in-
crease in AC conductivity is related to the hopping of
bound carriers trapped in the crystalline samples. Such
bound charge carriers at different lattice sites are often
termed as polarons. There is a change in the slope of AC
conductivity with frequency and it is related to the tem-
perature at which the grain resistance dominates over
grain boundary resistance [45,61].

The factor S was calculated using Jonscher’s law
from Eq. 4 and the obtained data are given in Fig. 5.
It is found that S decreases with the increase of temper-
ature for all the prepared ceramics. It is noticeable from
Fig. 5 that the value of S tends toward zero at high tem-
peratures in all the sintered samples which again indi-

Figure 4. Variation of AC conductivity of PST with frequency at: a) 800 °C, b) 900 °C, c) 1000 °C and d) 1100 °C
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Figure 5. Variation of exponent S with temperature for PST ceramics sintered at: a) 800 °C, b) 900 °C, c) 1000 °C
and d) 1100 °C

cates the dominance of DC conductivity at high temper-
atures [62]. The decrease in the value of S with temper-
ature corresponds to the CBH model. Hence, the con-
duction process in the system is thermally activated.
In Figs. 5a.b there is an abrupt change in the slope
near MPB. This may be due to tunnelling of polarons
with distortional overlap in the electron cloud of po-
larons. Hence, near MPB for the samples sintered at 800
and 900 °C, the OLPT mechanism is dominant although
the CBH phenomenon exists in the entire temperature
range. The slope of the curve gradually becomes hori-
zontal with the increase of sintering temperature as ob-
served in Figs. 5c,d. The temperature at which the slope
change is observed corresponds to the polaron hopping
of charged species. From SEM study it is clear that with
the increase in sintering temperature of the prepared ce-
ramics porosity decreases and grain size increases. Thus
the grain boundary resistance and scattering of charged
species decreases, hence motion of the charge carriers
becomes much ordered which improves conductivity
process in the system [63].

3.3. Density of states

The variation of density of states (DOS) at the Fermi
level with temperature at four different frequencies (1,
10, 100 and 1000 kHz) for all the sintered samples is
reported in Fig. 6. It is observed from literature survey
that hopping conduction mechanism is usually consis-
tent with the existence of high DOS in semiconductor
ceramic materials [64]. This may be due to the local-

ization of charge carriers and formation of polarons. It
is clear from Fig. 6 that DOS increases with temper-
ature for all frequencies and decreases after the phase
transition temperature. This is ascribed to the transition
from ferroelectric to paraelectric state [44]. With the in-
crease in temperature dispersion behaviour is observed
in all the prepared ceramics. This suggests variation in
relaxation time between ionic and electronic polariz-
ability. At low frequencies the electrical conduction in
the system may be affected by both frequency as well as
temperature, whereas at higher frequencies the charge
carriers are localized and implicated by thermal excita-
tions [45]. This experimental phenomena suggests CBH
mechanism in the prepared samples. It is clear from
SEM study (Fig. 2) that the higher sintering tempera-
ture increases grain size henceforth increasing the mag-
nitude of DOS.

3.4. Computational studies

The Density Functional Theory (DFT) computa-
tions were performed using Quantum-Espresso [48,49]
and the GUI module BURAI-1.3.1 was used to plot
DOS. The vc-relax calculations for optimizations were
done using Generalized Gradient Approximations-
Perdew-Burke-Ernzerhof (GGA-PBE) exchange corre-
lation functional [65]. The projector augmented wave
method and Vanderbilt ultra-soft pseudopotentials were
used to explain electron core interactions. The wave
vectors (k) in the first Brillouin zone (4×4×4) were con-
structed using Monkhorst pack mesh scheme for self-

144



Acc
ep

ted

S. Pandey et al. / Processing and Application of Ceramics 19 [2] (2025) 139–149

Figure 6. Experimental DOS at Fermi level with temperature at different frequencies for PST samples sintered at: a) 800 °C,
b) 900 °C, c) 1000 °C and d) 1100 °C

consistent (SC) cycles [66]. The crystallographic XRD
data of the prepared ceramic sintered at 1100 °C were
used as initial lattice parameters for SC cycles as the
crystal grains are prominent at 1100 °C. In our computa-
tion we have used kinetic energy cut-off at 46.69 Ry and
charge cut-off at 323.02 Ry. The SC cycles converged
after 24 iterations. The computed minimum ground state
energy was found to be −380.19 Ry.

The DOS of the optimized PT and effect of dopant
Sm3+ on the host PT in the form of DOS is elucidated
in Fig. 7. The computation of DOS with respect to the
energy is presented in the inset of Fig. 7b. The projected
curves of up and down spins of the dopant Sm3+ nearly
correspond to the total up and down spins of the total
atoms in the optimized sample. The Fermi energy (EF)
is 0 eV in Fig. 7a and after doping with Sm3+ ion in the
host material, EF shifts towards the conduction band at
1.35 eV, as shown in Fig. 7b. When Sm3+ ion is doped
at the A-site of the perovskite host PbTiO3, the dopant
Sm3+ acts as a donor impurity introducing excess elec-
trons into the system. Also, the substitution of Pb2+ by
Sm3+ ion creates a net positive charge. In order to main-
tain charge neutrality, electrons are introduced into the
system. The host matrix is synthesized at a very high
temperatures in the interval 800 to 1100 °C which can
also lead to oxygen vacancies, acting as electron donors.
This further increases the electron concentration, caus-
ing the Fermi energy to shift towards the conduction
band. Due to this development, Sm3+ ion can modify the
band structure of the base compound PbTiO3, thereby

Figure 7. (a) DOS of the optimized PT; (b) Effect of Sm3+

doping of PT ceramics with respect to the total spin on DOS
is elucidated using BURAI-1.3.1of QE. The inset shows the

computed band structure of (E-EF) in terms of eV
represented by the high symmetry paths

Γ-X-M-Γ-R-X-M-R in the first Brillouin zone
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introducing new/altered energy levels of the existing
ones. This can lead to the shift in the Fermi energy to-
wards the conduction band and indicates that Sm3+ dop-
ing on the A-site of the perovskite structure has effec-
tive contribution on the electronic conductivity of the
sample. There is overlap of DOS between −8 eV and
0 eV. This may be due to the strong hybridization of
the f -orbitals of Sm with d-orbitals of Pb and/or oxy-
gen atoms. The red curve in Fig. 7b corresponding to
up-spin of oxygen atoms has high DOS below 0 eV
and decreases after 2 eV whereas the DOS of Sm3+ in-
creases manifold after 2 eV. The up and down spin of
oxygen atoms becomes localized between ∼5.1 eV and
∼15.1 eV near ∼0.2 DOS (states/eV). This may be due
to shift in chemical bonding from Pb–O to Sm–O and
Sm–Pb in the system. This is consistent with the studies
reported by researchers about the change in Pb–O bond-
ing about the phase transition of the prepared ceramic
[67,68]. The valence band may be constructed due to
the chemical interaction of the inner orbitals of Pb–O
and Ti–O whereas in the conduction band the fermi or-
bitals of Sm–O, Pb–O and Sm–Pb are dominant [69].

Considering the ionic nature and separation by oxy-
gen anions, direct chemical bonding between Sm3+ and
Pb2+ ions is unlikely. However, Sm3+ and Pb2+ ions
may interact through Coulomb’s electrostatic forces, in-
fluencing the material’s lattice parameters and stability.
Sm3+ and Pb2+ ions may also be chemically bonded
through shared anions affecting the material’s electronic
structure and properties. The effect of Ti–O bonding is
portrayed in the inset of Fig. 7b. There is a sharp decre-
ment in the value of DOS after the Fermi level (EF) in
the inset which corresponds to experimental DOS, re-
ported in Fig. 6. In general Pb, Ti and oxygen must have
+2e, +4e and −6e overall electronic charges in PbTiO3
structure. The equilibrium of the electronic charges is
maintained by delocalization of electrons and shift in
chemical bonding from ionic to covalent bond between
Pb–O and Sm–O atoms. The doping of Sm3+ in the Pb
sites of the unit cell localize the electrons and leads to
the formation of polarons. In order to compensate for
the charge imbalance, oxygen vacancies are created in
the perovskite structure [70,71]. It is the hopping of po-
larons in the vacant sites of oxygen at high temperature
which drives to CBH mechanism in the prepared ceram-
ics [72].

IV. Conclusions

PbTiO3:Sm3+ (1 mol%) powder was synthesized by
using high energy ball milling in the planetary ball mill
and the PST ceramics were obtained by sintering at 800,
900, 1000 and 1100 °C. Single phase tetragonal struc-
ture was observed for the samples ball milled for 20 h.
The increase in sintering temperature decreases entropy
and porosity of the system, hence, transformation to the
uniform fine grains structure was observed. Both DC
and AC conductivities also increase with the increase in

temperature for all sintered samples, but the σAC vs. fre-
quency curves tend to become horizontal, which shows
the dominance of the DC conductivity at higher tem-
peratures in the low frequency region. The computa-
tion of DOS is in agreement with the experimental ob-
servations. The analysis of activation energies signifies
oxygen vacancies in the prepared ceramics. The present
study suggests conductivity of thermally activated po-
larons hopping over the Coulombic barrier separating
defect centres in the prepared ceramics. As the prepared
materials show NTCR behaviour, these samples can also
be used to manufacture thermistors in electronic indus-
try.
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