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Abstract

This study employs the solid-state reaction method to synthesize [(Ba,, Bi .) (Tiol%y Zry) Fe,,1O,(y=0.0,0.2,0.3,0.4, 0.6) for investigating
their structural and DC conduction behavior. XRD analysis suggests a perovskite phase for all the compositions having a cubic crystal
structure. Initially, average crystallite size increases for y = 0.3 and then decreases for y = 0.4. The temperature-dependent DC electrical
conductivity demonstrated the semiconducting nature for all the compositions. The introduction of Zr modifies the material’s structure
and electrical properties evident in the observed variations in crystallite size and conductivity behavior. These findings contribute to the
understanding of Zr-modified [(Ba,, Bi,) (Ti Zr ) Fe,,] O, ceramics, shedding light on their potential applications in semiconductor

0.7-y

devices and solid-state electronics. The investigation underscores the importance of tailoring composition parameters for fine-tuning
material characteristics, opening avenues for optimized utilization in electronic and energy-related technologies.
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Introduction

The pursuit of advanced materials with tailored structural
and electrical properties has been a driving force behind
numerous technological advancements, particularly in
electronics, energy storage, and sensing (Krohns et al., 2011;
R. E. Cohen, 1992). Among such materials, Barium titanate,
i.e., BaTiO, (BTO) is a well-established material belonging to
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ferroelectric known for its perovskite crystal structure and
high dielectric constant. Beyond the Curie temperature, T_
(130°Q), the crystal structure of BTO is cubic (space group
Pm3m). However, it shows three-phase transitions upon
cooling: at temperatures 130, 0, and -90°C corresponding
phase transitions are cubicto tetragonal (space group P4 mm),
tetragonal to orthorhombic (Pmm2), and orthorhombic to
rhombohedral (R3C), respectively. A second-order Jhan teller
distortion implying orbital hybridization among Ti 3p and
O 2p is present in these transitions. lons of Ti (Ti**) can be
shifted with respect to anions as a result of this hybridization,
which leads to distinct crystallographic orientations and
spontaneous polarisation (Batoo et al., 2021; Sreenivas et
al., 1987). However, to enhance its ferroelectric performance
and stability, various doping methods have been explored.
To modify the structural and electrical properties of BTO,
zirconium (Zr) doping has emerged as an effective method.

In contrast, bismuth ferrite, (BiFeO,), (BFO) has gained
attention for its multiferroic properties, exhibiting
simultaneous ferroelectric and antiferromagnetic ordering at
room temperature (Sosnowska et al., 1982). The coexistence of
these properties opens up possibilities for coupling between
electric and magnetic fields, enabling novel functionalities
such as electric field control of magnetism. However, BFO
has limitations, such as low magnetic saturation and coercive
field, which hinder its practical applications (Neaton et al.,
2005; Wu et al., 2016). To address these challenges, doping
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strategies have been employed to tailor the structural
and magnetic properties of BFO. Zr doping, in particular,
has been shown to enhance the magnetic properties of
BFO by manipulating the magnetic interactions and spin
structures within the material (Shen et al., 2016). Investigation
of structural modifications induced by Zr doping in BFO is
essential for optimizing its magnetic behavior and harnessing
its potential for applications in spintronic devices, magnetic
data storage, and magnetoelectric devices (Mahesh Kumar,
Suresh et al., 1998).

In this research article, we present a comprehensive
investigation into the structural and electrical properties of
[(Bao_7 Bi 043) (Tio_7_y Zry) Feos] O3 (y=0.0,0.2,0.3,0.4,0.6) systems.
Through XRD and DC conductivity measurements, we aim
to elucidate the effects of Zr doping on the crystal structure
and electrical conductivity behavior of these materials. By
understanding the interplay between structural defects,
charge carriers, and conduction mechanisms, we seek to
advance the design of multifunctional materials for future
electronic and energy-related applications.

Materials and Methodology

Figure 1 represents the preparation of [(Ba_, Bi ) (Tioj_y Zry)
Fe,,1 O, (y =0.0,0.2, 0.3, 0.4, 0.6) ceramics by the method
of solid-state reaction. Analytical reagent grades BaCO,,
Bi,O,, TiO,, ZrO,, and FeZOBI with a purity level of 99.99%,
were used as raw materials for the perovskite ceramics.
The stoichiometric proportions for various compositions
were weighed and mixed using an agate mortar pestle for
6 hours. This method involves atomic-level mixing between
the precursors. The smaller the particle size, the greater will
be the ratio of surface area to volume. Since surfaces are
higher energy regions, they will constantly try to reduce
their area and thus lower their energy when possible, which
will result in lower calcination temperature. Furthermore,

C) Raw materials stoichiometric proportion (Bi,O; , Fe,0;, BaCO;, TiO,, Zr0;)

S
Ball Milling for 6 hours
(using acetone and agate balls)

)angmm
(with intermediate regrinding)

Pelletization.
c)s fering at 1050°C/ 10h

Figure 1: Flow chart representing preparation of samples using
solid-state reaction route

the difference in particle size between the precursors used
may also accelerate the calcination reaction and lower
the processing temperature (Patel et al., 2011). The mixed
compositions were dried and calcined progressively at
900°C/10h and 1000°C/10h, respectively. The calcined
powder was again mixed with 2% PVA. The mixture was
then pressed into a single bulk pellet through a stainless-
steel die of diameter 12 mm and a thickness of 2 mm by
applying a pressure of 60 N/m? using a hydraulic press. The
green samples were kept on an alumina lid for sintering at
1050°C/10h. A few sintered pellets were crushed into fine
powder for structural analysis, while other pellets were
used for electrical experiments. Single-phase check and
structural formation for the material were carried out using
an X-ray powder diffractometer, PANalytical X'Pert Pro, with
CuK, radiation (A = 1.540 A) at ambient temperature. The
DC conductivity was measured in the temperature range of
27-447°C using a Keithley 224 Programmable Current Source
and KEYSIGHT 34465A 6, , Digit Multimeter.

Results and Discussion

XRD Analysis

The X-ray pattern obtained at RT for the compositions [(Ba,,
Bi, ] [(Tiw_y Zry) Fe,,10, (y=0.0,0.2,0.3,0.4,0.6) are given in
Figure 2. The XRD results show the single-phase formation.
For the compositions y = 0.0, 0.2, 0.3, 0.4, all the XRD peaks
could be matched with the ideal cubic structure (Pm-3m
space group, JCPDS card no: 98-001-0445 without any
secondary phase. The existence of an extra peak indicates
that a single phase is not formed for y = 0.6. From Figure 2,
it can be observed that as the doped Zr amount is increased,
a shift in the diffraction peak towards lower 20 is observed,

= 2 y=0.6
& S = § 8
=) i 2 =
= s\ T A A
j\ y=04
™, . P, 1.‘./“\.41 M

Intensity (A.U.)

3

A A
- - ;
40 50 60
26 (degree)

(2]

=
o‘% >_ >
>
-
-

20

Figure 2: XRD pattern of Zr doped BaTiO,- BiFeO, compounds
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Table 1: Lattice parameters and related properties

Parameters 0% 0.2% 0.3% 0.4%
Lattice constants (A) ~ 4.004835 4.044353 4.064151 4.10710
Cell volume (A2) 64232  66.153 67.129  69.2798
X-ray density (g/cm’)  6.64 6.66 6.68 6.57
Bulk density (g/cm?) 6.18 6.15 5.08 5.88
Porosity (%) 6.92 7.65 5.08 10.50

Crystallite size (D) (nm) 460.49 523.22 597.64  298.82

similar to the results reported for Zr** doping (Jha et al., 2014).
Analysis reveals an increase in lattice parameters because
of doping. As Zr** ions (0.724) may enter into the B-site and
replace the Ti** ions (0.605A), consequently, an increase in
the lattice parameters with increasing doping concentration
of Zr (Zhang et al., 2022). Change in the shape of a peak for
y = 0.4 indicates the occurrence of structural distortion or
transformation.
Crystallite size (D) was calculated using the Debye-
Scherrer equation (Anupama et al., 2017; Batoo et al., 2021):
kA
- Beoozfd )

Where k denotes the structure factorand has a value 0.9 or
1 for the cubic system, A = 1.54 A represents a wavelength of
Cu-K_radiation, B represents full-width half maxima (FWHM),
0 denotes Bragg’s angle. f and 6 both are taken in radians.

Table 1 tabulates lattice constant, cell volume, X-ray
density, bulk density, porosity, and crystallite size for
studied compositions. From Table 1, it can be observed that
crystallite size shows an increase from 460.49 to 597.64 nm
for y = 0.3. Further, it reduces to 298.82 nm for y = 0.4.
As reported in earlier studies, the formation of oxygen
vacancies can reduce the crystallite size (Chchiyai et al., 2021).
Therefore, an increase in oxygen vacancies may explain the
crystallite size decreases for y = 0.4.

Theoretical density was calculated using the following
relation (R. Verma et al., 2021):
ZM
NV Q)

Here, Z represents the number of molecules per unit
cell (1 for perovskite) (Coondoo et al., 2018), M represents
molecular weight, V represents volume and N shows
Avogadro’s number.

The density (experimental) for all the samples was

determined using the following relation (V. Verma et al., 2008):
m ™

Pen =

pa.rp T v mr3n 3)

Where m is the mass of the pellet, V shows the volume, r
shows the radius of the pellet, and h shows the thickness of
the cylindrical pellets. We have determined the percentage
porosity by the following relation (Farea et al., 2009):

%Porosity = (1— £22) x 100
Pth

(4)

The theoretical density increases with the doping of Zr**
ion at Ti —site from y = 0.0 to y = 0.3 on the other hand,
with further increase in doping of Zr** ion, it decreases for
y = 0.4. This could be because of donor doping, which
produces oxygen and cation vacancies to preserve charge
neutrality. The oxide system that consists of oxygen
vacancies encourages mass transport during sintering,
resulting in denser grains (Batoo et al., 2021).

Porosity fluctuation may be correlated with the presence
of a particle size distribution, i.e., smaller the particle size,
lower the porosity, and vice-versa (Yan et al., 2011). Therefore,
the rise in porosity with an increase in Zr** ion shows an
increase in particle size. Thus, variation in theoretical density
and porosity shows that with the increase in Zr ion in the
BTO-BFO lattice, particle size increases.

DC Conduction Properties

The plots of DC conductivity versus temperature for
Zr-doped BTO-BFO ceramics are shown in Figure 3.
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Figure 3: Temperature-dependent DC conductivity graph for
compositions:y=0.0,y=0.2,y=0.3and y=0.4.
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Table 2: Activation energy, E_ for DC conduction in the system
[(Ba,, Bij,) (Ti Zry) Fe, ;1 O,

0.7-y

Composition Temperature range (°C) E_(eV)
y=0.0 72-202 0.57
207-337 0.58
y=0.2 102-202 0.54
207-317 1.1
y=03 87-242 0.657
247-327 0.659
y=04 97-242 0.68
247-322 0.84

All the compounds show negative temperature coefficients
of resistance, i.e., the resistance decreases when temperature
increases. For all the compounds, i.e., y = 0.0-0.4, plots
show two linear regions in the temperature range of 27
to 447°C, which indicates that DC conductivity follows the
Arrhenius behavior. The activation energy (E) obtained
by least square data fitting at various temperature ranges
is given in Table 2. In all the compounds, the value of E,
increases with an increase in temperature. The obtained
activation energies (E ) lie in the same range as reported in
the previous literature (0.8-1.1 eV)(Mahesh Kumar, Srinivas, et
al., 1998). The conductivity value for Zr doped compound is
considerably less at RT (1.16 X 10° Q'cm™) when compared to
undoped BTO-BFO (2.35 X 10 Q'em™). Impurity conduction
may be the cause of the initial slope change (Mahesh Kumar,
Suresh, et al., 1998).

Conclusion

In the present work, the multiferroic compounds with
compositions y = 0.0-0.6 in the system (1-x) BTO - (x)BFO
were synthesized and studied for structural and electrical
properties. Room temperature XRD reveals the formation of
a single-phase solid solution. XRD analysis reveals the cubic
structure for the compositions (y=0.0,0.2,0.3 and 0.4). The
measurement of temperature dependent DC conductivity
showed that studied ceramics are semiconductor in nature.
Thus, studying the above material and enhancement in its
electrical properties finds a base for device engineering.
This could include investigating new materials with unique
electronic properties, such as 2D materials like graphene.
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