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This article describes an investigation of the chemical and physical characteristics of calcium
titanium oxide (CaTiO3), with a focus on its structural and electrical properties. Nanocrystalline
CaTiOs was synthesized using the solid-state technique. The samples' crystal structure was
characterized using X-ray diffraction (XRD) and Raman spectroscopy. At room temperature,
the study identified an orthorhombic crystal structure with a Pbnm (62) space group. In addition
to structural characterization, the study investigated the ferroelectric and impedance properties
of CaTiO;. These measurements were crucial for understanding charge transport mechanisms,
revealing insights into polarization behavior and charge mobility, and highlighting the material's
potential in electronic devices.
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1. Introduction

Electroceramics nowadays has a broad range of applications in transducers, actuators, sensors,
high dielectric constant capacitors, resistors, etc. Perovskite materials with the ABOs; formula are the
most used materials in these applications [1-9]. These materials with ABO; structures are well known
as perovskite with its A cation sitting at the corner of the unit cell with an octahedral of BOs. This
structure is usually distorted by chemical substitution or external stresses. In these applications, lead-
based perovskite materials such as lead zirconate titanate, lead titanate and modified lead zirconate
titanate are widely used. But to make environment -friendly lead-free perovskite is yet to be established
compared to lead-based perovskite materials. Hence, various lead-free perovskites such as;
Ko.5NagsNbOs, BigsNagsTiO3;, BaTiOs;, etc. have been investigated by the researchers. Calcium titanate
(CaTi0:3) is one of the perovskite materials investigated for these applications. Its structural change with
temperature and chemical pressure tune its physical properties for applications. As the temperature rises,
it undergoes a structural shift from orthorhombic to tetragonal, followed by tetragonal to cubic [10]. It
also shows promising electrical and optical properties and, is used for capacitors in electronic circuits,
microwave resonators, ceramic condensers, radioactive waste detectors, and high-frequency filters [11].
The properties of it can be altered by doping at the Ca, Ti, or both Ca and Ti sites. While the material's
electrical and optical properties have been explored, further exploration into its structure, electrical
characteristics, and ferroelectric properties is required to improve its ferroelectric and dielectric
performance. This will allow for a deeper understanding of how to tailor its structure for a wide range
of applications.

2. Experimental

Calcium titanate was prepared using a solid-state reaction method. The precursor materials were
taken as calcium oxide (CaO) and titanium oxide (TiO,) powders, and ground in mortar pastel for 6
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hours with acetone as the medium. After 3 hours of calcination at 730°C, the powder was left in the
furnace to cool to room temperature. Calcined samples were extremely hard. These were ground for 3
hours to bring them to the powder form. Polyvinyl alcohol (PVA) was used to bind the calcined powder
to prepare the pellets. The crushed powder of the sintered pellet was analyzed for phase identification
and structural investigation using a Smart Lab 9 kW X-ray diffractometer (Rigaku, Japan). The Cu-Ka
radiation source has a wavelength of 1.54052 4. The 20 range of 20° to 80°, with a scanning rate of
2°/min of X-ray diffraction data has been taken at room temperature. For electrical measurements, silver
electrodes were placed to the pellets' smooth, polished surfaces with silver paste, which was then dried
at 150°C. Field Emission Scanning Electron Microscope (FESEM, Sigma 300) of Carl Zeiss was used
to examined the surface morphology of the materials. An N4L LCR meter (PSM 1735) was used to
evaluate impedance qualities at room temperature between 10? and 10° Hz. The Raman spectra were
measured at room temperature using a 514.5 nm laser source from a Micro-Raman spectrometer (Seki
Technotron Corp). Radiant Technologies' RT6000S Ferroelectric Test System was utilized to measure
the ferroelectric hysteresis loops.

3. Result and discussion

The X-ray diffraction pattern of CaTiO3 is illustrated in Figure 1. CaTiOs's XRD peaks match
the JCPDS database (No. 22-0153) [13], indicating a perovskite structure with orthorhombic symmetry.
The average crystallite size has been calculated using the Debye-Scherrer formula as follows; [12]
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To account for the expected circular shape of the grains, the shape-dependent constant k is set
to 0.89. The parameter f§ represents the full width at half maximum (FWHM) of the diffraction peak.
The average crystallite size is estimated to be about 42nm.
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Fig. 1. XRD diffraction pattern of CaTiO3.

The Williamson-Hall (W-H) plot method was also utilized to measure microstructural
parameters such as crystallite size and microstrain by broadening XRD peaks. The Williamson-Hall
equation is expressed as follows.: [13]
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8, B, and € represent the diffraction angle, full width at half maximum (FWHM), and lattice strain.
Figure 2 shows the Williamson-Hall plot for CaTiOs. This process yields an average crystallite size of
38 nm.
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Fig. 2. W-H plot of CaTiO:s.
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Fig. 3. Raman spectra of CaTiO:3.

Figure 3 shows Raman spectra of CaTiOs samples at room temperature. Calcium titanate, with
its orthorhombic structure belonging to the Pbnm space group, theoretically exhibits 24 Raman-active
modes. However, due to low polarizability, only a few of these modes are observed experimentally [14-
15]. The absorption band about ~152 cm™ represents the vibrations of Ca bonds with the Ti-Os group
[16]. The bending mode of O-Ti—O bonds has been observed at 175, 218, 241, and 280 cm™ are
attributed to or the tilting of adjacent [TiOs]-[ TiOs] clusters [17]. Bands between 218-380 cm™ indicate
the rotation of oxygen chains. The band at 196 cm™ corresponds to the migration of Ca-site ions
[18].The Ti-Os torsional mode, caused by internal vibrations or bending of the oxygen cage, appears at
463 cm™. The band at 681 cm™ is due to the symmetric stretching vibration of Ti-O bonds, which
indicates distortions in the titanium octahedra [19-21]. Additionally, stronger interactions between Ti—
O bonds at a lower percentage suggest enhanced vibrations of the [TiOs]-[TiOs] clusters, particularly
around 241 cm™! in the perovskite structure.
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Fig. 4. FESEM micrographs of CaTiOs.

Figure 4 shows FESEM micrographs of CaTiOs. The photos show that the grains are almost
spherical in form and closely packed together. The grain size is critical in determining the dielectric and
ferroelectric characteristics of the samples.
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Fig. 5. Variation of dielectric constant with frequency of CaTiO3 samples.
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Fig. 6. Variation of dielectric loss with frequency of CaTiOs samples.
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Figure 5 shows how the dielectric constant varies with frequency in CaTiOs samples, displaying
normal dielectric behavior.At low frequencies, polarizations such as ionic, electronic, dipole, and space
charge contribute significantly, resulting in a high dielectric constant. Dislocations, voids, and defects
inside the crystal structure in nanoferrites also increase the dielectric constant at low temperatures. As
the frequency increases, dipoles in weakly bonded interfacial and boundary regions become depolarized,
leading to a decrease in the dielectric constant. At higher frequencies, orientation polarization is
constrained, hence limiting the dielectric constant. At these frequencies, the dielectric constant is
predominantly derived from the grains, whose low resistivity and reduced frequency dependence result
in lesser dielectric constant values. The observed Changes in the dielectric constant with frequency is
explained by space charge polarization in the homogeneous dielectric structure [22].

Figure 6 shows the frequency-dependent dielectric loss (tan §) for CaTiOs; samples. The
dielectric loss decreases with an increase in the frequency of the applied field. This behavior is attributed
to the inability of charge carriers to hop and follow the changes in the externally applied electric field
beyond a certain frequency threshold [22].
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Fig. 7. Cole cole plot of CaTiO3 samples.

Impedance spectroscopy is an effective method for investigating the electrical microstructure
of materials [23]. Figure 7 shows the room-temperature Cole-Cole plots of CaTiOs samples. The
semicircular arcs seen in the figures intersect the real axis at high, non-zero frequencies. A single
semicircle at high frequency represents the grain resistance (Rg) [24]. The observed relaxation behavior
is polydispersive and non-Debye, as demonstrated by the semicircles' centers falling below the real axis
[25]. The experimental data points were fitted using an equivalent parallel resistance and capacitance
circuit model, with ZSimpWin software used to calculate the circuit characteristics. The data points are
represented as symbols, while the fitted curves are shown as lines. To accommodate the data, several
circuit configurations were used, including RgCg, Re(CgR,), and Re(RCg)(RerCyp). Re indicates electrode
resistance, Rg indicates grain resistance, and Rgb denotes grain boundary resistance. Similarly, Cg and
Cgb are the capacitance of grains and grain borders, respectively. The Rc(R.C,) circuit had the best
match, with the lowest chi-square value. The fitted parameters for Re, Rg, and C, are 1.00x10
77.1.43x10 '° and 1.00x10 ', respectively.

Figure 8 illustrates how the real component of impedance (Z') changes with frequency at room
temperature for CaTiOs samples. At low frequencies, Z' is high and decreasing with increasing
frequency, most likely due to space charge release and reduced barrier height. These findings are
consistent with those of previous studies [26-27]. Figure 9 shows how the imaginary component of
impedance (Z”) varies with frequency in CaTiOs samples at ambient temperature. An uneven peak
appears, showing the presence of several relaxation times and verifying non-Debye relaxation behavior
[28-29].
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Fig. 8.Variation of the real part of the impedance with frequency of CaTiO3 samples.
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Fig. 9. Variation of the Imaginary part of the impedance with frequency of CaTiO3 samples.
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Fig. 10. Room temperature electric polarization versus electric field of CaTiO3z sample.



155

To study the ferroelectric properties of CaTiOs,P-E loops were measured and curve is shown in
figure 10, which shows the usual ferroelectric ceramic behaviour. Ferroelectric properties of any
samples depend on various factors such as the size of the particle, ionic radii, phase transition,
polarizability, and temperature [29]. The remant polarization and coercive filed of CaTiOs sample is
0.026uC/cm? and 2.95kV/cm

The energy storage density (W) of the P-E loop can be calculated using the equation below:

W= [ EdP )

where W represents the material's stored electrical energy density, E represents the external electric
field, Pmax represents maximal polarization, and Pr represents remnant polarization. The total energy
density equals the sum of stored energy density and energy loss. CaTiO3 has energy loss density, stored
energy density, and total energy density of 2.83, 4.12, and 6.95 J/em®, respectively.

4. Conclusions

CaTii~«Fe,Os crystallizes in an orthorhombic structure belonging to the Pbnm (62) space group
at Fe concentrations of 0, 2, 4, 6, 8, and 10 mol%. Impedance analysis demonstrates polydispersive
relaxation behavior that is not of the Debye type.The ferromagnetic nature has been observed in the Fe
doped CaTiO; and magnetization (~1.5 emu/g at 30 kOe) was found to be the maximum for 10 mol%
of Fe cations. The ferroelectric polarization with maximum energy storage density (~300 J/cm®) has
been obtained for the 10 mol% of Fe cations doped CaTiOs The present observations suggest that CaTi;.
«FexOs3 with x = 10 mol% can be considered as a multiferroic material that needs to be explored in the
future for technological applications.
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