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ABSTRACT
In this study, the elastic, electronic, optical and 
thermoelectric properties of CaTiO3 perovskite oxide  have 
been investigated using first-principles calculations. The 
generalised gradient approximation (GGA) has been 
employed for evaluating structural and elastic properties, 
while the modified Becke Johnson functional is used for 
studying the optical response of this compound. In addition 
to ground state physical properties, we also investigate 
the effects of pressure (0, 30, 60, 90 and 120 GPa) on the 
electronic structure of CaTiO3. The application of pressure 
from 0 to 90 GPa shows that the indirect band gap (Γ-M) 
of CaTiO3 increases with increasing pressure and at 120 
GPa it spontaneously decreases transforming cubic CaTiO3 
to a direct (Γ-Γ) band gap material. The complex dielectric 
function and some optical parameters are also investigated 
under the application of pressures. All the calculated optical 
properties have been found to exhibit a shift to the higher 
energies with the increase of applied pressure suggesting 
potential optoelectronic device applications of CaTiO3. The 
thermoelectric properties of CaTiO3 have been computed 
at 0 GPa in terms of electrical conductivity, thermal 
conductivity and Seebeck coefficient.

1.  Introduction

The perovskite oxide of titanium in the 4+  oxidation state (A2+Ti4+O2–
3) have 

been extensively studied owing to their high potential for practical device appli-
cations [1–6]. These compounds have also been widely explored for addressing 
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fundamental research issues, e.g. the kinetics of structural phase transition induced 
by various parameters like, temperature, pressure, strain, impurities and defects 
[7–9]. Ideally the ATiO3 perovskites oxides adopt a cubic crystal structure where 
the B site cation resides at the centre of an octahedra formed by six O atoms, 
whereas the A site cation occupies a site which is 12-fold coordinated with the 
O atoms [10]. Among these materials, CaTiO3 (CTO) exhibits orthorhombic, 
tetragonal and cubic phases, depending on the pre- and post-growth conditions, 
which can lead to utilising this material in devices requiring semiconductor, die-
lectric and catalyst properties. In addition, various experimental techniques have 
been employed for the growth of CTO in the form of bulk [11], thin film [12], 
nanocrystal [13] and super-lattices [14]. The stable cubic modification of CTO 
[15] can be attributed to the ionic radii of Ca since the barium containing titante 
of the same family (BaTiO3) exhibits a stable tetragonal structure [16]. Recent 
experimental works suggest that the strain offered by the substrates to the CTO 
can affect the crystal structure which can give rise to symmetry induced ferroe-
lectric polarisation [17].

In the past, numerous theoretical investigation have been carried out for explor-
ing the bulk and surface properties of CTO using first-principles calculations. 
For instance, Wang et al. [18] used density functional theory (DFT) to explore 
the influence of Ti atom’s displacements on ferroelectric properties of CTO. The 
(0 0 1) surfaces CaO and TiO2 terminations of CTO have been investigated [19] by 
Wang et al., while the influence of intrinsic vacancy defects on the opto-electronic 
properties of CTO in both orthorhombic and cubic phases are also available in 
the literature [20]. Although a lot of useful electronic and optical data has been 
reported for the ground state properties of CTO using standard DFT approaches 
[21,22], a thorough investigation of the electronic structure, optical properties and 
the thermoelectric response of CTO with improved exchange-correlation energy 
functional of DFT at ground state as well as under the application of hydrostatic 
pressure is still lacking in literature.

In this study, we compute the ground state mechanical, electronic, optical 
and thermoelectric properties of cubic CTO by employing recently developed 
exchange-correlation functionals of DFT. Since the response of ceramic materials, 
such as CTO, to the application of external pressures is extremely important to 
determine their potential device applications, we aim at exploring the pressure 
dependence of elastic, electronic and optical properties of CTO. Since increasing 
demands of energy efficient devices has triggered a search for alternative materials, 
the thermoelectric energy is of prime interest as it can be useful in generating 
electricity from the wasted heat energy during device operation. Thermoelectric 
materials find wide range of applications and exist in semiconductors, semimetal 
and ceramics in single crystal, poly-crystal and nano-composite forms. Motivated 
by this, we have also explored the ground state thermoelectric properties of CTO 
[23–25] which have not been investigated earlier with ab initio calculations, to 
the best of our knowledge.
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2.  Computational method

The DFT calculations are performed using the WIEN2k code which is based on 
full-potential linearised augmented plane wave (FP-LAPW) method [26]. The 
structural parameters have been optimised using the PBEsol generalised gradient 
approximation (GGA) [27], while the modified Becke-Johnson [28] potential 
proposed by Tran and Blaha (TB-mBJ) [29] has been employed for electronic 
and optical properties of CTO. For the muffin-tin model of crystal potential, the 
plane wave cut-off in the interstitial region is controlled by setting RMT × Kmax = 8, 
while inside the atomic spheres the maximum value angular momentum has 
been fixed at 10 for the wave function expansion. A 12 × 12 × 12 k-mesh in the 
irreducible wedge of the Brillouin zone has been used for performing self-con-
sistent calculations which were allowed to terminate when the energy difference 
in two consecutive self-consistent cycles was below 10−4 Ry. The convergence 
of the calculated properties was checked by increasing RMT × Kmax = 9 and the 
k-mesh to 20 × 20 × 20 k-mesh. Our test calculations confirmed the reliability 
of total energy-dependent properties computed using the all-electron FP-LAPW 
method [30,31]. The standard Boltzmann kinetic transport theory and its rigid 
band implementation available in the BoltzTrap code [32] has been employed for 
calculating the thermoelectric properties. Since band structure calculations are 
unable to determine relaxation time, the constant value of relaxation time available 
in the BoltzTrap code is used [32].

3.  Results and discussions

3.1.  Structural and elastic properties

The equilibrium volumes of the cubic cell and the bulk modulus (B0) for CTO have 
been computed by fitting the Birch–Murnaghan equation of state to the computed 
energy vs. volume data. The calculated values are presented in Table 1, where an 
excellent agreement with the experimental and other theoretically values is evident. 
As expected, the lattice parameters of CTO show decrease with increasing pressure 
(Figure 1(a)) that can be used for tuning the electronic properties of CTO [33].

The elastic properties of cubic CTO have been evaluated by employing Charpin 
method [26]. Within the Charpin method the elastic properties of cubic crystals 
are elucidated by the elastic constants C11, C12 and C44. The computed values of 
the C11, C12 and C44 are presented in Table 1 which show good agreement with 
previous experimental as well as theoretical reports [34,35,40]. The bulk modulus, 
B0, can be computed using the calculated elastic constants given by the expression

 

Our calculated value of 190.18 GPa obtained from Equation (1) is close to the 
value obtained from Birch–Murnaghan equation of state which confirms the 

(1)B
0
=

C
11
+ 2C

12

3

D
ow

nl
oa

de
d 

by
 [

Z
ap

ad
oc

es
ka

 U
ni

ve
rz

ita
] 

at
 0

8:
10

 2
1 

A
ug

us
t 2

01
7 



PHILOSOPHICAL MAGAZINE﻿    1887

reliability of the results presented herein. The variation of C11, C12 and C44 and B0 
as a function of applied pressure is shown in Figure 1 (b) where one can easily 
see that all of these values increase linearly with increasing pressure. This should 
be expected since the increase in material’s density resulting from the decrease 
of volume causes an increase in the values of elastic constants and bulk modulus 
B0. The cubic phase of CTO is found to be mechanically stable as it obeys the 
mechanical stability criteria [34,35]:
 

 

 

and
 

To further explore the mechanical behaviour of CTO, we have computed the 
Kleinman parameter, ζ (GPa), anisotropy factor, A, Young’s modulus, E (GPa), 
shear modulus, G (GPa) and the ratio of bulk modulus and shear modulus B0/G 
using the calculated C11, C12 and C44 listed in Table 1. The Kleinman parameter 
describes the ratio of the possibility of bond bending (which is minimum for 
a value close to zero) to that of the bond stretching. Our calculated value of 
Kleinman parameter 0.420 (see Table 1) indicates that at ground state bond bend-
ing is less favored. Even at 120 GPa, the calculated value of Kleinman parameter 

(2)C
11
− C

12
> 0

(3)C
44
> 0

(4)C
11
+ 2C

12
> 0

(5)C
12
< B

0
< C

11

Table 1. Calculated properties of CaTiO3 at 0 GPa computed using PBEsol GGA functional.

Note: For the sake of comparison the available experimental and theoretical data is also provided. a0: lattice param-
eters (Å); B0: bulk modulus (GPa); Eg (Γ-M): the indirect fundamental energy band gap (eV); C11, C12 and C44: the elas-
tic constants (GPa); ζ: Kleinman parameter (GPa); E: Young’s modulus (GPa); G: shear modulus (GPa); A: anisotropy 
factor (dimensionless); B0/G: the ratio of bulk modulus and shear modulus (dimensionless).

aRef. [19].
bRef. [40].
cFrom Birch–Murnaghan equation of state (FP-LAPW method).
dFrom B

0
=

C
11
+2C

12

3eRef. [34].
fRef. [41].
gRef. [42].
hRef. [43].

Parameter

CaTiO3    

This work Other calculations Experimental
a0 3.844 3.88a 3.859b

B0 189.203c, 190.18d 174.6e 176f

Eg (Γ-M) 1.98 (GGA), 2.93 (mBJ) 1.5g 3.5h

C11 370.12 331.4e  
C12 100.20 96.2e  
C44 105.36 95.9e  
ζ 0.420  
E 289.92 104.1e  
G 116.34    
A 0.78    
B0/G 1.626c, 1.635d    
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1888   ﻿ N. A. NOOR ET AL.

is 0.401, suggesting that even under the application of high pressure the bond 
bending is minimum in CTO [7].

The calculated value of anisotropy factor A is found to be 0.78. This shows 
that CTO is mechanically anisotropic since the values of A deviates from unity 
which represents a mechanically isotropic material. We also present the calculated 
Young’s Modulus (E) in Table 1 which defines the tensile elasticity of a material. 
In order to identify the ductile or brittle nature of CTO, the B0/G is calculated 
by dividing Bulk modulus B0 with shear Modulus G. The critical value of B0/G is 
1.75 below which a material demonstrates brittle nature. Our calculated values of 
1.626 and 1.635 using bulk modulus computed from Birch–Murnaghan equation 
of state and Equation (1), respectively, predict CTO to be brittle.

3.2.  Electronic properties

Since experimental [7] as well as theoretical [8] under pressure investigations for 
CTO show stability of this compound at high external pressure, we have investi-
gated the effect of hydrostatic pressure on the opto-electronic of calcium titante 

Figure 1. (colour online) (a) The calculated lattice parameters and (b) the elastic constants C11, C12, 
C44 and bulk modulus B0 for CaTiO3 plotted as a function applied pressures (0–120 GPa).
Note: All results computed using PBEsol GGA functional.
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by raising the pressure from 0 to 120 GPa in steps of 30 GPa. The electronic band 
structures of CTO calculated at five values of the applied pressures are shown in 
Figure 2. The band structure at 0 GPa shows that valence band maxima (VBM) 
and conduction band minima (CBM) are located at the M-point Γ-point, respec-
tively. This shows that at ambient conditions CTO is an indirect band gap sem-
iconductor. Our calculated TB-mBJ band gap, Eg, of CTO at 0 GPa is 2.930 eV 
which compares well with experimental Eg as compared to GGA values reported 
in the literature [36]. This is due to the use of TB-mBJ potential, which performs 
better than standard LDA and GGA functionals for reproducing the electronic 
properties of wide band gap materials. In addition, the valence band appears to 
be well confined below the Fermi level, EF, indicating semiconducting nature of 
CTO which is in accordance with the previous reports [36].

The increase in pressure (from 30 to 120 GPa) appears to cause a shift in the 
conduction band levels towards higher energies; however, the CBM always resides 
at the Γ-point. On the other hand, application of pressure tends to widen the 
valence band of CTO with an almost linear extension in the lower part of the 

Figure 2.  (colour online) The electronic band structures of CaTiO3 under the application of 
hydrostatic pressure (0, 30, 60, 90 and 120 GPa) calculated using TB-mBJ potential.
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1890   ﻿ N. A. NOOR ET AL.

upper valence band as the pressure increases. A relatively slow pressure induced 
shift in the upper part of the valence band is also evident from Figure 2 where 
the filled electron levels appear to shift towards higher and lower energy level 
at Γ-point and M-point, respectively. By comparing the behaviour of electron 
energy levels at these two symmetry points, it is interesting to note that the VBM 
resides at M-point up to 90 GPa, while the VBM is located at the Γ-point for 120 
GPa indicating a transition from indirect band gap Eg (Γ-M) to direct band gap 
Eg (Γ-Γ). In order to further elucidate the effects observed in the electronic band 
structures, the total density of state (TDOS) and partial density of states (PDOS) 
for 4s-orbitals of Ca, 3d-orbitals of Ti and 2p-orbitals of O are plotted against 
energy in Figure 3. The main contribution in the hybridisation process is from 
the Ti-3d states and O-2p states with a minor contribution coming from the 
Ca-4s states. It is clear that the VBM is slightly shifted due to increase in pressure 
from 0 GPa to 120 GPa, while the bottom of valence band is considerably shifted 
towards more negative energies. Similarly, appreciable shift of the states in the 
conduction band toward higher energy can be observed, which leads to increase 

Figure 3. (colour online) The total and partial density of states for CaTiO3 at 0, 30, 60, 90 and 120 
GPa calculated using TB-mBJ potential.
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of the band gap. Comparison of Figures 2 and 3 suggests that the hybridisation 
of Ti-3d and O-2p state is modified with the increasing pressure. At 120 GPa the 
contribution of the O-2p states to the upper part of the valence band decreases 
considerably which causes the occupied O-2p states at the VBM to rise towards 
the EF at the Γ-point and consequently transformers indirect band gap CTO to a 
direct band gap material.

The calculated energy band gaps and the absolute energy separation of the 
core level (not shown in Figure 2) from the valence band edge (VBE) and con-
duction band edge (CBE) at Γ and M symmetry points are shown in Figure 4. 
The calculated energy band gaps (Eg(Γ-Γ), Eg(M-M) and Eg(Γ-M)) clearly show 
an indirect to direct band gap transformation in cubic CTO at 120 GPa. The 
crossover of the Eg(Γ-Γ) and Eg(Γ-M) lines in Figure 4(a) allows us to predict that 
cubic CTO adopts a direct fundamental energy band gap for pressure >100 GPa. 
The transformation of indirect band gap to direct band gap can be justified by the 
fact that the decrease/increase in the lattice volume/pressure results in increased 
hybridisation. As a consequence, an enhancement in the repulsion occurs in the 
crystal field causing an increase in band gap which is dictated by the shift of CBM 
to higher energies. The energy separation between core level and the CBE at Γ and 
M symmetry points in Figure 4(c) clearly shows that the conduction band moves 
almost linearly away from the EF with increasing pressure. On the other hand, the 
difference of energy between the core level and VBE at Γ and M symmetry points 
show increasing and decreasing separation, respectively, as pressure increases 
from 0 GPa to 120 GPa. Consequently, the VBM shifts from the M-point to the 
Γ-point at a pressure of 120 GPa.

3.3.  Optical properties

The exposure of a material to incident radiations may result in the absorption of 
incident energy (photon) by an electron in valence band which gets excited to 
the conduction band states. Since the possibility of the absorption of a photon 
depends strongly on the available electrons energy levels, optical properties are 
directly related with the electronic band structure of a material. In this regard, the 
computation of the complex dielectric function (ε(ω) = ε1(ω) + ε2(ω)) provides 
useful information concerning the optical response of a material. The selection 
rule for allowed optical transition in a material is governed by the momentum 
matrix element which is related to the imaginary part of complex dielectric func-
tion (ε2(ω)) by
 

In above equation, Mcv(k) = ⟨uck��e�uvk⟩ and δ are momentum dipole elements, 
and potential vector, respectively, while e, M and ω represent the charge, mass 

(6)�
2
(�) =

e2ℏ

�m2
�

2

∑

v,c
∫BZ

[
|Mcv(k)|2�[�cv(k) − �]

]
d3k
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1892   ﻿ N. A. NOOR ET AL.

Figure 4. (colour online) Pressure induced variation in (a) direct and indirect band gaps at selected 
symmetry points ((Γ-Γ), (Γ-M) and (M-M)). The absolute energy separation of the core level (not 
shown in Figure 2) from the (b) VBE and (c) CBE at Γ and M symmetry points as a function of 
applied pressure.
Note: All results obtained using TB-mBJ potential.
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and angular frequency associated with electrons. Mcv(k) represents the matrix 
elements for direct transitions between valance band state ||uvk

⟩
 and conduction 

band states ||uck

⟩
 such that the transition energy is equal to Eck – Evk. The real part 

of the complex dielectric function, on the other hand, is calculated by employing 
the Kramers–Krönig relation [37],
 

The calculated values of real and imaginary parts of the complex dielectric func-
tion for various values of the applied external pressure are plotted in Figure 5 
against incident photon’s energy ranging from 0 to 30 eV. It is evident that the 
major peaks of ε1(ω) for CTO are shifted to higher energy values with increasing 
external pressure. Therefore, the transparency of CTO to incident electromagnetic 
radiations of lower energies increases with the application of pressure. Further 
increase in the incident photon’s energy results in the decrease of ε1(ω) which 
finds a minimum beyond 5 eV. The real part of the complex dielectric function 
for 0 GPa reveals as minima between 5 and 6 eV and shows a second maxima just 

(7)�
1
(�) = 1 +

2

�
P

∞

∫
0

�
�
�
2
(��)

�
�2 − �

2
d��

Figure 5. (colour online) The (a) Real ε1(ω), and (b) imaginary, ε2(ω), parts of the dielectric function 
plotted against incident photon’s energy at various applied pressures (0–120 GPa) calculated 
using TB-mBJ potential.
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below 7.5 eV. This second maxima of ε1(ω) tends to disappear with the increase 
of pressure from 0 to 120 GPa. Beyond 7.5 eV, all the ε1(ω) curves show a shift 
from positive values to negative values. The negative values of ε1(ω) demonstrate 
that between 7.5 and 15 eV CTO attenuates incident electromagnetic waves. The 
onset of this attenuation is clearly shifted to higher energy values as the pressure 
is increased from 0 to 120 GPa. Between 15 and 28 eV, ε1(ω) retains positive 
values. The systematic shift of the ε1(ω) towards higher energy values of incident 
photon’s energy reveals that hydrostatic pressure can be utilised for tuning the 
optical response of CTO.

The static dielectric constant (ε1(0)) is obtained from the zero frequency limit 
of incident phtoton’s energy which is plotted as a function of pressure in Figure 6. 
It is clear that ε1(0) decreases from 4.592 to 4.404 when the pressure is increased 
from 0 GPa to 90 GPa, while a value of 4.433 is obtained for 120 GPa. These results 
are in accordance with the variation of the energy band gaps shown in Figure 4(a) 
where a transition from indirect (M-Γ) to direct (Γ-Γ) band gap results in lower 
fundamental energy band gap at 120 GPa. The inverse behaviour of ε1(0) satisfies 
the Penn’s model [38], �

1
(�) ≈ 1 + (ℏ�

/
Eg
) where ωp is the plasma frequency.

The refractive index n(ω), extinction co-efficient k(ω), reflectivity R(ω), optical 
conductivity σ(ω)and absorption coefficient α(ω) are computed from the calcu-
lated ε1(ω) and ε2(ω) using [39]

 

 

 

(8)n2 − k2 = �
1

(9)2nk = �
2

(10)R =
(n − 1)2 + k2

(n + 1)2 + k2

Figure 6.  The static part of the dielectric function, ε1(0), illustrating variation with increasing 
pressure calculated using TB-mBJ potential.

D
ow

nl
oa

de
d 

by
 [

Z
ap

ad
oc

es
ka

 U
ni

ve
rz

ita
] 

at
 0

8:
10

 2
1 

A
ug

us
t 2

01
7 



PHILOSOPHICAL MAGAZINE﻿    1895

 

The refractive index, n(ω), and the extinction coefficient, k(ω), of CTO are plotted 
in Figure 7(a–b). It is clear that the variation of n(ω) (which governs the ability of 
CTO to allow the electromagnetic radiations to pass through it) and k(ω) (which 
dictates CTO’s capability to attenuate electromagnetic radiations) with photon’s 
energy is closely related to the variation of ε1(ω) and ε2(ω), respectively, presented 
in Figure 5. From the calculated variation of reflectivity R(ω) with the incident 
photon’s energy shown in Figure 8(a) it is clear that reflectivity is maximum wher-
ever ε1(ω) adopts minimum or a negative value. The first maxima in R(ω) arises 
around 5 eV and the second and third maximas are located between 7.5 and 15 eV. 
All the calculated curves of R(ω) are shifted towards higher energy values as the 
external pressure is increased showing that reflectivity of cubic CTO can be tuned 
with the application of pressure.

The variation of absorption coefficient, α(ω), is presented in Figure 8(b) for 
different values of applied pressures (0–120 GPa) as a function of incident pho-
ton’s energy. In all cases, α(ω) is zero for the incident energy values which are less 
than the fundamental energy band gap values shown in Figure 4(a). Since the 

(11)�(�) =
4�k(�)

�

Figure 7. (colour online) The (a) Refractive index n(ω), and (b) extinction coefficient, k(ω), plotted 
against incident photon’s energy at various applied pressures (0–120 GPa).
Note: Results obtained using TB-mBJ potential.
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absorption edge initially lies just below 3 eV, CTO is transparent to infrared part of 
the electromagnetic spectrum. On increasing the external pressure the absorption 
edge crosses 3 eV indicating a shift to the ultraviolet part of the electromagnetic 
spectrum. The plots of α(ω), calculated from 0 GPa to 90 GPa shows that few 
peaks appear before reaching maximum absorption, which is due to the existence 
of indirect band gap. Interestingly, at 120 GPa indicates an approximately linear 
absorption with incident energy confirming the direct band gap nature of CTO at 
this pressure. Moreover, the absorption edge is placed below the absorption edges 
at 90 and 60 GPa, in confirmation with fundamental band gaps shown in Figure 

Figure 8. (colour online) The (a) Reflectivity, R(ω), (b) absorption coefficient, α(ω), and (b) optical 
conductivity, σ(ω), plotted against incident photon’s energy at various applied pressures (0–120 
GPa).
Note: Results obtained using TB-mBJ potential.
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4(a). Strong absorption also appears just below 30 eV; however the application of 
external pressure suppresses the magnitude of absorption which leads to lowest 
absorption at 120 GPa at high energy ranges of incident photons. The calculated 
optical conductivity (Figure 8(c)), σ(ω), depicts the conduction induced by the 
electrons which move from valence band to the conduction band upon absorption 
of incident light. Since the optical conductivity appears as a result of absorption, 
the features of the curves in Figure 8(b) and (c) are closely related. The peaks in 
Figure 8(b) and (c) represent optically induced electronic transitions between 
different states of the occupied valence band and the unoccupied conduction band

3.4.  Thermoelectric properties

In the present study, we explore the thermoelectric behaviour of CTO at ambient 
pressure because CTO band gap shows an increase with the applied pressure 
but thermoelectric properties are mostly suitable in small band gap materials. 
Thermoelectricity is realised due to the heat energy, which produces potential 
difference across the edges of the material and is known as the Seebeck effect. 
The thermoelectric efficiency of a material can be evaluated at a certain value 
of temperature T by computing power factor which is given by σS2. Here σ and 
S represent the electrical conductivity and Seebeck coefficient, respectively. The 
calculated electrical conductivity per relaxation time of cubic CTO at 0 GPa is 
plotted against temperature in Figure 9(a). The increase in temperature causes a 
linear increase in electrical conductivity, which is due to the thermal excitation of 
the electrons in the valence band. The calculated electrical conductivity is found 
to be 0.835 × 1019 (Ω m s)–1 at room temperature, RT (300 K), which increases to 
2.224 × 1019 (Ω m s)–1 at 800 K. It is important to point out here that the calculated 
values of σ/τ (where τ is the relaxation time) are directly related to the band struc-
ture of cubic CTO (Figure 2) and the concentration and type of charge carriers. 
The electronic part of the thermal conductivity, ke, has also been calculated for 
CTO and is presented in Figure 9(b). The thermal conductivity, ke, exhibit smaller 
values in the low temperature range; however, it reaches to 1.413 × 1014 (W/m K s) 
at RT and attains maximum value of 10.547 × 1014 (W/m K s) at 800 K. Since the 
total thermal conductivity demonstrates material’s capability for heat conduction, 
which depends on both the electronic and lattice contributions, the temperature 
dependent enhancement in ke, (Figure 9(b)) may impede pristine CTO’s potential 
thermoelectric device applications. However, tuning the thermal conductivity of 
CTO by means of chemical or mechanical strain may lead to performance suitable 
for practical purposes.

The Seebeck coefficient or the thermoelectric power, S, for CTO is plotted 
in Figure 9(c), which shows the generation of potential difference due to the 
temperature difference. It is clear that S increases rapidly with the rise of temper-
ature up to 200 K and then varies relatively slowly for higher values of T. In the 
temperature range 450–800 K, the average value of S is found to be 205 (μV/K). 
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Although τ for CTO under the application cannot be estimated, we also compute 
the variation of S for CTO under the application of hydrostatic pressures. It is 
clear from Figure 9(c) that pressure up to 90 GPa does not cause large variation 
in the overall variation of S; however, at 120 GPa a considerable decrease in the 
Seebeck coefficient is evident for temperature ranging between 150 and 700 K. 
This is a direct consequence of the direct to indirect band gap transition discussed 
above and the resulting smaller fundamental energy band gap. The calculated 
power factor of CTO at 0 GPa is plotted in Figure 9(d). The linear increase of the 
power factor to 9.49 × 1010 W/m K2 s at 800 K shows that CTO-based devices 
may be useful for higher temperatures applications. These results reveal that CTO 
promises potential thermoelectric device applications.

4.  Conclusions

In conclusion, we have investigated the structural, elastic, electronic, optical 
and thermoelectric properties of cubic CaTiO3 perovskite oxide using DFT. 
The structural and elastic properties are found to be in good agreement with 
the experimental data, while the TB-mBJ functional gives accurate account of 
electronic properties at ground state as well as under the application of hydro-
static pressure (30, 60, 90 and 120 GPa). The calculated elastic parameters for 

Figure 9. (colour online) The calculated (a) electrical conductivity per relaxation time, (b) thermal 
conductivity per relaxation time, (c) Seebeck coefficient, S and (d) power factor per relaxation 
time, as a function of temperature.
Note: All the properties, except the Seebeck coefficient, are computed only at the ground state lattice parameter 
(i.e. 0 GPa).
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CTO, in the cubic phase, prefers bond stretching and mechanical anisotropic 
is present. We also conclude that CTO has a brittle nature. Under the applica-
tion of pressure, the electronic band structure of CTO shows an indirect band 
gap (Γ-M) up to 90 GPa, while a shift from indirect to direct band gap (Γ-Γ) 
is achieved at 120 GPa. It is found that the hybridisation of Ti-3d and O-2p 
state is enhanced with the increasing pressure that results in the appearance of 
direct band gap. This transformation from indirect to direct band gap indicates 
potential application of CTO in opto-electronic devices. The imaginary part of 
the dielectric function, ε2(ω), extinction, k(ω) and absorption coefficient, α(ω), 
indicate that CTO can absorb radiations for a wide region of electromagnetic 
spectra. The static part of the dielectric constant ε1(0) and the band gap show 
inverse relation which is in agreement with the Penn’s model. The calculated 
thermoelectric behaviour of CTO shows that utilisation of this material in 
thermoelectric devices requires optimisation of thermal conductivity value. 
Using the values of calculated electrical conductivity, thermal conductivity and 
the power factor in ZT =

�S2

k
T, we find that CTO can achieved an efficiency 

of 0.075.
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