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The elastic constants of perovskite oxides ATiO3 (A = Ba, Sr, Ca) in the cubic phase are calculated using the full-

potential linearized augmented plane wave method within the density functional theory in its generalized gradient 

approximation. The modified Becke-Johnson potential (TB-mBJ) is applied for the electronic structure calculation. The 

calculated results are used to obtain the Young's modulus, shear modulus, Poisson’s ratio, isotropic shear modulus, 

longitudinal, transverse and average sound velocities, Zener anisotropy factor, Kleinman parameter and Debye temperature 

of the systems. The calculated results are compared with the available experimental data.  
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1 Introduction 

 ABO3 type perovskite oxides are very important 

materials for their numerous technological 

applications in electro-optics, waveguides, laser 

frequency doubling, high capacity computer memory 

cells etc
1,2

. The response of these oxides to an applied 

stress is determined by the elastic constants (Cij) 

which give the information about the binding 

characters between the adjacent atomic planes, the 

anisotropic character of the bonding and structural 

stability of the systems. Cij can easily be determined 

from first principles calculations using density 

functional theory (DFT). Using the values of Cij, the 

isotropic bulk modulus, shear modulus, Young’s 

modulus and the Poisson’s ratio of the materials can 

be obtained.  

 A well known example of perovskite oxides is 

ATiO3 (A = Ba, Sr, Ca), where BaTiO3 (BT) 

undergoes a sequence of phase transitions with 

increasing temperature at 183, 278 and 393 K. Its 

structure transforms from rhombohedral to 

orthorhombic, from orthorhombic to tetragonal and 

from tetragonal to cubic, respectively
2
. Similarly, 

CaTiO3 (CT) is orthorhombic with space group Pbnm 

below 1380 K and belongs to another orthorhombic 

space group Cmcm between 1380 and 1500 K. At 

1500 K, it transforms into tetragonal phase and finally 

above 1580 K, it becomes cubic
3
. SrTiO3 (ST) 

deviates from that of BT and CT as it has simple 

cubic perovskite structure at high temperature and 

goes through an anti-ferrodistortive AFD transition at 

105 K to a tetragonal phase in which the oxygen 

octahedra have rotated by a small angle along the  

c-axis in opposite sense in neighbouring unit cells
2
. 

BT has a wide range of applications from dielectric 

capacitors to nonlinear optic devices
2
.
 
ST has been 

attracted for fundamental research and perspective 

application in the field of ferroelectricity, 

optoelectronics and microelectronics as micro-

capacitors, ultrathin gate chips, optical switches and 

so on
4-8

. CT is widely used in electronic ceramic 

materials and in immobilizing high-level radioactive 

waste
9
. It has also been widely used as an additive to 

modify the compositions of ferroelectric perovskite 

BTwith the aim of tailoring their properties for 

various applications
10

. 

 Recently, the relative enthalpy among different 

structures of CT has been studied by Moriwake  

et al
11

. using DFT within the local density 

approximation (LDA). The comparative phonon 

symmetry analysis of BT in four phases has been 

performed by Evarestov and Bandura using DFT in its 

LDA, generalized gradient approximation (GGA) and 

hybrid exchange correlation approximation
12

. The 
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optimization of the sintering temperature of BT has 

been studied by Sreenivasulu et al
13

. A theoretical 

study of magnetization in non-magnetic cubic 

perovskite ST induced by vacancies in Sr, Ti and 

oxygen sublattices has been studied by Shein et al
14

.
 

within the GGA. Bousquet et al
15

. have reported a 

first-principles study of BaTiO3/BaO superlattices for 

a wide range of periodicities using LDA. 
 The mechanical properties of these oxides are 

important in the overall evaluation of the quality and 

suitability of the material to a particular application. 

Hence, the structural, elastic and electronic properties 

of these titanates have been studied. In the present 

paper, a detailed study of structural, elastic, and 

mechanical properties of ATiO3 in the cubic phase has 

been performed. The TB-mBJ potential is applied to 

obtain their band structures. The obtained results are 

compared with the observed experimental data.  
 
 

2 Computational Methods 

 The full-potential linearized augmented plane wave 

(FP-LAPW) method
16

 as implemented in WIEN2K 

was applied for electronic structure calculations of 

ATiO3. We have used the Tran and Blaha modified 

Becke-Johnson potential
17-19 

(TB-mBJ) for calculating 

the electronic properties of the materials whereas the 

elastic properties are calculated using the generalized 

gradient approximation (GGA) of Perdew, Burke and 

Ernzerhof
20

 (PBE). TB-mBJ is a newly developed 

semi-local exchange-correlation functional which 

uses information from kinetic energy density in 

addition to the charge density as employed in standard 

GGA. These TB-mBJ functionals come in the 

framework of Kohn Sham formalism and they are 

computationally less expensive as compared to hybrid 

functionals. The TB-mBJ functionals cannot be used 

for total energy calculations but yield improved  

band gaps in a wide variety of materials
17-19,21

. For 

every case, the wave functions inside the muffin-tin 

spheres (which are expanded into spherical 

harmonics) are taken up to l =10 and the value of the 

parameter RmtKmax was chosen to be 8 which controls 

the size of the basis sets in these calculations. Here, 

Kmax is the maximum value of the reciprocal lattice 

vector used in the plane wave expansion and Rmt is the 

smallest atomic sphere. The calculations were 

performed at the equilibrium lattice constants that are 

determined from the plot of total energy against the 

unit cell volume by fitting to the Birch-Murnaghan 

equation of state
22

. For the calculation of elastic 

constants, we have used the procedure of Birch
23

. 

Muffin-tin sphere radii (RMT) for Ba, Sr, Ca, Ti and 

O are listed in Table 1. 

 

3 Results and Discussion 

 
3.1 Structural properties  

 Figure 1 shows the total energy curve as a function 

of unit cell volume for BT, ST and CT, respectively. 

The optimized lattice constants, isothermal bulk 

modulii, its pressure derivative were calculated by 

fitting the total energy to Birch Murnaghan equation 

of state
22

 defined as:  
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  …(1) 

 

where 0V  is the equilibrium volume and 0B  is the 

bulk modulus and is given by 0 ( / )TB V P Vδ δ= −  

evaluated at volume 0V . 0B′  is the pressure derivative 

of 0B  also evaluated at volume 0V . 

 The structural parameters obtained from volume 

optimization are given in Table 1. It is found that the 

equilibrium lattice constants of BT, ST and CT are 

almost the same as the experimental value. The bulk 

modulus is a fundamental physical property of the 

solids and it can be used as a measure of the average 

bond strengths of atoms of crystals.  

 
3.2 Elastic properties 

 It is well known that the total energy of a crystal in 

the strained state is given by
25

:  

Table 1 — Muffin tin radius (RMT) and bulk modulus of BaTiO3, SrTiO3 and CaTiO3 
 

Compounds Lattice constants (�) RMT (a.u.) Bulk modulus B (GPa) References 
 

BaTiO3 4.024 Ba = 2.5, Ti = 1.94, O = 1.72 166 Present work 

 4.0  162 Expt. [24] 

SrTiO3 3.94 Sr = 2.5, Ti = 1.9, O = 1.69 175 Present work 

 3.89  179 Expt. [24] 

CaTiO3 3.88 Ca = 2.5, Ti = 1.88, O = 1.67 179 Present work 

 3.91   Expt. [3] 
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Fig. 1 — Total energy as a function of lattice constant of (a) 

BaTiO3, (b) SrTiO3 and (c) CaTiO3 

 
0

0( )tot tot eE E P V V φ= + − +   …(2) 

 

where 0
totE  and 0V

 
are the total energy and volume of 

unstrained crystal, V is volume of the strained lattice 

and P  and eφ  are the pressure and elastic energy, 

respectively defined as:  

 

0

0( / )tot VP E V= − ∂ ∂  …(3) 
 

and 
 

2
e ijkl ij kl

V
Cφ ε ε=   …(4) 

(where , , ,i j k l = 1,2,3) 

Further, eφ is modified in Voigt's two suffix notations 

as: 
 

2
e ij i j

V
Cφ ε ε=   …(5) 

 

where ijC  are elastic moduli and can be obtained as: 

 

2

0

1

i j

tot
ij

E
C

V ε ε

∂
=

∂ ∂
  …(6) 

 

 A cubic crystal has only three independent elastic 

constants, namely, C11, C12 and C44. Once we have 

calculated the three elastic constants namely C11, C12 

and C44, the bulk modulus B can be obtained by the 

formula: 
 

11 12

1
( 2 )

3
B C C= +   …(7) 

 

The Zener anisotropy factor A , Poisson’s ratio υ , 

Young’s modulus Y , isotropic shear modulus G , 

Kleinman parameter ζ  and shear modulus C′ can be 

calculated using the following relations
26

: 
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9

3
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+
 …(10) 

and 

 

2

V RG G
G

+
=   …(11) 

 

where GV is Voigt’s shear modulus corresponding to 

the upper bound of G values and GR is Reuss’s shear 

modulus corresponding to the lower bound of G 

values. They can be expressed as: 

 

11 12 443

5
V

C C C
G

− +
=  …(12) 
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11 12 44

5 4 3

( )RG C C C
= +

−
 …(13) 

 

 The Kleinman parameter ζ describes the relative 

positions of cation and anion sub lattices under 

volume conserving strain distortions for which 

positions are not fixed by symmetry and can be 

expressed as: 
 

11 12

11 12

8

7 2

C C

C C
ζ

+
=

+
  …(14) 

 

and shear modulus
27 

is given by: 

 

11 12

2

C C
C

−
′ =  …(15) 

 

The values of Cij are listed in Table 2. It is well 

known that for cubic crystal structure, the necessary 

conditions for mechanical stability
30,31 

are: 

(C11−C12)>0, (C11+2C12)>0, C11>0 and C44>0. These 

conditions are well satisfied for the observed values 

of C11, C12 and C44 of the materials. Thus, these 

materials have mechanically stable perovskite 

structure. The calculated values of density, Zener 

anisotropy factor A , Poisson’s ratio υ , Kleinman 

parameter ζ , Young’s modulus Y  and shear 

modulus C′ of the materials are listed in Table 3.  

 Higher values of Young’s modulus in comparison 

to the bulk modulus for BT, ST and CT indicate that  
 

Table 2 — Calculated elastic constants of BaTiO3, SrTiO3 and 

CaTiO3 
 

Compounds Elastic constants (GPa) References 

 C11 
C12 C44 

 

 

BaTiO3 295 100 116 Present work 

 255 82 108 Expt. [28] 

SrTiO3  334 96 108 Present work 

 317 102.5 123.5 Expt. [29] 

CaTiO3 342 97 91 Present work 

these materials are hard to be broken
33

. The hardness 

of a material can also be predicted in terms of 

isotropic shear modulus. Since the isotropic shear 

modulus G represents the resistance to plastic 

deformation while the bulk modulus B represents the 

resistance to fracture, the value B/G was proposed
34 

as 

an empirical malleability measure of polycrystalline 

materials. Accordingly, a material is brittle (ductile) if 

the B/G ratio is less (more) than 1.75. The values of 

the B/G for BT, ST and CT in cubic structures are 

found to be 1.53, 1.56 and 1.75, respectively. This 

indicates that BT and ST are brittle while CT is 

ductile.  

 The Zener anisotropy factor which is a measure of 

the degree of anisotropy in the solid structure is 

maximum for BT among these materials and indicates 

that BT has the highest anisotropic character followed 

by ST and CT. The values of the Poisson's ratio are 

indicative of the degree of directionality of the 

covalent bonds. The value of the Poisson’s ratio is 

small (υ= 0.1) for covalent materials, whereas for 

ionic materials
35

 a typical value of υ is 0.25. The 

calculated Poisson’s ratios for BT, ST and CT are 

0.23, 0.24 and 0.26, respectively. Therefore, the ionic 

contribution to inter atomic bonding for these 

compounds is dominant. It has been reported by Fu et al
36

. 

that for central force solids the lower and upper limits 

for υ are 0.25 and 0.5, respectively. The value of υ  

for CT indicates that inter atomic forces are central 

forces in this compound. The Kleinman parameter
37

 ζ 

quantifies internal strain and thus indicates the 

relative ease of bond bending against bond stretching. 

It also implies resistance against bond bending or 

bond angle distortion. In a system, minimizing bond 

bending leads to � = 0 and minimizing bond stretching 

leads to � =1. In the present study, the parameter � is 

found to be 0.49 for BT, 0.44 for ST and 0.43 for CT. 

It is clear that CT shows slightly more resistance to 

bond bending or bond angle distortion as compared to 

ST, whereas BT shows the lowest resistance against 

Table 3 — Calculated values of density ρ, Zener anisotropy factor A, Poisson’s ratio υ, Kleinman parameter ζ, Young’s modulus Y, 

and shear modulus C′ of BaTiO3, SrTiO3 and CaTiO3 

 

Compounds ρ A υ ζ  Y C′ References 

 (kg/m3)   (kg/m3) (GPa) (GPa) 

 

 

BaTiO3 5948 1.197 0.23 0.49 266.81 97.25 Present work 

Expt.        

SrTiO3 5003 0.91 0.24 0.44 277.44 118.79 Present work 

 5120 Expt.(Ref.29)      

CaTiO3 3851 0.74 0.26 0.43 257.52 122.40 Present work 

 3940    280 Expt. (Ref.32)  
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bond bending or bond angle distortion among all the 

materials. 

 The Debye temperature is known to be an 

important fundamental parameter closely related to 

many physical properties, such as specific heat and 

melting temperature. At low temperatures, the 

vibrational excitations arise solely from acoustic 

vibrations. Hence, at low temperatures the Debye 

temperature calculated from elastic constants is the 

same as that determined from specific heat 

measurements. The Debye temperature θD is 

calculated from the elastic constants data using the 

average sound velocity 
m

υ , by the following common 

relation
38

: 

 
1/3

3

4

A
D m

Nh n

k M

ρ
θ υ

π

� �
 �
= � �� 

� �� �
 …(16) 

 

where h is Planck’s constant, k the Boltzmann’s 

constant, NA Avogadro’s number, n the number of 

atoms per formula unit, M  the molecular mass per 

formula unit, ρ = (M/V) is the density, and υm is 

given
39 

as: 

 

 

1/3

3 3

1 2 1

3
m

t l

υ
υ υ

� �
 �
= +� �� � � �� �� �

  …(17) 

 

where υl and υt are the longitudinal and the transverse 

elastic wave velocities, respectively, which are 

obtained from Napier’s equations
40

: 

 
1/2

3 4

3
l

B G
υ

ρ


 �+
= � 
� �

 …(18) 

 

( )1/2
/t Gυ ρ=  …(19) 

 

 The calculated values of the Debye temperature in 

the present formalism are presented in Table 4 

indicating that the Debye temperature of CT is the 

highest followed by ST and BT. The average 

longitudinal, transverse sound velocities have been 

calculated using Eqs (17-19), respectively and are 

listed in Table 4. Debye temperature is directly related 

to the average sound velocity. Thus, greater the 

average sound velocity, greater is the Debye 

temperature. Furthermore, Debye temperature 

decreases from CT to BT due to decrease in the 

average velocity υm, which is an effect of increase in 

atomic weight. The calculated values of all the above 

parameters are compared with the experimental data 

wherever available.  

 
3.3 Band structure and density of states 

 The band structure and the total density of states of 

ATiO3 compounds calculated using both PBE and 

TB-mBJ functionals are shown in Figs 2-5.  

 The energy scale is in eV and the origin of energy 

was arbitrarily set to be at the valence band (VB) 

maximum defined as Fermi level. All the compounds 

under study are found to be insulators with an indirect  
 

Table 4 — Calculated values of the isotropic shear modulus G, 

longitudinal sound velocity υl, transverse sound velocity υt, 

average sound velocity υm and Debye temperature θD  

 
Compunds G υl υt υm θD 

 (GPa) (m/s) (m/s) (m/s) (K) 
 

BaTiO3 108.34 7219.03 4268.04 4728.14 598.47 

SrTiO3 112.23 8057.1 4736.14 5249.52 679.44 

CaTiO3 102.19 9045.42 5151.43 5725.82 750.54 

 

 
 

Fig. 2 — (a) PBE band structure, (b) TB-mBJ band structure for 

BaTiO3 

E
n
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Fig. 3 — (a) PBE band structure, (b) TB-mBJ band structure for 

SrTiO3 
 

band gap between valence band maximum (VBM) at 

R point and the conduction band minimum (CBM) at 

Γ point. The band gaps obtained by using PBE 

functional are less than the experimental values. (The 

experimental band gap for BT is 2.83 eV (Ref. 41), 

for ST is 3.2 (Ref. 42) and for CT is 3.5 (Ref. 43). On 

the other hand, when the TB-mBJ functional is used 

the band gap increases considerably from 1.79 to  

2.7 eV for BT, from 1.63 to 2.7 eV for ST and from 

1.95 to 2.78 eV for CT which is very close to the 

experimental values. This improvement in the band 

gap using TB-mBJ is clearly seen from the density of 

states (DOS) plots. In Fig. 5, the DOS obtained using 

both the functionals are shown.  

 The partial density of states obtained using TB-mBJ 

is shown in Fig. 6. The energetic positions of the 

bands and the band gaps obtained by using TB-mBJ 

potential have changed considerably as compared to 

that obtained by using PBE. The Ti 3d conduction 

bands are  shifted  upwards  in  general  leading  to  an  

 
 
Fig. 4 — (a) PBE band structure, (b) TB-mBJ band structure for 

CaTiO3 

 
increase in the band gap. In cubic BT, ST and CT nine 

valence bands near the Fermi level are the three triply 

degenerate levels derived from O-2p orbitals. These 

splittings are produced by the crystal field and the 

electrostatic interaction between O-2p orbitals.  

 For BT, the region near the Fermi level, i.e., top of 

the valence band (VB) spreads from −4.0 to 0 eV and 

have O-2p like character with very less contribution 

from Ti-3d and Ba-3d states. The lower part of the CB 

is mainly composed of Ti-3d orbitals with small 

contribution from O-2p states and the higher part of 

the conduction band is mainly derived from Ba-3d 

states. In the case of ST, the top of the valence bands 

which spreads around −4.29 to 0 eV is dominated by 

the O-2p states hybridized with the Ti-3d and Sr-3d 

states. The lower part of the CB is mainly composed 

of Ti-3d orbitals hybridized with O-2p states and the 

higher part of the conduction band is mainly derived 

from Sr 3d states. 
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Fig. 5 — Total DOS with PBE (solid line), TB-mBJ (dotted line) 

for (a) BaTiO3, (b) SrTiO3 and (c) CaTiO3 

 
 For CT, the top of the VB region extends from −4.4 

to 0 eV and is dominated mostly by the O-2p like 

states hybridized with the Ti-3d states and Ca-3d 

states. The lower part of the CB is mainly composed 

of Ti-3d orbitals hybridized with O-2p states and the 

higher part of the CB is mainly derived from Ca-3d 

states. The general features of the energy bands and 

density of states of ATiO3 are quite similar. In all the 

compounds, the orbital character of the VB is 

primarily  derived  from   oxygen   2p   orbitals,   with  

 
 

Fig. 6 — Total DOS and partial DOS with TB-mBJ for (a) 

BaTiO3, (b) SrTiO3 and (c) CaTiO3 
 

metal-oxygen bonding states at the bottom of the VB 

and oxygen non-bonding states at the top of the VB. 

The CB has strong metallic d-orbital character, 

originating from the anti-bonding metal-oxygen 

interactions. CB minima of all the three compounds 

are dominated by Ti-3d states. Bandwidth of the top 

most VB region for the compounds under study is the 

largest for CT and the lowest for BT. 
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4 Conclusions 
 The elastic constants of BT, ST and CT in the cubic 
phase have been calculated by using full-potential 
linearized augmented plane wave method. The elastic 
constants obtained from the calculations are very 
close to the experimental values. Using the values of 
the elastic constants, the bulk modulus, Zener 
anisotropy, Poisson’s ratio, Kleinman parameter, 
Young’s modulus and shear modulus are obtained and 
found to be in good agreement with the available 
experimental values. The isotropic shear modulus, 
density, Debye temperature, longitudinal, transverse 
and average sound velocities have also been 
calculated. Since the experimental data for various 
parameters are not available in the literature, so a 
comparison of all the calculated parameters could not 
be done. The electronic properties of ATiO3 (A = Ba, 
Sr, Ca) using both PBE and TB-mBJ have been 
investigated. These compounds have the indirect band 
gap with valence band maximum at R point and the 
conduction band minimum at Γ point. The top of the 
valence band of all the compounds are dominated by 
O-2p states and the lower part of the conduction band 
by Ti-3d states. It is observed that the TB-mBJ 
significantly improves the band gap which is very 
close to the experimental energy gaps.  
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