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Abstract. The effects of temperature and pressure on the lattice parameter of barium 

titanate with cubic structure have been studied by the statistical moment method. The 

analytic expression of the lattice parameter is obtained by considering the 

anharmonic lattice vibrations. The potential with their improved parameters is used 

to obtain the lattice parameters of BaTiO3 from  400 K up to 1500 K and from zero 

up to 11 GPa.  The numerical lattice parameters at various temperatures and 

pressures are consistent with the experimental result. The lattice parameter changes 

as a decreased function of the pressure but an increased function of the temperature. 
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1.   Introduction 

BaTiO3 is a typical perovskite oxide ABO3. It has taken more attention and application, such 

as a capacitor dielectric [1], a non-volatile ferroelectric random access memory (FeRAM) [2], and 

energy storage [3]. With changing pressure or temperature, BaTiO3 can take the phase transitions 

ranging from the high-symmetry cubic phase ( 3Pm m ) to tetragonal (P4mm), orthorhombic 

(Amm2), and rhombohedral (R3m) ones in nature [4, 5]. The phase transition of BaTiO3 from 

cubic structure to tetragonal at various conditions of pressure and temperature, such as at zero 

pressure and 393 K [6], at zero temperature, and 6.5 GPa [4] Cubic BaTiO3 has a space group 

3Pm m and a lattice constant of 3.996 
o

A at 120oC [7].  

When designing a novel material from BaTiO3, their thermal properties have to be consistent 

with BaTiO3, such as similar thermal expansion or lattice parameters [8]. The differences in the 

lattice constant and the thermal expansion can be original to alter the superconducting transition 

temperature of superconductors [9-11]. Thus, the change of the lattice parameter of BaTiO3 has 

much attention in theoretical [12, 13] and experimental research [4, 7, 8]. 
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In BaTiO3, some literature presented that the formal charge of Ba, Ti, and O ions are +2, +4, 

and -2, respectively. However, many studies, such as [14], have shown that the ions in BaTiO3 

possess fractional charges. In [15] and [16], we have applied the partial charge model for SrTiO3 

perovskite, which has a similar perovskite structure and atomic bonding with BaTiO3. The results 

suggest that we can continue using the partial charge mode for BaTiO3 perovskite. 

In recent years, the statistical moment method (SMM) have gotten successful in studying the 

thermodynamic properties of crystal material with cubic structure [17-21]. SMM considers both 

the anharmonic and quantum effects in lattice crystals. Significantly, the authors in [15] and [16] 

have shown a good agreement between the SMM calculation with the experiment studies for cubic 

SrTO3, a kind of perovskite with a structure like cubic BaTiO3.  

In this study, we use SMM considering the fourth-order moment of the atomic displacements 

to discover the lattice parameters of cubic BaTiO3 at different temperatures and pressure. We will 

continue using the interatomic potential form with the partial charge of the atoms used in [15, 16] 

to obtain the numerical results for cubic BaTiO3.Then, our calculation will be compared with the 

various theory and experiment research. 

2. Content 

2.1. Helmholtz free energy of BaTiO3  

A unit cell of cubic BaTiO3 is schematically shown in Figure 1.  

 
Figure 1. A unit cell of cubic BaTiO3 

It is shown that there are one atom Sr, one atom Ti and three atoms O in a unit cell. 

The atom Ba is located at the corner site and the atom Ti is the central site. The atoms O 

are at the central sites of the cubic faces. Then, the concentrations of three kinds of atoms 

are Sr

1

5
C =  , Ti

1

5
C =  and O

3

5
C =  for Ba, Ti and O, respectively. 

The Helmholtz free energy of BaTiO3 can be expanded via the Boltzmann relation 

as follows [15, 20]: 
Ba OTi

Ba Ti O ,cC C C TS =  +  +  −                                     (1) 
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where 
p (p = Ba, Ti, O) is the partial Helmholtz free energy of ion p.  

From moment expansion formulas [15, 21, 22], the expressions of 
p in BaTiO3 have 

the form   
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 (1) 

where  
0U p  is the sum of effective pair interaction energy for ion p. The expressions of 

0U p  respectively for Ba, Ti and O are 

 ( ) ( ) ( )
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The harmonic parameters Bak , Tik  and Ok , the anharmonic expansion coefficients 
Ba

1 , 
Ti

1 , 
O

1 , 
Ba

2 , 
Ti

2  and 
O

2  are determined by [21] 
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with , ,x y  = z  and 

Ba Ti O
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Here kB is the Boltzmann constant, m* is the average atomic mass and is determined by 

 *

Ba Ba Ti Ti O Om C m C m C m= + + ,  (7) 

where Bam , Tim  and Om  are the atomic mass of Ba, Ti, and O atoms, respectively.  

The eq. allows computing 
p  at temperature T when the parameters pk , 1

p , 2

p  at 

T0  are known. As T0 is near T, in assumption, the atoms fluctuate harmonically about a 

new equilibrium position and  the eq.(1) for Ba, Ti and O ions  can be rewritten by  

 ( )Ba2Ba Ba Ba
0 Ba3 ln 1 ,

x
U N x e −  = + + −

 
  (8) 



Study of temperature and pressure effects on the lattice parameter of cubic BaTiO3 by… 

115 

 

( )Ti2Ti Ti Ti
0 Ti3 ln 1 ,xU N x e −  = + + −

 
                                (9) 

( )O2O O O
0 O3 ln 1 .

x
U N x e −  = + + −

 
.                                 (10) 

2.2. Equation of state and the lattice parameter of BaTiO3  

The free energy  is related to the pressure P by 

1

13T

r
P
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.                                           (11) 

Applying equations (8) for cubic BaTiO3, at 0T K= ,  the equation of the state of 

BaTiO3 is achieved in the following form 
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.   (12) 

The equation (12) permits us to obtain the interatomic nearest-neighbor distance 

1( ,0)r P  in BaTiO3 at pressure P and zero temperature. Then, in assumption, the average 

interatomic nearest-neighbor distance at temperature T and pressure P, 1( ,T)r P , is given by 

 Ba Ti O

1 1 Ba Ti O( , ) ( ,0) ( , ) ( , ) . ( , )r P T r P C y P T C y P T C y P T= + + + ,  (13) 

where ( , )py P T   are the displacements of the atom p from the equilibrium position. 

From [21], the expressions of ( , )py P T for Ba, Ti, and O atoms have the form 
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where 
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and 
pA  (p = Ba, Ti, and O) are given by 
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From that, the lattice constant of BaTiO3 at pressure P and temperature T can be computed by 
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1( , ) 2 ( , )ca P T r P T= .                                                  (16) 

2.3. Interatomic potential 

To calculate the potential energy for BaTiO3, we continue the model of the following 

potential [15] 

  

( )
2 2

12

2

( ) ( ) ( ) ( )2
( ) . .

ij c c c
ij i j ij c

ij c c c

erfc r erfc R erfc R erfc R
U r q q r R

r R R R

   



  
−  = − + + − + 

    

 

                                                   
2

( )

12
1 1ij ij or r ij

ij

ij

C
D e

r

− − + − − +
  

,   (17) 

where i, j display the type of ions, , Ba,Ti,Oi j = and  Rc is the cut-off radius.  

The values of charge qi and parameters Dij, ij ,
0ijr and Cij for Ba, Ti, and O are given 

in Table 1 [14]. 

 

Table 1. Potential parameters for BaTiO3 

Ion ( )eiq [14] 

Ba 1.79 

Ti 2.38 

O -1.39 

Ion pair       ( )eVijD  
1

o

Aij
−  

     
 

o

0 Aijr
 
 
 

 
12

o

eV. AijC
  
     

 

Ba - O       0.019561   2.071500 3.393410            5.0 

Ti - O       0.021905    2.085525 2.708943            1.0 

O - O       0.181000    1.098500 3.618701           22.0 

We obtain the damping parameter  = 0.01
1

o

A

−  
     

, and the cut-off radius cR  = 10.1468 

o

A
 
 
 

, 9.9499 
o

A
 
 
 

 and 9.9499 
o

A
 
 
 

 for Ba, Ti, and O, respectively.  

2.4. Numerical results and discussions 

To calculate the thermodynamic quantities for BaTiO3 numerically, we use the 

physical constants from [23]. Then, applying the potential model (17) and its parameters, 

we compute the lattice parameter of BaTiO3 from their corresponding expressions.  
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Figure 2. The lattice constant of BaTiO3 as a function of temperature at zero pressure 

 

From the equations (3), (4), (5), and (15), the harmonic and anharmonic parameters 
pk , 1

p , 2

p   are computed. Then apply them to the equations (14), (13) and (16), the 

lattice constant ac of BaTiO3 is derived from 400 K to 1500 K and shown in Figure 2. As 

can be seen from Figure 2, there is a good match between the two results. The lattice 

constant is an increasing function of temperature. This result is due to the enhancement 

of the anharmonic vibrations in BaTiO3 as temperature raises. In the temperature range 

from 400 K to 1500 K, the lattice constant goes up by about 1.2% and the slope of the 

curve is about 
o

0.043 0.047 A / Kcda

dT

 
−  

 
. That is shown that the lattice constant of 

BaTiO3 increases nonlinearly with temperature. 

To find out the change of the lattice constant as the pressure alters, we make the 

solution of the equations (12) at the different pressure values and zero temperature. Then, 

substituting that solution into the equation (16) we can derive the lattice parameter of 

BaTiO3, ac (P,T). The obtained lattice parameters of BaTiO3 at pressures 3GPa, 5GPa, and 7 

GPa, and in a temperature range from 400 K to 1000 K are shown in Figures 3 and 4. 

        Figure 3 shows that the lattice constant of BaTiO3 decreases as pressure increases 

but increases when temperature decreases. This result implies that pressure and 

temperature affect the lattice parameter of BaTiO3 oppositely. 

In addition, Figure 4 shows more clearly the decrease of the lattice parameter in the 

pressure range from 3 GPa to 11 GPa. This result is caused by reducing atomic 

fluctuations in BaTiO3 as pressure rises.  
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Figure 3. Temperature dependence of the lattice parameter of BaTiO3 

at 3 GPa, 5 GPa and 7 GPa 

 

 
Figure 4. Pressure dependence of the lattice parameter for BaTiO3 at 400 K 

3.   Conclusions 

In this study, we perform SMM calculations to research the temperature-pressure 

dependence of lattice parameters for cubic BaTiO3. The interatomic interaction potential 

model (17) with the improved parameters that we have used in [20, 21] continuously 

permits deriving the lattice parameter of cubic BaTiO3 from 400 K to 1500 K and from 

zero up to 11GPa. 
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Atomic fluctuations in BaTiO3 reduce when the pressure increases but it enhances as 

temperature increases. Therefore, the lattice parameter is a decreasing function of 

pressure and an increasing function of temperature.  

The calculated lattice parameter by SMM has matched well with the experimental 

data. That implies that SMM efficiently investigates the temperature and pressure effects 

on the lattice parameter of cubic BaTiO3. In advantage, SMM can be applied to 

investigate the temperature and pressure dependence of the thermodynamic quantities of 

cubic BaTiO3. 
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