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 Abstract 

 We report computations of all properties cited in title within GGA and LDA for cubic 

perovskite BiGaO3. Lattice constants, bulk modulus, elastic moduli and band gaps were computed. 

BiGaO3 is elastically stable at room temperature and equilibrium pressure.  We predicted the Debye 

temperature and longitudinal and transverse waves along [100], [110] ([100], [110], [111]) 

directions for BiGaO3. Our calculated band gap 1.92 eV predicts the semiconducting nature. The 

upper valence band is consisted principally of O-2p sites and a little contribution of Ga-4p and Bi-

6p states. Hybridization between Ga-4p orbital with O-2p site in the upper valence band traduces 

that Ga–O bonds have a covalent bonding character. B/G ratio indicates that BiGaO3 is classified as 

ductile material. We derived mechanical parameters of BiGaO3 using Voigt, Reuss and Hill 

approximations. The higher absorption value provides a hint that this material is a potential 

candidate as a photo catalyst in the degradation of chemicals or pollutants.   

Keys words: cubic perovskite BiGaO3 ;  optical properties ; first principle 

 

        1. Introduction    

Perovskite oxides have attracted particular interest for their applications in the ferroelectric 

and piezoelectric fields and also as multiferroids [1-3]. The materials used in ferroelectric and 

piezoelectric devices are lead-based compound which are toxic. Therefore, it is necessary to look 

for a new material as a replacement and that shows the same characteristics but less harmful for the 

environment. The search and development for such an alternative piezoelectric materials is now a 
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very active research topic and leads on bismuth-layer structure. Bismuth layer structure posses a 

high Curie temperature, high mechanical quality factor, large dielectric breakdown strength, good 

aging characteristics, and have good piezoelectric properties, which make them candidate materials 

for ceramic filter and resonator applications. Bi-based compounds are the most candidat as 

individual lead-free piezoelectrics because they are nontoxic and have 6s2 lone pairs, which is the 

origin of large ferroelectric polarizations [4, 5]. The pérovskite oxydes bismuth gallate BiGaO3 (Ga 

is nonmagnetic ion) crystallized in the cubique, hexagonal, tétragonal and orthorhombic structures. 

Experiment results show that at the ambient pressure, BiGaO3 crystallizes in the orthorhombic 

structure. Although a number of theoretical studies exploring structural, elastic and electronic 

properties of BiGaO3 compound have been carried out for the ideal cubic [6, 7] and orthorhombic 

modifications [8-10] of the perovskite structure. Bismuth gallate BiGaO3 was experimentally 

synthesized using a high pressure and at high temperature technique [11]. The experiment 

investigations [12-14] for exploring the physical properties of bulk and nanostructures of these 

compounds are limited as compared to other multi-ferroic materials.  

In this work, we focus on the detailed study of structural, elastic, electronic, optical and 

thermodynamic properties of cubic bismuth gallate BiGaO3 within GGA and LDA using the plane 

waves pseudo-potentiel method of density functionel theory (DFT). The theoretical model of this 

paper is firstly explained. After that, the computed results are analyzed in the second part. In the 

end, we conclude the present work. 

 2. Computational method 

  Computations are carried out by (CASTEP) code [15]. Kohn–Sham equations are treated by 

DFT frame-work [16, 17], where wave functions of valence electrons have smaller kinetic energy 

cut-off energy. Vanderbilt-type ultra soft pseudo-potential [18] in reciprocal space is used to 

represent the interaction of valence electrons with ion cores. GGA of Perdew et al. [19] and LDA of 

Teter and Pade parameterization [20] are adopted for the exchange-correction functional. The 

discret summation over k-points scheme of Monkhorst– Pack [21] replaces integrations in the 

Brillouin zone. Cut-off energy of 660 eV and k-points 8×8×8 are used to ensure well convergence 

of structures and energies. Optical parameters computation requires the use of uniformly distributed 

k-points 20×20×20. Structural parameters were determined by BFGS minimization technique [22]. 

The tolerance for geometry optimization was total energy 5×10−6 eV/atom, maximum ionic 

Hellmann-Feynman force 10-2 eV/Å and maximum stress 2x10-2 eV/Å3. The quasi-harmonic Debye 

model is used in thermal effect to describe the variation E(V) [23]. Gibbs program evaluates Debye 
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temperature, obtains G (P, V, T) and minimize it and derives V (P, T). Detailed description of this 

model can be found in [24-27]. 

        3. Results and discussion 

        3. 1. Ground state properties     

Perovskite oxide BiGaO3 is modeled in ideal cubic structure. The cubic unit cell is consisting 

of unit formula with Wyckoff positions of the atoms Bi:1a (0, 0, 0), Ga:1b (1/2, 1/2, 1/2) and O:3с 

(1/2, 1/2, 0). The electronic configurations of Bi, Ga and O atoms are Bi: [Xe] 4f14 5d10 6s2 6p3, Ga: 

[Ar] 3d10 4s2 4p1 and O: 1s2 2s2 2p4. The pressure behavior of BiGaO3 structural parameters 

requires, that geometry of cell at equilibrium is calculated at pressure ranging from 0 to 40 GPa. 

The complete optimization of structural parameters is performed at each pressure. The pressure as a 

function of normalized volume is visualized in Fig. 1 with respect to fit Murnaghan [28]. The 

computed lattice parameters as extracted from this geometry are listed in Table 1. Our structural 

parameters performed by GGA are closer to previous calculations carried out within the Wien2k 

computer code [29]. One can notice that the LDA value of lattice constant (bulk modulus) is lower 

(greater) than that given by GGA. In a cubic structure, the bulk modulus is a good indicator of 

hardness because it is linked to isotropic deformation [30]. The results show that BiGaO3 has high 

bulk modulus, which is a sign of strong hardness.  

         3. 2. Elastic constants     

The cubic system is characterized by three different symmetry elements (C11, C12, and C44), 

estimated by determining the stress tensor under strain application to the optimized structure. 

Elastic constants give information on binding between adjacent atoms, the anisotropy of bond and 

structural stability. Elastic moduli for BiGaO3 determined by perturbation method at equilibrium 

pressure within GGA and LDA approaches are listed in Table 2. It seems that our elastic constants 

are closer to other computation carried out within Wien2k computer code [29]. Elastic modulis 

computed by LDA are greater than those determined within GGA. Computed elastic moduli for 

BiGaO3 are positive and satisfying the following generalized conditions to ensure their elastic 

stability [31]:  

11121211441211 ,0,0,02 CBCCCCCC                                                                         (1) 

It is noted that our calculated B value from elastic constants is closer to that given by fit 

Murnaghan. This proves that our calculated elastic constants are correct. The effect of pressure on 

elastic moduli is visualized in Fig. 2. We noticed that this compound show high elastic moduli. The 

elastic moduli of BiGaO3 increase monotonously with increasing pressure, furthermore the variation 

on C44 is little sensitive to the pressure.  
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The computed elastic constants could be used to determine some physical and mechanical 

parameters as listed in Table 3. These parameters have been determined using Voigt [32], Reuss 

[33] and Hill [34] approximations. The Poisson's ratio of BiGaO3 is closer to the limit value 0.25, so 

the bonding between Bi-6p and O-2p states is ionic [35]. The computed anisotropy factor value 

indicates that BiGaO3 is isotropic. The greater BH/GH ratio values than 1.75 traduce the ductility of 

BiGaO3. Bulk modulus is the resistance when volume changes under applied pressure. Shear 

modulus is the ratio of stress to strain. Young's modulus also called elasticity is the ratio of uniaxial 

stress to strain. Poisson's ratio is used to determine the bonding nature. The anisotropic elastic factor 

gives information about material properties in specific direction. We visualize these parameters in 

3D dimensions using ELATE software [36]. We present in Fig. 3 the directional dependent of shear 

modulus, Young's modulus, linear compressibility and Poisson's ratio for BiGaO3. Minimum and 

maximum of each parameter are visualized by green and blue colors. For isotropic material, the 

shape is spherical and any distortion from the spherical shape indicates anisotropy. From Fig. 3, we 

note that linear compressibility and Young's modulus are practically isotropic, while Poisson's ratio 

is anisotropic and little anisotropy is observed in shear modulus of BiGaO3. The predicted 

maximum and minimum values of directional dependent of these parameters for BiGaO3 are listed 

in Table 4.   

            3. 3. Debye temperature 

The Debye temperature is an important fundamental parameter closely related to many 

physical properties such as specific heat and melting temperature. At low temperature, the 

vibrational excitations arise solely from acoustic vibrations. Hence, at low temperature, Debye 

temperature calculated from elastic constants is the same as that determined from specific heat 

measurements [3]. The standard method to calculate Debye temperature and longitudinal and shear 

waves velocity from elastic constants is found in references [37-39]. The computed Debye 

temperature for BiGaO3 compound is reported in Table 2. Debye temperature computed with LDA 

is greater than that calculated by GGA. Predicted elastic wave velocities along [100], [110], [111] 

and [001] directions using GGA for BiGaO3 are listed in Table 5. The GGA and LDA llongitudinal 

(shear) waves are fastest (slowest) along [111] direction for BiGaO3.   

         3. 4. Electronic properties   

We show in Fig. 4 electronic band structures along high symmetry Γ, R, M and X points for 

BiGaO3 at equilibrium lattice constant. The band gap in BiGaO3 is indirect type (M-X) with a value 

1.254 eV. This value agrees reasonably with that 1.88 eV in BiGaO3 calculated with GGA-PBE 

using Vienna ab initio Simulation Package [8]. The valence band is grouped into three distinct 
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regions with energy range -20 to EF. The first two strips in the valence band region are located at (-

8.25 eV to EF) and (-12.75 to -9.08 eV). The first conduction band is situated at (EF to 5.45 eV). We 

plot in Fig. 5 the dependence on pressure of direct and indirect band gaps between various 

symmetry points. One can notice that all energy gaps increase monotonously with increasing 

pressure in BiGaO3. We display in Fig. 6 the dependence on pressure of the 
XME   and 

XRE   

indirect energy gap, which increases monotonously with increasing pressure in BiGaO3 and changes 

from indirect 
XME   to indirect 

XRE   at about 25 GPa. Total and partial densities of states in 

BiGaO3 as shown in Fig. 7 reveal that the upper valence band is consisted principally of O-2p sites 

and a little contribution of Ga-4p and Bi-6p states. A part of first conduction band located between 

EF and 2.39 eV is empty. Then transition occurs between O-2p and Bi-6p or Ga-4p. In the upper 

valence band, hybridization between Ga-4p orbital with O-2p site close to the Fermi level imply 

that Ga–O bonds have a covalent bonding character. There is also small contribution from 6p state 

of Bi in valence bands. However, Bi-6p state are dominating at the conduction band minima in 

confirmation with Bi atom’s ionic bonding nature with O atom.  

         3. 5. Optical properties   

The main optical spectrum due to the transition from five upper valence bands to five lower 

conduction bands requires knowledge of imaginary part of dielectric function. We display 

imaginary part versus photons energy in Fig. 8. Transition energy )()()( kEkEkE vicj   is plotted 

in Fig. 9; where iv  and jc are the valence band number i and the conduction band number j 

respectively. Threshold energy of dielectric function occurs at 1.65 eV, which corresponds to the 

fundamental indirect gap for BiGaO3. We study transitions from occupied orbital O-2p to 

unoccupied site Bi-6p or Ga-4p. First peak positioned at 3.55 eV corresponds probably to 

transitions V1−C2 at M point, (V1−C1, V2−C1 or V3−C1) at R point or V5−C1 at X point. The second 

structure centered at 4.82 eV originates mainly from transitions V1−C1, V2−C1, V4−C1, V1−C2, 

V5−C2, V4−C2, V5−C1 at Γ point. For energy 6.82 eV, BiGaO3 exhibit V5−C3, V5−C4 at X point and 

V5−C5, V4−C5, V3−C5, V4−C4, V5−C4, and V3−C3 transitions located near Г point. Transitions 

V2−C5, V4−C5, V5−C5, can be observed at R point for energy 8.96 eV. Energy 11.85 eV is origin of 

V5−C5 transition positioned between M and R points. We plot the loss function spectra versus 

wavelength for BiGaO3 in Fig. 10. We distinguish two regions for electronic loss function such as 

high loss function region located between 36.55 to 51 nm. The second region corresponds to 

wavelength less than 36.55 nm and greater than 51 nm. The first region is high loss region with 

change of wavelength after the ionization edge. The other is the lower loss function, which can 

provide information about composition and electronic structure. The loss function reaches 
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maximum value 8.81 at 42.3 nm for BiGaO3. The amount of light that is incident on the surface of 

the photo catalytic material that can be estimated from the reflectivity, which is related to the 

absorbance of that material. We observe that reflectivity of BiGaO3 as shown in Fig. 11 has a value 

0.019, which corresponds to wavelength 31.9 nm. After successive aggrandizement, it reaches a 

maximum value 0.64 at 43 nm. It is reported, that lower reflectivity indicates higher UV light 

absorption [40]. Polycrystalline polarization method is used in calculation of optical absorption. 

During simulation, small smearing value 0.1 was applied to obtain more distinguishable absorbance 

peaks. The obtained absorption peaks as depicted in Fig. 12 are attributed to the photo transition 

energies from maximum valence band to minimum conduction band under UV light irradiation. The 

high value of absorption is 453302 cm-1 at wavelength of 44.8 nm. The high absorption value 

provides a hint that this material is a potential candidate as a photo catalyst in the degradation of 

chemicals or pollutants. It is noticed that maximum absorption corresponds to maximum reflectivity 

and no loss function.  

         3. 6. Thermodynamic properties       

We study thermodynamic parameters of BiGaO3 under temperature and pressure effect by 

applying quasi-harmonic Debye model. We carried out total energy versus unit cell volume. 

Thermal parameters are determined in temperature and pressure ranging from 0 to 1800 K and 0−50 

GPa. We note that Debye model indicates that heat capacity is proportional to T3 at low temperature 

and follows Dulong-Petit law at high temperatures. Fig. 13 presents volume _ temperature diagram 

for BiGaO3 at several pressures. The volume increases (decreases) when temperature (pressure) is 

enhanced. At 300 K and zero pressure, the lattice constant is 3.6728 Ǻ. Fig. 14 shows the 

temperature effect on bulk modulus. The compressibility decreases (increases) with increasing 

temperature (pressure). At 300 K and zero pressure, compressibility is equal to 170.13 GPa. Fig. 15 

displays the effect of temperature and pressure Debye temperature. Debye temperature is practically 

constant between 0 and 300 K, and then follows a linear decrease. It is noted that Debye 

temperature is enhanced under pressure effect. At 300 K and zero pressure, 
D  is 457.34 K, which 

is closer to that estimated by elastic constants with GGA. We plot in Fig. 16 the variation of the 

volumetric thermal expansion coefficients   versus temperature. It is shown that  increases 

sharply up to 500 K, then it follows a linear increase. At T=300 K, P=0 GPa,  is 2.93x105 K-1. At 

high temperature, the constant volume heat capacity tends to the Dulong_Petit limit [41], while at 

low temperature, it is proportional to T3 [42]. Figs. 17 and 18 represent the variation of the constant 

volume and pressure heat capacities versus temperature. From 0 to 500 K, CV and CP increase 

exponentially and the difference between them is very slight. At high temperature (T > 500 K) CP 
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follows a linear increase whereas CV tends to Dulong - Petit limit. At high temperature CV tends to 

approach 1179.122 
KJmol . At zero pressure and ambient temperature, the CV and CP 

are 1134.111 
KJmol  and 111.34 mol-1K-1, respectively. Fig. 19 represents the dependence on 

temperature and pressure of theoretical entropy S. The shape of the curve is exponential. At zero 

pressure and 300 K, the entropy is 120.66 J.mol-1K-1 for ScF3. The predicted constant pressure and 

volume heat capacities and entropy using GGA for BiGaO3 are listed in Table 6. 

 

        4. Conclusion 

BiGaO3 was studied by PP-PW method of DFT within GGA and LDA. Equilibrium lattice 

constant and bulk modulus are closer to theoretical one. Elastic moduli follow a linear dependence 

on pressure. Shear and Young’s moduli, Poisson’s ratio, average sound velocities and Debye 

temperature are estimated in the frame work of Voigt-Reuss-Hill approximations for BiGaO3 

polycrystalline aggregates. The higher absorption value of BiGaO3 provides that this material is a 

potential candidate as a photo catalyst in the degradation of chemicals or pollutants. Bi-6p state is 

dominating at the conduction band minima in confirmation with Bi atom’s ionic bonding nature 

with O one. Threshold energy of dielectric function corresponds to the fundamental indirect band 

gap for BiGaO3. We predicted constants pressure and volume heat capacities and entropy using 

GGA for BiGaO3.  
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Figures

Figure 1

The pressure dependence on normalized volume for BiGaO3.

Figure 2

The plotted elastic moduli as a function of pressure for BiGaO3.



Figure 3

The directional dependent shear modulus, Young's modulus, linear compressibility and Poisson's ratio for
BiGaO3.



Figure 4

The band structure of BiGaO3 at various symetry points in the Brillouin zone.

Figure 5

The dependence on pressure of direct and indirect gaps for BiGaO3.



Figure 6

The fundamental gap as a function of pressure.

Figure 7

The total and partial densities of states (TDOS) and PDOS of of BiGaO3.



Figure 8

Imaginary part of the dielectric function versus photon energy.

Figure 9

The transition energy E(k) = Ecj(k) – Evi(k).



Figure 10

The loss function as a function of wavelength.

Figure 11

The re�ectivity as a function of wavelength.



Figure 12

The absorption as a function of wavelength.

Figure 13

The volume_temperature diagram of BiGaO3.



Figure 14

The bulk modulus as a function of temperature for BiGaO3.

Figure 15

The dependence of Debye temperature on temperature for BiGaO3.



Figure 16

The volumetric thermal expansion coe�cients as a function of temperature

Figure 17

The constant volume heat capacity as function of temperature.



Figure 18

The constant volume heat capacity as function of temperature.

Figure 19

The dependence of theoretical entropy S on temperature.


