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Abstract. Some fundamental physical properties of BiGaO; were investigated under pressure and temperature effect
using GGA and LDA. The effect of orientation on Debye temperature and sound wave velocities were estimated from
elastic constants. The bulk modulus value of BiGaOj is a sign of its high hardness, because it is linked to an isotropic
deformation. BiGaOs is a semiconductor and ductile material, with covalent (Ga—O) and ionic Bi-O bonding. The optical
transitions were observed when electrons pass from the top of the valence band (O-2p) to the bottom of the conduction
band (Ga-4p or Bi-6p). The thermodynamic parameters were determined in temperature and pressure ranging from

0 to 1800 K and 0 to 50 GPa.
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1. Introduction

The researchers were particularly interested in perovskite
oxides for their applications as ferroelectric, piezoelectric
and multiferroic [1-3]. The used materials in ferroelectric
and piezoelectric devices are lead-based compounds and
toxic. Therefore, it is necessary to look for a new
material as a replacement that shows the same charac-
teristics but less harmful for the environment. The search
and development of such alternative piezoelectric mate-
rials is now a very active topic research and leads on
bismuth-layer structure. Bismuth layer structure possess a
high Curie temperature, high mechanical quality factor,
large dielectric breakdown strength, good aging charac-
teristics and good piezoelectric properties, which make
them candidate materials for ceramic filter and resonator
applications. Bi-based compounds are the most candidates
as individual lead-free piezoelectric because they are
nontoxic and have 6s® lone pairs, which is the origin of
large ferroelectric polarizations [4,5]. The perovskite
bismuth gallate BiGaO; (Ga is nonmagnetic ion) crys-
tallized in the cubic, hexagonal, tetragonal and
orthorhombic structure. Experimental results show that
BiGaO; crystallizes in the orthorhombic structure at
ambient pressure. The structural, elastic and electronic
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properties of BiGaO; compound have been carried out for
the ideal cubic [6,7] and orthorhombic structures [8—10].
Bismuth gallate BiGaO5; was experimentally synthesized
using high pressure at high temperature [11]. The
experimental investigation [12,13] on the physical prop-
erties of bulk and nanostructure of these compounds are
limited compared to other multiferroic material. Piezo-
electric materials are widely used for the applications in
actuator, sensor, energy-storage and energy-harvesting
devices [14]. BiGaO5 is one of the most efficient com-
pound to tune the expansion behaviour [15]. Bismuth
gallium oxide is a typical perovskite ferroelectric, which
has a large ferroelectric polarizations and piezoelectric
responses [16]. BiGaOs; undergoes a pressure-induced
first-order phase transition from pyroxene to monoclinic
at 3.5 GPa, and then to rhombohedral at 5.2 GPa, and
finally to orthorhombic structure at 7.4 GPa [17]. The
compound BiGaO; is suitable candidate co-dopant for
further control of phase boundary structure [18]. Bi-con-
taining perovskites and perovskite-related materials such
as BiGaO; have received a lot of attention as lead-free
ferroelectric material [12].

In this work, we focus on the detailed study of structural,
elastic, electronic, optical and thermodynamic properties of
cubic bismuth gallate BiGaO5; within GGA and LDA using
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the plane wave pseudo-potential method of the density
functional theory.

2. Computational method

Computations were carried out using CASTEP code [19].
Kohn—Sham equations were treated by density functional
theory framework [20,21], where wavefunctions of
valence electrons have smaller kinetic energy cut-off.
Vanderbilt-type ultra soft pseudo-potential [22] represent
the interaction of valence electrons with ion cores. The
GGA of Perdew et al [23], LDA of Goedecker et al and
Pade parameterization [24] are adopted for the exchange-
correction functional. The discrete summation over
k-points scheme of Monkhorst-Pack [25] replaces inte-
grations in the Brillouin zone. The cut-off energy of 660
eV with k-points 8 x 8 x 8 ensures well convergence of
structure and energies. The computation of optical
parameters requires the use of 20 x 20 x 20 uniform
k-points. The structural parameters were determined using
Broyden-Fletcher-Goldfarb-Shanno  minimization tech-
nique [26]. The tolerance of geometry optimization was
total energy 5 x 107® eV per atom, maximum ionic
Hellmann-Feynman force 107> eV A and maximum
stress 2 x 1072 eV A~ The quasi-harmonic Debye
model is used in thermal effect to describe the variation
E(V) [27]. Gibbs program evaluates Debye temperature,
obtains G (P, V, T) and minimize it and derives V (P, T).
Detailed description of this model is found in [28-31].

3. Results and discussion

3.1 Ground state properties

The BiGaOj; perovskite is modelled in the ideal cubic
structure. The unit cell consists of unit formula with
Wyckoff positions of the atoms Bi:la (0, 0, 0), Ga:1b
(172, 1/2, 1/2) and O:3c (1/2, 1/2, 0). The electronic
configuration of Bi, Ga and O atoms is Bi: [Xe] 4f1* 5910
65 6p°, Ga: [Ar] 3d'° 4s® 4p' and O: 1s> 2s* 2p*. The
behaviour of the structural parameters of BiGaO; under
pressure requires knowledge of the cell geometry at a
pressure ranging from 0 to 40 GPa. The pressure as a
function of normalized volume is visualized in figure 1,
with respect to the fit Murnaghan [32]. The computed
lattice parameters are listed in table 1. Our GGA struc-
tural parameters are closer to previous calculations car-
ried out within the Wien2k computer code [33]. 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
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Figure 1. The pressure dependence on normalized volume for
BiGaOs;.

it is linked to isotropic deformation. The results show that
BiGaOj; has high bulk modulus, which is a sign of strong
hardness.

3.2 Elastic constants

The elasticity of BiGaO; is described using three inde-
pendent parameters C;;, C;, and C4y. We estimated them
by determining the stress tensor under application of
strain. The knowledge of elastic constants detect the
binding between adjacent atoms, the anisotropy of bond
and stability. The elastic moduli of BiGaO; determined
by perturbation method at equilibrium pressure within
GGA and LDA are listed in table 2. It seems that our
elastic constants are closer to other computation carried
out within Wien2k computer code [33]. The elastic
moduli computed by LDA are greater than those deter-
mined within GGA. Equation (1) represents the com-
puted elastic moduli of BiGaOj; are positive and
satisfying the following conditions to ensure their elastic
stability [34]:

Ci1 +2C12)0,C44)0, Cy1 — C12)0, C12(B(C1y (1)

The calculated bulk modulus from elastic constants is
closer to that given by fit Murnaghan. This proves our
accurate calculation of elastic constants. The evolution of
elastic moduli under pressure effect is shown in figure 2.
This compound has high elastic moduli, and then strong
hardness. The elastic moduli of BiGaO; increase mono-
tonously with increasing pressure, furthermore the varia-
tion on Cyy is a little sensitive to the pressure. The elastic
constants allow us to obtain the parameters listed in
table 3 using Voigt [35], Reuss [36] and Hill [37]
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Table 1. Lattice constant, bulk modulus and its pressure derivative calculated from Birch for BiGaOj perovskite.
Material Approach Refs. a (10%) By (GPa) B
BiGaO3 GGA This work 3.8988* 172.74% 4.40*
LDA Exp. 3.8147* 215.21* 4.38%
Other 3.899 [33] 206.87 [33]

*From Birch.

Table 2. Computed elastic moduli, bulk modulus calculated from elastic constants and its pressure derivative of BiGaOj; perovskite.

/

Material Approach Refs. Ch Cio Cya By B Op
BiGaO3 GGA This work 279.52 115.79 92.31 170.37 4.06%* 450.76
LDA Exp. 355.03 145.30 105.51 215.21 4.01%* 489.53
Other 292.19 115.08 96.73 170.99
[33] [33] [33] [33]

**From elastic constants.
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Figure 2. Plots of elastic moduli as a function of pressure for

approximations. The Poisson’s ratio of BiGaOj; is closer
to the limit value 0.25, so the Bi-6p and O-2p states
bonding is ionic [38]. The anisotropy factor value

indicates that BiGaO; is isotropic. The greater By/Gy
ratio value than 1.75 traduces the ductility of BiGaOs;.
We visualize in figure 3 the directional dependent of
Poisson’s ratio, shear modulus, linear compressibility and
Young modulus in 3D dimensions using ELATE software
[39]. The spherical shape translates the isotropic material.
From figure 3, we note that linear compressibility and
Young’s modulus are practically isotropic, while Pois-
son’s ratio is anisotropic and little anisotropy is observed
in shear modulus of BiGaO;. The predicted maximum
and minimum values of directional dependent are listed
in table 4.

3.3 Debye temperature

Debye temperature is obtained from elastic data using the
mean sound velocity and mean atomic volume. The method
of calculation for Debye temperature and sound wave
velocities from elastic constants is found in references
[40—42]. The computed Debye temperature of BiGaOs; is
listed in table 2. The value given by the LDA exceeds that

Table 3. Bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio and anisotropy factor for BiGaOs;.

B G
Material B, Br By G, Ggr Gy Ex oH AY Bu/Gy
GGA 170.37 170.37 170.37 88.13 87.83 87.98 225.18 0.279 0.017 1.93
LDA 202.01 202.01 202.01 104.99 104.97 104.98 268.44 0.278 0.001 1.92
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Figure 3. The orientation effect on Poisson’s ratio, shear modulus, linear compressibility and Young’s modulus for
BiGaOs.

Table 4. Predicted maximum and minimum values of directional-dependent Young’s modulus, linear compressibility, shear modulus
and Poisson’s ratio for BiGaOs.

Young’s modulus Linear compressibility Shear modulus Poisson’s ratio
Emin Emax ﬂ min ﬂmax Gmin Gmax O min O max
BiGa03
GGA 211.69 234.5 1.9565 1.9565 81.866 92.317 0.23708 0.31604
LDA 264.4 271.17 1.6501 1.6501 103.13 106.24 0.26816 0.28724

carried over by the GGA. We predicted the elastic wave 3.4 Electronic properties
velocities of BiGaOj along [100], [110], [111] and [001]
directions using GGA in table 5. The GGA and LDA lon- We show in figure 4 the electronic band structures along

gitudinal (shear) waves are fastest (slowest) along [111] high symmetry I, R, M and X points for BiGaO; at
direction for BiGaOs. equilibrium lattice constant using GGA and HSEO6,
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Table 5. Calculated elastic wave velocities along [100], [110], [111] and [001] directions for BiGaOj3.

[100] [110] [111]
Material Direction GGA LDA GGA LDA GGA LDA
BiGaO; Ve (ms™ 3621 3747 3932 4182 4031 4317
Vo (ms7™) 2689 2758 3123 2883 2379 2303
Vo (m s7h) 2689 2758 2689 2758 2379 2303

taking into account also the spin-polarized effect. The use
of the HSE functional improves the results given by the
GGA, which is intended for the study of the fundamental
state and does not take into account the effect of exci-
tation. The bandgap in BiGaOj; is indirect type (M—X)
with values 1.015, 1.144 and 1.893 eV for GGA, spin
polarized and HSE functional, respectively. It can be seen
that the HSE functional gives a value in good agreement
with the experimental value 1.88 eV reported in the lit-
erature calculated with GGA-PBE using Vienna ab initio
Simulation Package. The valence band is grouped into
three distinct regions with energy range —20 to Eg. The
two upper valence bands are at (-8.25 eV to Eg) and
(-12.75 to -9.08 eV). The first occupied conduction band
is situated at (1.25 to 5.45 eV). We plot in figure 5 the
effect of pressure on direct and indirect bandgaps
between various symmetry points. One can notice that all
energy gaps increase monotonously with increasing
pressure. The fundamental Ej,_x and Egr_x indirect
energy gap plotted in figure 6 increases monotonously
with increasing pressure and changes from Ejy_x to Eg_x
at about 25 GPa. Total and partial densities of states as
shown in figure 7 indicate that O-2p sites and small
participation of Ga-4p and Bi-6p states occupy the upper
valence band. The first conduction band located between
Er and 2.39 eV is empty. Then transition occurs between
O-2p and Bi-6p or Ga-4p. The hybridization of Ga-4p
orbital with O-2p site close to the Fermi level implies
that Ga—O bond has a covalent bonding character. There
is also small contribution from Bi-6p state. However, Bi-
6p state is dominating at the conduction band minima,
which proves the ionic bonding nature of Bi-O bond.

3.5 Phonon frequencies

The term ‘phonon’ means a quasi-particle associated with a
progressive elastic wave. The vibrations are treated in terms
of norm-modes for optical or acoustical phonon frequencies
and longitudinal or transversal propagation. We computed
phonons dispersion curves by density functional perturba-
tion theory. The phonons dispersion curves for BiGaO; are
visualized in figure 8. We point out that the main features of
phonons dispersion spectra are the following:

(1) Longitudinal optical are separated by a frequency gap
25 cm™.

(2) The maximum of longitudinal (acoustical) branches is
located between R (at ' and X) points.

(3) There is an overlap between longitudinal and transversal
acoustical branches.

(4) There are soft modes in this semiconducting material.

(5) The soft modes indicate the existence of more
stable phases such as, phase Pcca (orthorhombic) and
phase R3c (trigonal).

3.6 Optical properties

The Bi atom is heavy, so the spin-polarized effect is
important in the study of optical properties and gives results
that are more reliable. The study of transitions from five
upper valence bands to five lower conduction bands requires
the knowledge of imaginary part of dielectric function with
and without spin-polarized effect, which we display in
figure 9. The shape of the imaginary part of the dielectric
constant is similar with and without spin-polarized effect.
However, the peaks are more intense in the absence of the
spin effect. The dielectric function, ¢ (w), is a fundamental
optical parameter that describes the absorption and polar-
ization properties of the material, where ¢; (w) and &, (@)
are, respectively, the real and imaginary part of the
dielectric function. From equation (2), the imaginary part &,
(w) can be obtained from the momentum matrix between
the occupied and unoccupied electronic states, which is
given by [43]:

2w2 C C C v
VSOEZ | <yilwrpy > [P5(E — E} — Tio)

kyv,c
(2)

where u is the vector that provides the polarization of the
electric field of the incident electromagnetic radiation, V is
the volume of the unit cell, e the electronic charge and np;‘
represents the wavefunction of the valence (conduction)
band at the wave vector k. From equation (3), the real part
¢; () of the dielectric function ¢ (w) is calculated from the
imaginary part of & (w) according to Kramers—Kronig
relations [44]:

&(w) =
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where P implies the principal value of the integral.
Transition energy E(k) = E.(k) — E,i(k) is plotted in
figure 10; where v; and c; are the level of valence and
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Figure 6. The fundamental bandgap vs. pressure.

conduction bands. The imaginary part threshold energy
occurs at 1.65 eV, which is the fundamental indirect
bandgap of BiGaO;. We study transitions from occupied
O-2p orbital to unoccupied Bi-6p or Ga-4p site. The peak
with energy 3.55 eV corresponds to transitions V;—C, at
M point, (V;—C;, V,—C; or V3—C;) at R point or
Vs—C; at X point. The second structure centred at 4.82
eV originates mainly from transitions V—C;, V,—Cj,
V4—C1, Vl—Cz, V5—C2, V4—C2, V5—C1 at T pOint. For
energy 6.82 eV, BiGaO; exhibits V5—Cj;, V5—C4 at X
point and Vs—Cs, V4—Cs, V3—Cs, V4—Cy4, V5—Cy4, and
V3—C; transitions located near I’ point. Transitions
V,—Cs, V4—Cs, Vs—Cs can be observed at R point for
energy 8.96 eV. Energy 11.85 eV is origin of V5—Cs
transition positioned between M and R points. We plot
the loss function spectra with and without spin-polarized
effect vs. wavelength for BiGaOs in figure 11. Spin-po-
larized is reported to reduce energy losses. We distin-
guish the high loss energy in the range 36.55 to 51 nm,
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which changes wavelength after the ionization edge. The
lower loss energy corresponds to wavelength less than
36.55 nm and greater than 51 nm and can provide
information about composition and electronic structure.
The loss function reaches the maximum value 8.81 at
42.3 nm for BiGaOj;. The reflectivity with and without
spin-polarized effect of BiGaOj, as shown in figure 12,
has a value 0.019, which corresponds to wavelength 31.9
nm. There is less reflectivity with spin-polarized. After
successive aggrandizement, it reaches a maximum value
of 0.64 at 43 nm. The absorption peaks with and without
spin-polarized effect, as depicted in figure 13, are
attributed to the phototransition energies from maximum
valence band to minimum conduction band under
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ultraviolet light irradiation. The high value of absorption
with spin-polarized and without spin-polarized is 453302
em™' and 350000 cm™" at wavelength 44.8 nm. The high
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absorption value indicates that BiGaOj; is candidate as a
photocatalyst.

3.7 Thermodynamic properties

We study the effect of temperature and pressure on
thermodynamic parameters of BiGaO;. We carried out
total energy vs. 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 T> at low
temperature and follows Dulong—Petit law at high tem-
perature. Figure 14 shows the effect of temperature on
unit cell volume. The volume increases (decreases) when
temperature (pressure) is enhanced. At 300 K and zero
pressure, the lattice constant is 3.6728 A. Figure 15
shows the temperature effect on bulk modulus. The
compressibility decreases (increases) with increasing
temperature (pressure). At 300 K and zero pressure, the
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compressibility is 170.13 GPa. Figure 16 displays the
effect of temperature on Debye temperature. Debye
temperature is substantially constant between 0 and 300
K, and then follows a linear decrease. We notice that
Debye temperature is enhanced under pressure effect. At
300 K and zero pressure, 0p is 457.34 K, which is closer
to that estimated by elastic constants within GGA. We
plot in figure 17 the effect of temperature on volumetric
thermal expansion coefficient. We show that o increases
sharply up to 500 K; then it follows the linear increase.
At T =300 K and P = 0 GPa,  is 293 x 10° K™'. At
high temperature, Cy tends to the Dulong-Petit limit [45],
while at low temperature, it is proportional to T> [46].
Figures 18 and 19 represent the effect of temperature on
Cy and Cp. From 0 to 500 K, Cy and Cp increase
exponentially and the difference between them is very
low. At high temperature (T > 500 K), Cp follows a
linear increase whereas Cy tends to Dulong—Petit limit.
At  high temperature, Cy tends to approach
122.79 Tmol™" K~'. At zero pressure and ambient
temperature, Cy and Cp are 111.34] mol~' K~! and
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Figure 19. Effect of temperature on constant pressure heat
capacity Cp.
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Table 6. Predicted constant pressure heat capacity, constant

volume heat capacity and entropy for BiGaOs.

Cp Cy s
Temperature (K) (J mol™' K™') (I mol™ K™') (J mol™'K™)
0 0 0 0

100 52.67 52.55 24.72
200 98.15 97.32 78.02
300 112.95 111.34 120.66
400 119.33 116.99 154.05
500 122.77 119.73 181.03
600 124.95 121.26 203.64
700 126.50 122.19 223.04
800 127.69 122.79 240.03
900 128.66 123.21 255.13
1000 129.48 123.50 268.74
1100 130.18 123.72 281.11
1200 130.80 123.89 292.47
1300 131.36 124.01 302.96
1400 131.84 124.12 312.72
1500 132.28 124.20 321.83
1600 132.66 124.26 330.39
1700 133.01 124.32 338.44
1800 133.30 124.36 346.057

The predicted Cy, Cp and and S for BiGaO; are listed in
table 6 using GGA.

4. Conclusion

BiGaOj; was studied by PP-PW method of the density func-
tional theory within GGA and LDA approaches. The equi-
librium lattice constant and bulk modulus are closer to the
theoretical one. Elastic moduli as a function of pressure fol-
low a linear increase. Shear and Young’s moduli, Poisson’s
ratio, average sound velocities and Debye temperature are
estimated in the framework of Voigt-Reuss-Hill approxima-
tions. BiGaO3; material is a potential candidate as photocat-
alyst. Bi-6p state in the conduction band minima confirms that
Bi-O bond has ionic bonding. Threshold energy of dielectric
function corresponds to the fundamental indirect band gap for
BiGaO;. We predicted constant pressure and volume heat
capacities and entropy using GGA functional for BiGaOj;.
The effect of temperature and pressure on volume, bulk
modulus, Debye temperature, volumetric thermal expansion
coefficient, constant volume heat capacity, constant pressure
heat capacity and entropy was investigated for the first time.
We determined the lattice constant, bulk modulus, Debye
temperature, the volumetric thermal expansion coefficient,
Cy, Cp and S at 300 K and equilibrium pressure.
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