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ARTICLE INFO ABSTRACT

The structure, elastic, electronic and optical properties of cubic perovskite Bismuth Indium
Oxide(BiInO3) were calculated using full-potential linearized augmented plane wave method (FP-
LAPW) in the density functional theory (DFT) using WIEN2k software. The calculated crystal
structure of BilnO3 revealed that this compound possesses cubic crystal structure with Fd-3m space
group. The calculated band structure for BilnO3 with generalized gradient approximations modified
Becke-Johnson (GGA-mBJ) revealed the semiconducting behavior with an indirect band gap of 1.16
eV. It was also found that there exists a strong ionic bonding between Bi and O and a mixture of ionic
and covalent bonding between In and O. The calculated elastic constants for BilnO3 with generalized
gradient approximations-Wu and Cohen (GGA-WC) method indicated that BilnO3 is mechanically
stable at ambient condition. To investigate the optical properties of BilnO3 compound, the real and
imaginary parts of the dielectric functions, refractive index, reflectivity spectra, extinction coefficient,
optical absorption coefficient, electron energy loss function, and optical conductivity were also
calculated with GGA-mBJ method in the photon energy range of 0 to 30 eV.
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INTRODUCTION

Perovskites with general formula ABO; have been investigated
intensively due to their wide range of interesting physical
properties such as ferroelectricity, semi-conductivity, high
temperature  superconductivity, piezoelectricity, colossal
magneto resistance and thermoelectricity (Ghosh et al., 2015;
Xiang et al., 2005; Kumar et al., 2008; Iles et al., 2007).
Moreover, they have been widely used as spintronic devices,
optical waveguides, laser host crystals, high temperature
oxygen sensors, frequency doubles, piezoelectric actuator
materials and catalyst electrodes in certain types of fuel cells
(Iles et al., 2007; Verma and Jindal, 2009). BilnOj; perovskite
material has received considerable attention for producing
ferroelectric and piezoelectric devices. It is a promising
candidate for replacing Pb-based piezoelectric compounds due
to similar piezoelectric properties. Few number of theoretical
studies exploring structural, elastic and electronic properties of
BilnO; compound have been carried out for the ideal cubic of
the perovskite structure (Hai Wang et al., 2007; Kaczkowski
and Jezierski, 2013). In this study, we have investigated the
physical properties of BilnO; perovskite oxide by using
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density functional theory. The structure, electronic, elastic and
optical properties of this cubic perovskite material were
calculated using FP-LAPW with local density approximation
(LDA), GGA-mBJ and GGA-WC methods. It is expected that
the present work will help in the understanding of physical
behavior of BalnO; and the article will also cover the lack of
theoretical data on the electronic, elastic and optical properties
of this interesting compound.

Computational details

In this work, the calculations were conducted in the ideal cubic
perovskite structure (space group #221) of BilnO;with atomic
Wyckoff positions Bi (0,0,0), In (0.5, 0.5, 0.5) and O
(0.5,0.5,0) as well as lattice constant a, = 5.396 A. All the
calculations were carried out using FP-LAPW method within
the Wien2k computer code, based on the LDA, GGA-mBJ and
GGA-WC approximations for the exchange—correlation
potential within the framework of DFT (Blaha et al., 2001).
The muffin tin atomic sphere radii Ryt of Bi, In and O were
set to be 2.0, 1.8 and 1.5 a.u., respectively. The Brillouin zone
integration was performed by using the modified tetrahedron
method up to 35 k-points in the irreducible part of the simple
cubic Brillouin zone.  The plane-wave expansion was
controlled by setting Ryr X Kyax = 7 (where Ry is the
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smallest of the muffin-tin radii and Kyax is the plane wave
cut-off the interstitial plane wave). The cut-off energy which
defines the separation between the core and valence states was
set at —9.0 Ry. For the total energy calculations, the energy
convergence criterion was set to be 10* Ry. For k-space
integration, 364 k-points in the entire Brillion Zone were used.

RESULT AND DISCUSSION

Crystal structure calculation: The room temperature crystal
structure of BilnOs is illustrated in Figure 1, where the cations
Bi are shown at the corners of the cube, In cations in the center
with oxygen ions in the face-centered positions. This indicates
that, BilnO; attained cubic crystal structure. The calculated
lattice energy as a function of volume per particle for BilnOs
using GGA-WC methodis shown in Figure 2. This calculation
allowed the prediction of the most stable structure,
equilibrium energy, unit cell volume, bulk modulus and its
derivative of BilnO;.The curve is obtained by fitting the Birch-
Murnaghan equation given by (Souza and Rino, 2011);

o=, 2 - -]

where V, is the equilibrium volume, B, is the bulk modulus
which is given by:

(6P
2= -V(5v),

and B(;is the pressure derive of B, evaluated at volume V,,.
This helps to determine the equilibrium

Table 1. The calculated structural parameters and ground state
energy for BilnO; oxide

Method a(A) V (A3) B(GPa) Eo(Ry)
LDA 4.0809 67.96 166.54 55341.24
GGA - WC 4.1204 69.95 156.18 55370.52
GGA - PBE 4.1691 72.46 136.54 - 55376.46

lattice constant of the compound by the minimization of the
total energy of the system with respect to the volume of the
unit cell. The Birch-Murnaghan equation, which is described
above is also used to obtain the structural parameters: lattice
parameter a, the unite cell volume V, the bulk modulus B and
the ground state energy E, for BilnO; oxide. The obtained
results are summarized in Table 1. For these purpose different
approaches, i.e. LDA, GGA-PBE and GGA-WC were
employed. Table 1. The calculated structural parameters and
ground state energy for BilnO; oxide. It can be seen that the
calculated values are not the same. The obtained results using
LDA, GGA-WC and GGA-PBE methods are in good
agreement with those calculated in (Verma and Jindal, 2009;
Hai Wang et al, 2007; Kaczkowski and Jezierski, 2013).
However, as compared them, the lattice parameter calculated
within LDA is slightly smaller than those from GGA-WC and
GGA-PBE methods. As reported by A. D. Corso et al. (1996),
GGA approximation overestimates the lattice constants and
underestimates the bulk moduli. For all approximations, the
bulk modulus values are inversely proportional to the
calculated values of the lattice parameters, a, and the unite cell
volume, V,. Similar results have been reported by J.
Kaczkowski and A. Jezierski (Kaczkowski and Jezierski,
2013). Finally, we note that experimental result for the lattice

constant and bulk modulus of cubic BilnO; compound is not
available.

Band structure and densities of states: The band structures
along high symmetry directions in the Brillouin zone
calculated with GGA-mBJ and densities of states (DOS) for
BilnOj; are shown in Figure 3 (I). The calculated band gaps are
also summarized in Table 2. The valence band maximum
(VBM) and the conduction band minimum (CBM) are
occurred at M and X points, respectively. Moreover, the two
bands are not overlapped each other, indicating that the
material is an indirect semiconductor with band gap of 1.16
eV. To further explain the nature of the electronic band
structure, the total (DOS) of BilnOs is calculated and the result
is shown in Figure 3(II). On the basis of different bands, the
total DOS could be grouped into four regions. The first region
around -12.5 eV comprising a narrow band due to the in 4d
orbital states (Figure 3 (ii) b). In the second region around —10
eV to Fermi energy level, majority contribution is due to Bi 6s
states (Figure 3 (ii) a). In the third region from -6 eV to Fermi
level the major contribution is given by6s and In 4f (Figure 3
(i) c). There is hybridization between Bi 6s and in 4f with O
2p states in this region. The first, second and third regions
within the range of —12.5 t00.0 eV comprise the valence band.
The upper part of the valence band is composed of the O 2p
and Bi 6p states. The fourth region above the Fermi level is the
conduction bands. In the conduction band from 2.54 to 8 eV
majority contributions are from Bi 6p and O 2p states. From
10 to 20 eV, a small contribution is due to the O 2p and Bi 5f
states in the conduction band.

Charge density: It is well known that the ionic character of
any material can be related to the charge transfer between the
cation and anion. On the other hand, the covalent character is
related to the sharing of the charge among the cation and
anion. In order to identify the bonding nature in BilnO;
compound, we plot the calculated charge density -0.5 eV to Er
(0 eV) maps of (100) and (110) planes and the obtained results
are shown in Figures 4. From Figure4 (a), it is clearly observed
that the near spherical charge distributions around Bi, which
indicates the clear identifications of ionic bonding between Bi
and O with no charge sharing. Further, it is obtained that there
is a strong directional bonding between in and O in BilnO;.
This is due to the fact that most of the charges are populated in
the In-O bond direction, while the maximum charge resides on
the Bi and In sites. It is also obtained that the hybridization
between In and O is stronger than hybridization between Bi
and O, and are responsible for the covalent bonding (Figures 4
(b),). The covalent bonds are clearly visible in Figures 4,
which is consistent those obtained by Hai Wang et al. (2007).
From the above observed results, we can conclude that there
exists a strong ionic bonding between Bi and O, and a mixture
of ionic and covalent bonding between in and O.

Elastic properties: The elastic constants of solids are
important parameters which provide a link between the
mechanical and dynamical behavior of crystals, and give
important information concerning the response of the crystal to
the external forces. In particular, they provide information on
the mechanical strength of materials such as the structural
stability and stiffness of materials. A hyperplastic material
with stress and strain symmetry has 21 independent elastic
constants, C;; (Rameshe et al., 2015). The material with 21
independent elastic constants is called as anisotropic or
aelotropic material.
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Table 2. The calculated band gap (eV) for BilnO; compound

Method M-I' M-X R-X R-M M-M R-R R-I' X-X
GGA-mBJ] 44 1.16 1.16 245 245 43 44 22

Table 3. Calculated elastic parameters C;(GPa), anisotropy factor A, bulk modulus B (GPa), shear modulus G (GPa), Poisson’s ratio
v, Young’s modulus Y ( GPa), Pugh'sindex B/G and Cauchy's pressure C;,- C44 (GPa) of BilnO,

Compound C11 Clz C44 A B G v Y B/G C]z - C44
BilnO; 292.4 89.4 484 048 157.07 65.42 0.32 172.33 2.4 41
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Figure 2. Total energy versus volume of BilnO;
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Figure 3. The calculated (i) band structure and (ii) density of states (DOS) of cubic BilnO;
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Figure 4. Charge density distribution of BilnO; (a) along (100) plane in 2-D representation, (b) along (110) plane in 2-D

representation
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Figure 5. (a) imaginary part &,(®) (b) real part g;(®) (¢) refractive index n(®) (d) extinction coefficient k(®) of BilnO;
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Figure 6. (a) reflectivity R(®), (b) energy loss function L(®), (c) optical conductivity ¢ () and (d) absorption coefficient a(®) of
BilnO;

However, the symmetry of cubic crystals reduces this number
to only three independent elastic moduli, Ci;, Cj; and Cy
(Rameshe et al., 2015) with the following identities C;; = C,,
= C33, C12 = C23 = C31, and C44 = C55 = C66 (Bl'lk, 2010) In
order to determine them, the cubic unit cell is deformed using
an appropriate strain tensor to yield an energy-strain relation.
In this work, we used the method developed by T. Charpin and
implemented in the WIEN2K package (Blaha e al., 2001).
Once the single-crystal elastic constants C;;, Cjp, and Cy4 are
evaluated, related properties such as bulk modulus B, shear
modulus G, Poisson’s ratio v, Young’s modulus Y, Pugh's
index B/G and Cauchy's pressure of polycrystalline can be
estimated in terms of Voigt-Reuss-Hill approximations.

All these parameters were calculated using equations from
(Faizan et al., 2016). The obtained values for BilnOj; using
GGA-WC method are shown in Table 3. It is obtained that the
calculated elastic constants C;; are positive and satisfied the
mechanical stability condition (Faizan et al., 2016) in a cubic
crystal, ie. (C11 — Clz) > 0, (C11+2C12) > 0, C11> 0, C44> 0, and
Ci,< B < Cy;. This suggests that BilnO; compound is
mechanically stable. Upon the calculation of the elastic
constants, it is found that BilnOs exhibit the highest value of
Cy1, which is 83% higher than Cy,. This reveals that BilnOs
compound has weaker resistance to the pure shear deformation
compared to the resistance to the unidirectional compression.
This suggests that for cubic crystals elastic constants decrease
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with increase of the lattice parameters. Similar result is
obtained by M.G. Brik (Brik, 2010). The elastic anisotropy
factor A in a cubic crystal is a measure of the degree of elastic
anisotropy in solids. The elastic anisotropy factor takes the
value of one for a completely isotropic material, while any
value smaller or larger than one indicates elastic anisotropy
possessed by the crystal (Brik, 2010). It can be observed in the
Table 3 that the obtained value of the anisotropy factor is 0.48
for BilnO;, which indicates that the compound is anisotropic
material. Bulk modulus B is a measurement of the hardness of
a solid, which is materials resistance to the volume change by
an applied pressure. The calculated value of bulk modulus is
157.07 GPa for BilnO;. This high value of the bulk modulus
reflects a tendency for better ductility (brittleness) of BiGaO;.
The shear modulus G, describes the resistance of a material
upon shape change. As it can be seen in the table, BilnOs
has65.42 GPa shear modulus value. The high shear modulus
value is a better predictor of hardness of materials. Thus, from
the obtained data it can be predicted that Pervoskite BilnOshas
large resistance to shape change to the external forces.
Poisson’s ratio provides more information about the bonding
forces than any other elastic property. The value of the
Poisson’s ratio for covalent materials is small (v < 0.1),
whereas for ionic materials a typical value of v is 0.25 (Brik,
2010). In this calculation, the obtained value of the Poisson’s
ratio is 0.32. It can be assumed the presence of a considerable
ionic contribution in intra-atomic bonding for BilnOs
compound. Young’s modulus is defined as the ratio of stress
and strain, and used to provide a measure of the stiffness of the
solid. The material is stiffer if the value of Young’s modulus is
high. It is clear from Table 3 that bulk modulus of BilnOsis
65.42 GPa. Mechanical properties such as ductility and
brittleness of materials can be explained from the proposed
relationship in Pugh’s criteria. ~ The shear modulus G
represents the resistance to plastic deformation, while the bulk
modulus Brepresents the resistance to fracture. We know that
there is a criterion for B/G ratio which separates the ductility
and brittleness of materials. According to Ephraim Babu et al.
(2014), the critical value for B/G ratio is 1.75, i.e. if B/G >
1.75 the material is ductile, otherwise it is brittle. As it can be
seen in Table 3, the obtained result is 2.4. Hence, we can
deduce that BilnO3; compound possesses ductile nature. It has
been also noted that the Cauchy pressure Cj; — Cyy < 0 for
covalent compounds and C;, — Cy > 0 for mostly ionic
compounds (Brik, 2010). As shown in the table 3, the obtained
values of Cauchy pressure 41 (GPa), leading to
BilnOs;compound is mostly ionic crystals.

Optical properties: The optical properties of the perovskites

can be described by the electronic dielectric function g(w).
The dielectric function &(®) describes the optical response of
the medium to the incident photons with an energy E = 4. In
terms of the complex dielectric function (), the dielectric
function of an anisotropic material can be expressed as;

&(0) = &1(0) + igy(®)

where €,(®) and ig;(®) are the real and imaginary components
of the dielectric function, respectively. The imaginary part of
the frequency dependent dielectric function is given by
(Ephraim Babu et al., 2014);

e’h

ez(w>=(m> f @My (05 (B — By — )

where Mj; is the dipole matrix, i and j are the initial and final
states respectively, the energy hw;j = Ey — Ejj is the
energy of electron in the ij-th states with crystal wave vector k.
Further, the real part of the dielectric function g can be
derived from the imaginary part €, using the Kramers-Kronig
relations (Ephraim Babu ef al., 2014).

o 'E (a) Ydo
2

g (w)=1+— PT

where, P implies the principal value of the integral. From
& (w)and &,(w),the rest frequency dependent optical
functions, such as refractive index n(w), reflectivity spectra
R(w), extinction coefficient k(w), optical absorption
coefficient I(w) and electron energy loss function L(®) and and
optical conductivity o(w)were calculated using equations
from (Kong et al., 2017; Ephraim Babu et al., 2012). The
optical properties of BilnO;was also calculated at equilibrium
lattice parameters using mBJ-GGA method in the photon
energy range 0 to 30 eV. The obtained results are shown in
Figures5 and 6 (a-d). As shown in Figure 5 (a), a strong
absorption peak is obtained in the energy range of 2.3 - 20.0
eV. The maximum absorption peak of the dielectric function is
occurred at 3.4 eV, which is related to the transition of the
interband between the valence band maximum and the
conduction band minimum. The maximum peak of the
dielectric function is occurred at 2.5 eV, due to the transition
of 2p electrons of O in the highest valance band maximum into
6p electrons in the lowest conduction band of Bi. The peaks
beyond 2.5 eV are appeared due to the electronic transition
from the O 2p states in valence band to the Bi 6p states in the
unoccupied conduction bands.

The variation of the real part of the dielectric function &;(®)
with the incident photon energy up to 30 eV is shown in Figure
5 (b). It is observed that the static dielectric constant at zero
frequency limit €(0) of BilnOj; is found to be 2.5, which is
lower than that of BiGaOs;. Beyond the zero frequency limit,
€1(®) increases and reaches a maximum value of 4.9 at 7.4 eV.
Further the plot decreases sharply and goes below 0.0 eV in the
range of 15.2 — 20.5 eV and 27.2 — 28.3 eV. For negative
values of &(®), BilnOs is characterized as metals and it lost
the dielectric property. The calculated values of n(w) and k()
of BilnOj; are shown in Figure 5 (c) and (d). From the figure it
clear that n(w) and k(w) have almost the same characteristics
as g;(m) and &(w), respectively. The peaks in &y(®) and k()
are due to the inter-band electronic transitions. The static
dielectric constant at zero frequency limit n(0) of BilnOj; is
found to be 2.6. Beyond the zero-frequency limit, n(w) start
increasing and reaches a maximum value of 3.8 at 2.8 eV.
After its maximum value, n(®) starts decreasing and becomes
almost constant after 15 eV. Further, the calculated k(w)
shows the same behavior as &(w). As shown in Figure 5 (d),
the frequency dependent k(w) increases monotonically and
reaches the maximum absorption in the medium at 4.9 eV,
indicating the fast absorption of photons by BilnO;. Further, it
is also found that & (®) shows lower value at the maximum
value of k(w). Figure 6 (a) shows the optical reflectivity R(w)
versus energy for BilnOs. It is found that the zero-frequency
reflectivity R(0) is found to be 21 %. The maximum
reflectivity value is about 54.2 % occurs at 5.2 eV. In this case
the maximum reflectivity occurs when its corresponding &;(®)
is below zero. The energy loss Figure 6 (a-d): (a) reflectivity
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R(®), (b) energy loss function L(w), (c) optical conductivity ¢
() and (d) absorption  coefficient a(®) of BilnO;. spectra
L(w) for BilnOj; is shown in Figure 6 (b). It is obtained that the
maximum peak is located at 22 eV. The optical conductivity
o(w) of BilnO; is shown in Figure 6 (c). The maximum value
of optical conductivity of the compound is obtained at 6 eV of
magnitude 6947.3 Q'cm™. Similar results are also observed in
absorption coefficient o(w) in the absorption range up to 30 eV
and it is shown in Figure 6 (d). The maximum absorption
occurs at 28 eV, making the materials more favorable for
applications in optoelectronic devices.

Conclusion

The application of DFT as implemented in WIEN2K code is
successfully predicting the structural, elastic, electronic, and
optical properties of the cubic BilnO;perovskite using the FP-
LAPW method within the LDA, GGA in the framework of
DFT. Fromband structure calculation, it is found that BilnO;
perovskites exhibit semiconducting behavior with an indirect
band gap structure. From elastic properties study, it is obtained
that the calculated elastic constants Cj are positive. This
suggests that BilnO; ismechanically stable compound.From
optical properties study, it is also suggested that BilnO; is more
favorable for applications in optoelectronic devices.
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