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A B S T R A C T   

This work presents in detail the Ab-initio computational research work on the structural, elastic, electronic, and 
optical properties of Perovskite-type (Halide-Perovskites) barium-based MBaF3 (M = Ga and In) compounds. The 
work is based on density functional theory (DFT) within WIEN2K. Structurally both GaBaF3 and InBaF3 based on 
optimization of Birch Murnaghan fit are found to be stable. The IRelast package for the calculations of elastic 
constants (ECs) is employed for the computation of elastic properties. Mechanically these compounds are 
identified to be ductile, hard to scratch, anisotropic, mechanically stable, and demonstrate strong resistance to 
plastic deformation. The precise modified Becke–Johnson (mBJ) potential is employed for electronic properties. 
Band structures of these compounds possess an insulating nature of direct wide energy band gap of 5 eV for 
GaBaF3 and 5.1 eV for InBaF3 from X-X symmetries points. To know the contribution of different electronic states 
to the band structures, the TDOS and PDOS i-e (total and partial density of states) are exploited. The insulating 
direct wide band gap energy nature presented a straightforward direction to study the optical properties of these 
compounds. The optical properties, of both the compounds, were studied deeply in the energy range from 0 eV to 
40 eV. These compounds possess high absorption and optical conduction at high energy ranges. Both materials 
are transparent to incident photons at low energy ranges. We have concluded from the optical properties in
vestigations that these compounds are suited for high-frequency UV device applications. To our deep knowledge, 
this is the first systematic theoretical computation of MBaF3 (M = Ga and In) with structural, elastic, electronic 
and optical, properties that have yet to be verified experimentally.   

1. Introduction 

Materials scientists are working hard to develop new Perovskites 

compounds with improved properties. The fluoroperovskite structure is 
found in the majority of compounds with the general formula ABF3. The 
atomic arrangement in this structure was first discovered in the mineral 
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CaTiO3, which is a perovskites. The A cation is coordinated with twelve 
Fluorine atoms in the perovskites structure, while the B cation is coor
dinated with six atoms of Fluorine. As a result, the A cation is usually 
slightly greater than the B cation. Fluoroperovskite compounds form a 
fascinating class of materials that have a mechanically stable crystal 
structure and exhibit good electronic behavior, ranging from semi
conductors to insulators. Owing to their fundamental significance as a 
lens material in optical lithography, radiation dosimeters, scintillation 
materials, and the semiconductor industry, these compounds have 
gained a lot of attention in recent years [1–3]. Numerous researchers 
investigated different properties of cubic Perovskites compounds and 
the majority of cubic Perovskites compounds have been reported to be 
elastically anisotropic and mechanically stable [4–6]. ABF3 composi
tions have applications in high-efficiency photovoltaic properties, en
ergy storage for automobiles, devices, and lenses [7,8]. The mixture of 
fluorine with organic or inorganic and transition metals (TM) produces 
stable fluoroperovskites. One of the most useful candidates is wide 
band-gap fluoroperovskites. They can be amalgamated to create com
plex lattice-matched materials crystal structures and large band gaps, 
enabling band gap engineering and lattice matching [1]. Furthermore, 
fluoroperovskites compound can be utilized in medical fields to deter
mine dose throughout radiation therapy, as well as in the production of 
radiation imaging plates for X-rays, thermal neutrons, and gamma-rays 
for medical and non-destructive testing purposes [9]. The wide energy 
bandgap of these compounds is a common characteristic. Because of 
their short absorption edges, they have significant potential as glass 
materials in the vacuum ultraviolet (VUV) and ultraviolet (UV) wave
length regions [10,11]. Some of the recent work regarding fluoroper
ovskites is reported as can be seen in Refs. [12–14]. Harmel et al. [15] 
investigated some of the properties of barium-based CsBaF3 fluoroper
ovskite based on DFT and reported the CsBaF3 based on the wide direct 
band gap and the spectra of the imaginary component of the dielectric 
functions in the UV field, will be appropriate for optoelectronic appli
cations. Daniel et al. reported in Ref. [16] some of the properties of 
LiBaF3 and concluded that the compound is favorable for energy storage 
applications. MBaF3 (M = Ga and In) is a significant class of ternary 
materials since it possibly is deemed to apply as a material for lenses and 
modern electronic technologies. It is common knowledge that material 
having band gaps greater from 3.1 eV perform better in the ultraviolet 
(UV) range [17–19]. The objective of this work is to use DFT and the full 
potential linearized augmented plane wave (FP-LAPW) framework to 
explore the fundamental structural, elastic, electronic, and optical 
properties of fluoroperovskite MBaF3 (M = Ga and In), to supply base
line data for researchers to perform experimental work on these com
pounds that has yet to be confirmed. 

1.1. Computational methodology 

This research work is done, with the use of the FP-LAPW method [20, 
21], which was integrated within the Wien2K simulation code [22]. For 
the structural and elastic properties, the exchange-correlation potential 
is handled applying the generalized gradient approximation (GGA) [23] 
while the recently most used and precise modified Becke Johnson po
tential (TB-mBJ) [24] is used for the electronic and optical properties. 
This study Considers some FP-LAPW basis functions up to RMT × Kmax 
(where RMT is the minimum radius of the muffin-tin spheres) equal to 8 
to achieve a satisfactory degree of convergence and Kmax gives the 
magnitude of the largest k-vector in the plane wave expansions. For M 
where (M = Ga and In), Ba, and F, the muffin-tin sphere radii RMT are 
2.5, 1.5, and 1.7 atomic units (a.u.) respectively. The spherical har
monics within the muffin-tin spheres have been extended up to lmax =

10, but the Fourier expanded charge density has been reduced at Gmax =

12 (a.u.)− 1. When the total energy is secure within 0.001 Ry, the 
self-consistent calculations are assumed converged. The structural pa
rameters are determined by fitting the energy versus volume curve with 
the Birch- Murnaghan equation of state [25]. The IRelast package [26] 

determines the elastic constants (ECs) of crystal symmetries such as 
Cubic, which are then used to investigate elastic properties. The ℇ(ω) i.e. 
dielectric function can be used to define the optical properties [27,28]. 

2. Results and discussion 

This section presents the results obtained through our methodology 
and a deep scientific discussion of the said results. 

2.1. Structural properties 

The ternary MBaF3 (M = Ga and In) compounds crystallize as a cubic 
perovskites structure with the space group Pm3 m (# 221) and a single 
molecule as its unit cell. M atoms where M = Ga and In are at (0,0,0), Ba 
atoms seem to be at (1/2,1/2,1/2), and F atoms are at (0,1/2,1/2), (1/ 
2,0,1/2), and (1/2,1/2,0) accordingly. Fig. 1 shows the Ba-based fluo
roperovskite compounds investigated here that have an ideal cubic 
structure. 

In this portion, we’ll measure overall energy accordant with unit-cell 
volume around V0 (the equilibrium cell volume). Structural properties 
are predicted from the process of volume optimization, which can be 
achieved by fitting the Birch Murnaghan equation of state [25]. We 
evaluate the ground state properties namely the equilibrium lattice 
constant a0, the bulk modulus B, and its pressure derivative B′ by per
forming an analytical interpolation of our computed points from Birch 
Murnaghan fit which express the variation of volume versus total en
ergy. Unit cell minimum energy can be gained by minimizing the unit 
cell total energy with the corresponding volume, as depicted in opti
mization curves of Fig. 2. 

The total minimum energy versus volume is known to be optimum or 
ground state energy E0 and the volume is the optimum or ground state 
volume V0. The compound having more optimized energy is predicted to 
be structurally more stable. The computed optimized structural pa
rameters comprising a0 (optimized lattice constants), E0 (the optimized 
ground state energy), the bulk modulus B0, the optimized volume V0, 
and bulk modulus pressure derivative B0

/are depicted in Table .1. A 
smaller bulk modulus is often observed when the lattice constant is 
higher, so these results are persistent on the general fashion of this 
approximation confirming that the computed results are more precise 
and realistic. 

The optimization fit curve for InBaF3 is sharper than for GaBaF3, thus 
InBaF3 is encountered to be structurally more stable. Structural stability 
can also be compared from the above listed Table .1. 

Fig. 1. Prototype crystal structure of ternary MBaF3 (M = Ga and 
In) compounds. 
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2.2. Electronic properties (bands structures and density of states DOS) 

In this segment, we calculate the actual energy band structures, DOS, 
and charge distribution to examine the electronic properties of MBaF3 
(M = Ga and In) compounds. It is well understood that the fundamental 
band-gap of semiconductors and insulators is underestimated by LDA 
and GGA calculations [29,30]. Most of this is due to their basic shapes, 
which are not functional enough to reliably replicate both the 
exchange-correlation energy and its charge derivative. We used the 
modified Becke Johnson potential (mBJ) to resolve the underestimation 
of the band gaps, which has been used successfully in multiple recent 
papers [14,31,32]. In the Brillouin zone, the measured energy-band 
structures for the equilibrium geometry of MBaF3 (M = Ga and In) 
along higher symmetry directions are shown in Fig. 3. The top of the 
valence band is chosen as the zero-energy level known as the Fermi 

energy EF. Fig. 3, shows that for both compounds the valence band (VB) 
maximum is at the X-symmetry points, while the conduction band (CB) 
minima are also at the same X-symmetry points, resulting in a direct (X- 
X) energy band gap of 5 eV for the GaBaF3 and 5.13 eV for InBaF3 
compound. 

The high band gap energy for both the compounds reveals an insu
lating nature. For both, the compounds there exist enrgy bands in the 
energy range of − 14 eV–8 eV, in which the horizontal dotted line at 
0 (zero) eV represents the Fermi energy level. The bands that coincide 
below the Fermi level are referred to as the valence band and the band 
above the reference Fermi line is the conduction band. 

We have shown the TDOS and PDOS (total and partial atomic density 
of states) for MBaF3 (M = Ga and In) compounds in Fig. 4 to gain a 
deeper insight into the electronic structure. DOS shows the contribution 
of the different electronic states to valence and conduction bands. 

The DOS ranges from − 2 eV to 8 eV, within which the vertical dotted 
line at the 0 eV represents the Fermi level energy EF. The part of DOS to 
the left of EF depicts valence while to the right is the conduction band. It 
can be seen that the energy range is divided into two classes i-e from − 2 
eV to 0 eV (the valence band) and from 5 eV to 6 eV (conduction band) 
based on the distribution of PDOS. It can be depicted that the major 
contribution to the DOS is from Ga-s, Ba-s, and In-s with addition to F-p 
states in the valence band having energy ranges from − 2 eV to 0 eV. In 
the conduction band of energy range from 5 to 6 eV the total dominant 
part is from Ga-p and In-p states. 

Fig. 2. Birch Murnaghan equation of state fitted optimization curve of MBaF3 (M = Ga and In) compounds.  

Table 1 
Optimized crystal unit cell parameters of ternary MBaF3 (M = Ga and In) 
compounds.  

Structural Specifications GaBaF3 InBaF3 

a0 (in Å) 5.0913 5.1035 
V0 (in a.u3) 890.62 897.01 
B0 (in GPa) 33.23 33.79 
B0

/ 4.7814 4.9494 
E0 (in Ry) − 20766.82 − 28645.22  

Fig. 3. Electronic energy band structures of ternary MBaF3 (M = Ga and In) compounds using TB-mBJ approximation.  
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2.3. Elastic properties 

The elastic constants govern the crystal’s response to external forces 
and are crucial in explaining the elastic property of materials. The 
measured value of these constants provides useful knowledge about a 
material’s stability and toughness. The elastic constants of the interest, 
material were measured at zero pressure by calculating the components 
of the stress tensor for small strains and applying the energy in accordant 
with lattice strain that sustained volume [33]. The IRelast package 
interfaced within Wien2k, specially developed for cubic systems has 
been used to calculate elastic constants (ECs). The cubic crystal lattice 
symmetry reduces the total number of independent elastic constants Cij 
to just three: C11, C12, and C44. The estimated elastic constants and other 
elastic parameters measured from the theoretical elastic constants are 
summarized in Table .2. The constraints on the elastic constants are 
imposed by the criterion of mechanical stability in a cubic crystal are 
C11 − C12 > 0, C11 > 0, C44 > 0, C11 + 2 C12 > 0, and ​ also B > 0 
[34]. These stability conditions are obeyed by our measured Cij values, 
suggesting that these compounds are elastically stable. 

The value of C11 for GaBaF3 is 76.758 GPa, which is less great than 
75.584 GPa for InBaF3, thus depicting that GaBaF3 is a little harder than 
InBaF3. The ability to create micro-cracks in materials is highly associ
ated with the A (elastic anisotropy) of crystals, which has crucial im
plications in engineering research. We calculated the A (anisotropy 
factor) to quantify the elastic anisotropy of these materials from the 
presented values of elastic constants as: 

A= 2C44/ (C11 − C12) (1) 

A is equal to 1 for an isotropic material, whereas any number lesser 

or bigger than 1 implies anisotropy. Both these materials are anisotropic, 
as the value of A varies from 1and the extent of variation shows the 
degree of anisotropy. It can be seen from Table 2 that the measured 
values of A for GaBaF3 are 0.112 and that for InBaF3 is 0.277, which 
depicts that InBaF3 possesses a high degree of anisotropy. It is important 
to find out other elastic parameters like G (shear modulus), E (Young’s 
modulus), and v (Poisson ratio) from the presented elastic constants by 
utilizing the following expressions [35–37]: 

E=
9GB

3B + G
(2)  

ν= 3B − 2G
2(3B + G)

(3)  

GV =
1
5
(C11 − C12 + 3C44) (4)  

GR =
5C44(C11 − C12)

4C44 + 3(C11 − C12)
(5) 

The A, G, E, and ν are calculated from the above-presented relations 
and its values are presented in Table .2. Several characteristics can be 
used to determine whether a material is ductile or brittle. The 
(C11 − C44), which is a Cauchy’s pressure is the difference between C11 

and C44 is considered the identity of ductility [38]. If the difference of 
C11 and C44 is positive, the material is known to be ductile and if found 
negative it predicts a brittle nature. In this case for both the materials the 
Cauchy’s pressure is positive i.e. 72.372 GPa for GaBaF3 and 67.165 GPa 
for InBaF3 which confirm that both the materials are ductile. The B/G 
(Pugh ratio) is another identification for the brittle or ductility classifi
cation. The critical value of the B/G ratio is 1.75, the materials having a 
high Pugh ratio are considered to be more ductile [39]. In this reported 
case both the compounds possess varied values from the critical point, i. 
e. 3.254 for GaBaF3 and 2.412 for InBaF3. Thus GaBaF3 is a little more 
ductile than InBaF3. Frantsevich et al. [40] use ν (Poisson’s ratio) to 
discern between ductility and brittleness of materials and reported the 
critical value of 0.26. For brittle materials, the value is less than 0.26, 
while for ductile it will have a high value. For ternary MBaF3 (M = Ga 
and In) compounds, both possess a higher value from 0.26, i.e. 0.517 for 
GaBaF3 and 0.449 for InBaF3 as can be seen from the same Table .2, 
which again confirms the ductile nature. In summary, we concluded that 
the compounds of interest are mechanically ductile, anisotropic, tough, 
and possess high resistance to cracks. From these findings of elastic 
properties, we surely deemed its applications in many modern electronic 
technologies. 

Fig. 4. Computed TDOS and PDOS of ternary MBaF3 (M = Ga and In) compound using TB-mBJ.  

Table 2 
Computed elastic constants with other elastic parameters comprising bulk 
modulus, anisotropy factor, Young modulus, Poison ratio, Pugh ratio (B/G), and 
Cauchy’s pressure for ternary MBaF3 (M = Ga and In) compounds.  

Elastic Parameters GaBaF3 InBaF3 

C11(in GPa) 76.758 75.584 
C12(in GPa) 12.152 14.580 
C44(in GPa) 3.628 8.419 
B (in GPa) 33.700 35.009 
A 0.112 0.277 
E (in GPa) 28.186 38.260 
ʋ 0.517 0.449 
B/G 3.254 2.412 
B/C44 9.289 4.158 
C11–C12 (in GPa) 64.569 60.719 
G (in GPa) 10.358 14.516 
C11–C44 (in GPa) 72.372 67.165  
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2.4. Optical properties 

For the photon energies up to 40 eV, all-optical properties are 
determined using the theoretical equilibrium lattice constant. All the 
optical properties can be determined from the dielectric function ℇ (ω). 

2.5. The dielectric function 

The dielectric function ℇ (ω) comprises of two parts i-e the real and 
imaginary part, which can be expressed as ε(ω) = ε1(ω)+ ​ іε2(ω). The 
measured real part ℇ1 (ω) of ℇ (ω), which shows the materials photon 
dispersion and electronic polarizability is shown in Fig. 5. 

At low energy, the curve displays increases, drops, and then reduces 
to achieve a negative value of ℇ1(ω), followed by a steady rise towards 
zero. The maximum peak of 4.2 for GaBaF3 and 4.9 for InBaF3 occurs at 
about 5 eV photon energy. Approximately 2.16 for GaBaF3 and 2.23 for 
InBaF3 is the computed static dielectric constant ℇ1 (0). Based on the 
Penn model [41], the materials having a greater value of static dielectric 
function ℇ1 (0) will have smaller band gap energy, and for which ℇ1 (0) 
posses’ smaller value will have a larger band gap. These compounds do 
not obey the Penn model, in which InBaF3 has a ℇ1 (0) value of 2.23, thus 
having a greater value of 5.13 eV energy band gap while ℇ1 (0) is 2.16 
for GaBaF3 which possesses a band gap of 5 eV. The computed ℇ2 (ω) 
(imaginary part) of ℇ (ω) is displayed in the same Fig. 5 within the en
ergy range of 40 eV. The first critical peaks (threshold energy) of the ℇ 
(ω) (dielectric function) for both GaBaF3 and InGaF3 occurred at roughly 
6 eV, according to our investigation of the ℇ2 (ω) spectrum. At the 
X-symmetries point, this point known as the basic absorption edge is the 
direct optical transition within the highest VB (valence band) and the 
lowest CB (conduction band). Beyond the threshold energy, the increase 
and drops occur in the curve. The maximum peak of 5 occurs for InBaF3 
at about 6 eV, while for GaBaF3 it is noticed to be 4.5 at about 18.17 eV. 
As a result, the compound’s wide direct band-gap nature builds it suited 
for high-frequency UV device application. 

2.6. The refractive index 

The refractive index η (ω), optical conductivity σ (ω), absorption 
coefficient I (ω), and reflectivity R (ω) can all be calculated using ℇ1 (ω) 
and ℇ2 (ω). Fig. 6 displays the computed refractive index η (ω). The η (0) 
i.e. static refractive index has a value of 1.49, and 1.5 for GaBaF3 and 
InBaF3 respectively, according to the refractive index spectrum. It can be 
explicitly seen from Fig. 6 that curve of η (ω) for both the compounds 
coincide with a slight change. The maximum peak value of the refractive 
index is 2.3 for InBaF3 at about 5 eV photon energy while that for 
GaBaF3 is 2.15 at the same photon energy of 5 eV for GaBaF3. The 
refractive index is a crucial parameter for determining the degree of 
refraction of light, as it is particularly useful in photoelectric 

applications. η (ω) >1 (refractive index is greater than one), because 
photons are slowed as they enter a substance due to interactions with 
electrons. The greater the refractive index of a material, the more pho
tons is retarded while traveling through it. In general, every mechanism 
that raises the electron density in a material raises the refractive index as 
well. 

2.7. The absorption coefficient 

The I(ω) (absorption coefficient) curves computed from the dielectric 
function ℇ (ω) are manifested in Fig. 7. 

It is very obvious from Fig. 7 that the compounds of interest have 
considerable absorption coefficients at high energy ranges from 5 eV to 
35 eV. The threshold point at which a substance begins to absorb elec
tromagnetic radiation effectively. The threshold point for both these 
compounds exists uniquely i.e. 5 eV. The maximum absorption of 265 
cm− 1 for GaBaF3 and 250 cm− 1 for InBaF3 at the same photon energy of 
18 eV. 

2.8. The reflectivity R (ω) 

The R (ω), computed from the dielectric function is plotted within 
energy range from 0 eV to 40 eV and is shown in Fig. 8. 

The zero-frequency reflectivity R(0) is observed at 0.03 for both 
GaBaF3 and InBaF3 and on increasing photon energy the reflectivity 
increases gaining a maximum of 0.4 at 8 eV for GaBaF3 and 0.36 at about 
23 eV. The reflectivity is very low at the energy range equal to the band’s 
gap, so for incident photon the materials are transparent; thus, the 
transparency of the material in this low energy, indicating that these 

Fig. 5. Computed Dielectric function ℇ(ω) for MBaF3 (M = Ga and 
In) compounds. 

Fig. 6. Computed refractive index of MBaF3 (M = Ga and In) compounds.  

Fig. 7. Computed absorption coefficient of MBaF3 (M = Ga and In) compounds.  
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compounds are a potential choice for fabricating lenses. 

2.9. The optical conductivity 

The optical conductivity σ (ω), describes the conduction of electrons 
caused by an applied electromagnetic field. The σ (ω) investigated from 
the dielectric function is plotted and depicted in Fig. 9. 

It is very clear from Fig. 9 that optical conductivity starts for both the 
compounds at the rate of the energy band gap, i.e. at about 5 and 5.1 eV. 
This threshold optical conductivity confirms our predicted band gap 
energy. It can also be depicted clearly from the figure that both GaBaF3 
and InBaF3 optical conductivity curves have the same pattern. The 
maximum optical conductivity of 11,550 Ω− 1cm− 1 for GaBaF3 and 
10,000 Ω− 1cm− 1 for InBaF3 at the unique photon energy of 19 eV. Thus 
we concluded that both the compounds are optically conductive at a 
high photon energy range. 

2.10. The Energy Loss Function (ELF) 

The intra-band, inter-band, and Plasmon interdependencies are 
described from electron energy-loss function (ELF). ELF is the energy 
lost by a fast-moving electron as it travels through a substance. The 
computed optical ELF for both materials is presented in Fig. 10. 

It is very clear from Fig. 10 that there is no energy loss at a photon 
energy of 0 eV–5 eV and after that, a sharp loss in energy starts from 5 eV 
to 35 eV. For both the materials the maximum energy loss of 4.5 for 
GaBaF3 and 5.3 for InBaF3 occurs at photon energy of 23 eV. 

3. Conclusion 

In the presented research work, we have successfully done the 
structural, elastic, electronic, and optical properties of ternary fluo
roperovskites MBaF3 (M = Ga and In) compounds. The most precise and 
novel results are outlined as:  

❖ From optimized structural parameters, we have concluded that 
MBaF3 (M = Ga and In) are cubic and structurally stable.  

❖ Using the IRelast package, the elastic properties i-e fundamental 
elastic constant, anisotropy factor, Poison ratio, ductility, Cauchy’s 
pressure, shear modulus, Pugh ratio, Young modulus are predicted. 
From these basic elastic parameters, we found that both the com
pounds are elastically stable, anisotropic, hard to scratch, and 
ductile. Due to these findings, we confidently deem the application of 
these materials in many modern electronic technologies.  

❖ The basic electronic properties of the compounds of interest were 
investigated using TB-mbj approximation. From the electronic 
properties (Band structures and DOS) we found that these materials 

are wide direct band gap insulators from X-X symmetry points with 
band gap energy of 5 eV for GaBaF3 and 5.1 eV for InBaF3. We have 
concluded from the DOS that the dominant contribution in the 
valence band of both the compounds is due to the F-p state, while Ga- 
p and In-p contribute largely in the conduction band.  

❖ From the electronic properties, we found that both materials are 
wide direct band gap insulators. This sort of study directed focus on 
studying optical properties. Optical properties of ternary MBaF3 (M 
= Ga and In) fluoroperovskites compounds were studied and pre
sented very deeply. We have concluded from the optical properties 
investigations that these compounds are suited for high-frequency 
UV device applications. These compounds possess high absorption 
and optical conduction at high energy ranges. Both the materials are 
transparent for incident photons at a low energy range. 
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