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Abstract
The structural, electronic and elastic properties of LiBeFs under high pressure were
investigated using the density functional theory. The optimized lattice constant and the
bulk modulus of elasticity at 0 GPa were obtained as 3.500 A and 104.79 GPa,
respectively, which are in good agreement with the previously available results. To study
the effect of pressure, variable-cell relaxation (vc-relax) calculations were performed at
different pressures ranging from 0 to 50 GPa. The mechanical properties of LiBeF3 reveal
that it is mechanically stable at the chosen pressures of 0, 10, 20, 30, 40 and 50 GPa. The
Pugh’s ratio and Poisson’s ratio for LiBeF3 were consistent throughout the increase in
pressure, suggesting the brittle nature and dominance of ionic bonding in LiBeFs. The
electronic band gap of LiBeFs at 0 GPa was found to be 7.46 eV with indirect nature. On
further increasing the pressure, the band gap of the LiBeFs crystal increased while
maintaining its indirect nature. The Young’s modulus, shear modulus and anisotropy
factor of LiBeF3 were also investigated and presented in this paper.
Keywords: anisotropic, non-magnetic, optoelectronics, perovskites, ultra-wide
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Introduction

Perovskites are a category of materials having unique properties and their crystal
structure are characterized by a chemical formula ABX3 where A and B are cations with
A larger compared to B while X represents anions (Varma, 2018).

Structurally, a perovskite is in three dimensions where B cation is surrounded by
octahedron atoms and A cation is in the center of the eight octahedra cuboctahedral gap
as shown in the figure 1.

Figure 1

Perovskite crystal structure

The perovskite structure is characterized by its unique arrangement of ions and
its cubic symmetry, which has inspired the synthesis and study of a wide range of
synthetic perovskite materials with diverse compositions and properties. Perovskite
materials have several applications such as random-access memories, solar cells,
sensors, supercapacitors and light emitting diodes (Kim et al., 2019; Jena, et al., 2019;
Bui & Shin, 2023; Kumar et al., 2022; Fakharuddin et al., 2022). Perovskites seem to
have been used extensively in technological applications these days but extensive

research on perovskites and its probable applications began when Miyasaka et al. (2009;
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as cited in Kojima et al., 2009) studied photovoltaic function of the organic-inorganic

lead halide perovskite compounds CH3NH3zPbBrs and CH3NHz3Pbls.

Recently, the perovskites with crystal formula ABFs (where A is an alkali metal
and B a divalent transition metal) have been studied in considerable detail and can be
used as a good base for determining further suitable half metallic complex perovskites.
Complex alkali metal fluorides have received considerable attention from scientists
because of their technical appeal for extended applications in organofluorochemical
chemistry as fluorinating agent and as catalyst in various reactions. Fluoride-type
perovskites have great potential applications such as photoluminescence, high-
temperature superconductivity, colossal magneto-resistivity (CMR) (Chenine et al.,
2018).

The unique properties of fluoro perovskites seems to make them useful for
application in the medical field during radiation therapy and imaging plates for x-rays
and gamma rays (Babu et al., 2020). Similarly, they seem to have great potential to be
used in generation of energy because of their ever-increasing power conversion
efficiency (Khan et al., 2023). They are also seen as probable constituents for light
absorber in less toxic and high-performance perovskite solar cells and promoting
cycling stability and rate capability in lithium ion batteries (Pak et al., 2023; Zhang et
al., 2022).

LiBeFsz in particular with its ultra-wide indirect band gap lying in the vacuum
ultraviolet region, seems to be promising to be used in the field of optoelectronic and
optics applications, and vacuum ultraviolet transparent material in the semiconductor
industry (Benmbhidi et al., 2017; Jin et al., 2019).

Syrotyuk and Shved (2014) used LDA and GW formalism to study the
electronic band structure of LiBeFz and discovered that this compound has an indirect

bandgap nature.
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Benmhidi et. al. (2017) investigated the band structure of LiBeFs crystal by using

density functional theory and showed that LiBeF3 displays an indirect band gap of 7.83
eV at 0 GPa. They considered the exchange correlation potentials using the Perdew-
Wang parameterization of the local density approximation (LDA). They concluded that
LiBeFs is mechanically stable and they predicted that LiBeF3 is a candidate vacuum-
ultraviolet-transparent material for use in the semiconductor industry.

Jin et al. (2019) performed the first principles calculations of LiBeF3 using the
LDA and GGA-PBE functionals, and they found that LiBeF3 has an indirect band gap
nature with a band gap of 7.64 eV. They also studied the optical properties of LiBeFs
and concluded that the absorption part of LiBeFs lies in the ultraviolet region and is
suitable for optoelectronic and optics applications. To sum up, the structural, electronic,
optical, thermodynamic and transport properties of LiBeFs at 0 GPa has been
investigated to date.

However, the structural, electronic, mechanical, and optical properties of LiBeFs
under higher pressure than ambient pressure have not been investigated yet. Good
insights into these properties at higher pressures are required for the synthesis and
practical applications of the compound. So, it is necessary to study these basic
properties of LiBeFz crystals at higher pressure. In this research, the Projector
Augmented Wave (PAW) (Bléchl, 1994) based on density functional theory (DFT)
(Hohenberg & Kohn, 1964; Kohn & Sham, 1965) was used to investigate the
structural, electronic and elastic properties of LiBeFs at pressures ranging from 0 to 50
GPa. The modulation of pressure on different properties of the LiBeF3 presented in this
paper would serve as a theoretical framework for the synthesis and application of
LiBeFsz in the near future.

Methods and Materials
The structural, electronic and mechanical properties of a LiBeF3 unit cell were

investigated based on the first principles technique. The calculations are performed
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using density functional theory and the projector augmented wave (PAW) technique

using the Perdew—Burke—Ernzerhof (PBE) (Perdew et al., 1996; Perdew et al., 1997)
exchange—correlation functional. Quantum Espresso (QE) (Giannozzi et al., 2009;
Giannozzi et al., 2017) code was used to perform the DFT calculations. The Brillouin
zone was sampled through a Monkhorst-Pack (Monkhorst & Pack, 1976), 8x8x8 k-point
mesh, and the cut-off energy was set to 100 Rydbergs. An extension to the quantum
ESPRESSO, thermo_pw (Corso, 2014) was implemented for the approximation of
elastic properties. All the properties of LiBeFs discussed in this paper were estimated
for a unit cell of LiBeFs under the external isotropic pressure of 10, 20, 30, 40 and 50
GPa, including the ambient pressure of 0 GPa.

Result and Discussion
Structural and Elastic properties
Figure 2
Unit cell of LiBeF3

LiBeFs consists of a cubic unit cell lying in the Pm-3m space group. The unit cell
of LiBeFs is represented in figure 2. The Li atom is positioned at (0.0, 0.0, 0.0); similarly,
the Be atom is situated at (0.5, 0.5, 0.5) and the F atoms are located at (0.0, 0.5, 0.5), (0.5,
0.0, 0.5), and (0.5, 0.5, 0.0), respectively. The unit cell of LiBeFsz was optimized using

the PBE functional and it was found that the energy of its nonmagnetic state was lower
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than the ferromagnetic state. Thus, it was assured that LiBeF3 exists in a non-magnetic

state, which was already proven by the previously available literature as well. Taking it
into account, the further calculations in this research paper of LiBeF3 is performed for the
non-magnetic state.

The optimized lattice parameter of LiBeFs at 0 GPa and 0 K was found to be 3.500
A. However, the lattice parameter of cubic LiBeFs decreased to 3.405, 3.336, 3.280, 3.235
and 3.194 A on applying the pressure of 10, 20, 30, 40 and 50 GPa, respectively.

The formation and cohesive energy were calculated to check the chemical stability
of the compound at 0 GPa. The formation and cohesive energy of LiBeFs can be

expressed (Ray et al., 2024) as,

Bror = ELS3EH, = (BH 4 BE% + 3E2%) ()
Beos = BLfiS, = (BL + BS¥ + 35§ @

Efor and Econ Stand for the formation energy and cohesive energy of LiBeFs, while
EPUkand E™° are respectively total energy per atom in bulk and single isolated form of Li,
Be and F. The formation energy and cohesive energy were observed to be -4.10 eV and -
4.87 eV respectively. The negative formation energy and the negative cohesive energy
point towards the energetic stability of the compound and it can be concluded that the
compound can be extracted chemically in typical conditions.

Further, to assure mechanical stability, the elastic constants of the material should
satisfy Born criteria (Born & Huang, 1954). For a cubic system, three independent elastic
constants (C11, C12,and Cas) should satisfy the three conditions initially proposed by Born
in 1954: C11 — C12>0; C11+ 2C12 > 0; Cas > 0.

The calculated elastic constants at various pressures are presented in Tables 1 and
2 and it is clear that these parameters satisfy the criteria for mechanical stability of LiBeF3
at all the considered pressures. The independent elastic constants C11 and Casz suggest the

response of the solid to uniaxial strain and the elastic constant C44 describes the resistance
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towards shape deformation. The higher C11 and Ci2 in comparison to Cas indicate the

lesser resistance of LiBeFs towards the shear deformation as compared to a uniaxial
deformation.

The elastic constants can also be applied to determine various other elastic
properties of materials. Bulk modulus, Shear modulus, Young’s modulus and Poisson’s
ratio can be estimated using Voigt, Reuss and Hill estimations (Voigt, 1966; Hill, 1952;
Reuss, 1929). In the cubic systems, the Voigt and Reuss bulk modulus of elasticity are

equal (deWit, 2008), and it can be expressed as,
B = é(Cu +2C2) 3

The Voigt shear modulus (Gv) and Reuss shear modulus of elasticity (Gr) in terms

of elastic constants C11, C12 and Ca4 are:

1
G- = g(Cu = Ciy+3Cyy) (4)

_ 3Cyu(Cy —Cyo)
Go = 4C4y+3(C11—Cp2) (5)

The actual modulus of elasticity is approximated as the arithmetic mean of these values
by Hill as

1
G =5(Gy + Ggr) (6)
And the Young’s modulus of elasticity (E) and Poisson’s ratio (v) are estimated

using the Bulk modulus of elasticity and Shear modulus of elasticity,

9BG

b= (3B +G) )
_ (BB-26)

V=GB 0) (8)
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Obtained Value of ag, C11, C12, Cas4, Bo E, G, Efor, Econat 0 GPa and 0 K

ao (A) Cu Ci2 Caa Bo E G Efor Econ
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (eV) (eV)

3500 136.53 8892 81.03 104.79 12836 4972 -410 -4.87

3.4242 117.882 154.34% 60.21°

3.466° 111.64° 61.40°

3.515P 119.05P 56.29°

3.482¢

3 Theoretical (Benmhidi et al., 2017), ® Theoretical (Jin et al., 2019), ¢ Theoretical

(Flocken et al., 1985)

The lattice constant, elastic constants, bulk modulus, Young’s modulus, shear

modulus, cohesive energy and formation energy of LiBeF3 at ambient pressure 0 GPa

and temperature 0 K along with the previously available data

Table 2

The lattice constant, elastic constants, bulk modulus, Young’s modulus and shear

modulus of LiBeFs at various pressures

Pressure  ao (A) Cu Cu Cu  B(GPa) E (GPa) G
(GPa) (GPa) (GPa) (GPa) (GPa)
0 3.500 136.53 88.92 81.03 104.79  128.36 49.72
10 3.405 136.64 88.98 81.06 104.86  128.45 49.76
20 3.336 137.38 89.34 81.23 105.36 129.02 49.97
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30 3.280 138.81 90.01 81.55 106.27  130.15 50.40
40 3.234 140.47 90.80 81.96 107.35  131.43 50.89
50 3.194 142.25 91.65 82.34 108.52  132.80 51.41

The Pugh ratio (G/B) is crucial in extracting information regarding the brittleness
of a material (Pugh, 1954). The critical value is 0.57 for Pugh’s ratio. It is observed that
materials having Pugh’s ratio greater than 0.57 exhibit a ductile nature and a brittle nature
for Pugh’s ratio lower than 0.57. In the case of LiBeFs, Pugh’s ratio was found to be 0.47
at 0 GPa, and on increasing the pressure, significant changes in the ratio were not
observed. Thus, it can be supposed that LiBeFs is brittle in nature for all the considered
pressure ranges.

Similar to Pugh’s ratio, Poisson’s ratio can be used to estimate the nature of
bonding in the compound. For a poisson’s ratio less than 0.25, the compound is said to
have covalent bonding, and the compound is considered to possess ionic bonding for the
value of a Poisson’s ratio greater than 0.25. Like the Pugh’s ratio, the Poisson’s ratio of
LiBeFs was too found to be constant throughout the increasing pressure and it was
recorded to be 0.29 for all the pressure ranges. Since the obtained values are greater than
the critical Poisson’s ratio, it can be said that LiBeF3 is dominated by ionic bonding.

There is a parameter called elastic anisotropy that explains whether the elastic
properties of material vary with direction. It may affect various physical properties of
materials. The anisotropy factor proposed by Zener (Zener, 1948), depending on elastic

constants Ci1, C12 and Caa is given by,

2Cyy
Ci1—=Cyp2

9)

The value of the anisotropy factor should be 1 for a perfect isotropic material,

while any value different than 1 represents anisotropy in the material. The anisotropy
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factor for LiBeFs is presented in table 2. The anisotropy factor was obtained to be 3.40

for 0 GPa and it gradually decreased till it reached 3.25 for 50 GPa but its value was
nowhere near 1. So, it can be easily inferred that LiBeFs is anisotropic, and its physical
properties vary with direction.

Table 3

The Pugh’ ratio, Poisson’s ratio and anisotropy factors of LiBeF3 at different pressures

Pressure (GPa) n v A
0 0.47 0.29 3.40
10 0.47 0.29 3.40
20 0.47 0.29 3.38
30 0.47 0.29 3.34
40 0.47 0.29 3.30
50 0.47 0.29 3.25
Electronic Properties
Figure 3
Band structures of LiBeFz at pressures ranging from 0 to 50 GPa
“Toara==t—" _ . L 10 GPa— | 1
- / Eg =[7.46 ¢V — — 5 Z Eg =[7.99 ¢V .
N P R ] E,. % e T T T — O
S ] = ]
20 :— — : 20 :_-<i¥ e ,:

(a) (b)

Kshetri, Chaudhary, Tamang, Thakuri et al., 2025 (2082), First principles study . . .



Academic Journal of Sukuna - AJoS, 5(1), 2025,  ISSN 2594-3138 (Print) 110

Energy (eV)
W

-25

[40 GPa —
s / Eg =[9.05 gV _

noc

]
o}

Energy (V)
A
NI

5
o
W|||]||

I xX

Table4 .

ke
H

0

20

™ ]
15 |
50 Gli — |

Eg =8B.75 qV

Energy (eV)
W
|
|
|
‘ |
4|
|
W\‘
|
|
I T [
-

%
p
]
)

"50 GPa
5:/ Eg =9.31 dv

) S e _———

5 o

(¥
=}

AT

i
\
A

N
Y
-
A
g
|

(€3]

Band gaps of LiBeFs at pressure range of 0 to 50 GPa

Pressure (GPa)

0

10
20
30

40
50

Band Gap (eV)

7.46, 7.832, 7.26°, 7.27°,
7.64P, 8.52¢ 7.73¢

7.99
8.40
8.75

9.05

9.31

aTheoretical (Benmhidi et al., 2017), ® Theoretical (Jin et al., 2019)
¢ Theoretical (Syrotyuk & Shved, 2014), ¢ Theoretical (Nishimatsu et al., 2002)
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To determine the electronic properties and study its composition, the band

structure calculations of LiBeFs at different pressures are performed and plotted in figure
3. The dotted line at the energy level of 0 eV represents the fermi level and conduction
and valence bands lie on either side of the fermi level, with the valence band below the
fermi level and the conduction band present above the fermi level. From band structure
observation, it can be seen that the valence band maximum of LiBeF3 lies at the symmetry
point R while the conduction band minimum lies at the point I" thus indicating towards
the indirect band gap. The band gap of LiBeF3 at 0 GPa was found to be 7.46 eV which
is in excellent agreement with the previously available results. With such a large value of
band gap, LiBeFz can be referred to as an insulating material. On increasing the pressure
from 0 to 50 GPa, the band gap of LiBeFs further increases gradually. However, it is
found that LiBeFs maintains its indirect band gap nature throughout the increment of
pressure. On increasing the pressure, the lattice constant decreases and the electron
transition integral rises. As a result, the energy band gap of LiBeFs increases on changing
the pressure positively. Different values of band gaps obtained at various pressures are
presented in Table 4.

For deeper insights into the band structure of LiBeFs, the density of states of
LiBeFs indicating the contribution from individual atoms was calculated for different
pressures, which are presented in figure 4. In 0 GPa pressure, as shown in figure 4 (a),
the bottom of the valence band ranging from -21.91 to -20.00 eV is mainly derived from
the F-2s and Be-2p states with minor contributions from the Li-2p and Be-2s states. A
hybridization is observed between these states. In the second region, ranging from -6.46
to 0 eV, a significant contribution appears to be from the F-2p state, with smaller
contributions from the Li-2p, Be-2s and Be-2p states. Hybridization is observed in this
region as well.

Similarly, the third region existing between 7.51 eV and 16.66 eV above the fermi

level is mainly composed of 2s and 2p states of Li and Be with main contributions from
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Li-2p. At the end, in the fourth region lying at 16.66 eV and beyond, a sharp peak is

observed by the main contribution from the 2p state of Be and a small contribution from
the 2s state of Be. Minute contributions from the 2p state of Li and 2p state of F are also
observed in this region. It can be seen that the Li-2p state gradually shifts away from the
fermi level on increasing the pressure. As a result, the band gap increases.

Figure 4
Density of states of LiBeF3 at pressures ranging from 0 to 50 GPa
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Conclusion

The structural, mechanical and electronic properties of LiBeFz were investigated
at various pressures using the PAW-PBE method under the framework of density
functional theory. The calculated structural parameters, moduli of elasticity and band gap
at 0 GPa are consistent with the previously available results. However, the obtained values
at higher pressures could not be compared due to the lack of data. From the calculation
of structural properties, it was observed that the lattice parameter of LiBeFz decreases
with increasing the pressure and the analysis of mechanical properties reveals that LiBeF3
is mechanically stable at the pressure range from 0 to 50 GPa. The electronic property of
LiBeF3 points out that the band gap of LiBeFs at ambient 0 GPa pressure is 7.46 eV and
on further increasing the pressure, the band gap of LiBeFs increases and becomes 9.31
eV at 50 GPa. Thus, the band gap of LiBeFs lies in the ultraviolet region and LiBeFs can
be used in optoelectronics and it can also be considered as a promising candidate for
vacuum-ultraviolet-transparent lens material in optical lithography. In this research,
Pugh’s ratio and Poisson's ratio were also determined. Through the analysis of Pugh’s

ratio, it was revealed that the LiBeF3 crystal is brittle in nature and it does not lose the
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brittleness on increasing pressure. Similarly, through the Poisson’s ratio, it can be seen

that the bonding LiBeFs3 is ionic predominantly.

Furthermore, the observed pressure-induced widening of the band gap in LiBeFs
contributes valuable insights to the design and development of ultra-wide bandgap
(UWBG) materials. Such materials are highly relevant in extreme-environment
optoelectronics, ultraviolet photodetectors, and radiation-hardened devices. The
increasing band gap under compression suggests potential applications in UV-transparent
optical components, including high-pressure windows and lenses for deep-ultraviolet
(DUV) lithography.
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