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Saber Sâad Essaoud7 and Hatem Allaf1

1 Laboratory of Physics of Experimental Techniques and Their Applications (LPTEAM), University of
Medea, Medea, Algeria
2 Departments of Physics, Pabna University of Science and Technology, Pabna 6600, Bangladesh
3 Laboratory for Developing New Materials and their Characterizations, Department of Physics, Faculty
of Sciences, Ferhat Abbas University—Setif 1, 19000 Setif, Algeria
4 Department of Physics, Kohat University of Science and Technology Kohat, Kohat 26000, Pakistan
5 Physics and Chemistry of Materials Lab, Department of Physics, University of M’sila, 28000 M’sila,
Algeria
6 University of M’sila, Faculty of Technology, B.P. 166 Ichbilia, 28000 M’sila, Algeria
7 Faculté des sciences, Département de physique, Laboratoire de Physique des Particules et Physique
Statistique, Ecole Normale Supérieure-Kouba, BP 92, Vieux-Kouba 16050, Algérie

E-mail: sarahchahbamouna@gmail.com

Received 14 August 2023, revised 8 October 2023
Accepted for publication 23 October 2023
Published 3 November 2023

Abstract
In this study, we used the ab-initio computational tools as implemented in the CASTEP code to
explore the effects of pressure on the structural, elastic, electronic, thermodynamic and optical
properties of the fluoroperovskite compounds XBeF3 (X = K, Rb) based on Being.
Exchange–correlation interactions were modeled using the GGA-PBEsol functional. The
ground state of the title materials was characterized by calculating the optimized lattice
parameter, the bulk modulus B and its pressure derivative, and the Goldsmith tolerance factor.
These materials exhibit structural stability in the cubic structure even when subjected to
significant pressure levels, extending up to 18 GPa. The analysis of numerical assessments of
single-crystal elastic constants (Cij), polycrystalline elastic moduli, namely shear modulus (G),
Young’s modulus and Poisson’s ratio, as well as the anisotropy factor (A), highlights the
mechanical stability, elastic anisotropy and ductility of considered the compounds. The
thermodynamic properties of these materials were studied through the Debye quasi-harmonic
model. Analysis of energy band structures and density of states spectra shows that XBeF3
(X = K, Rb) is insulating in nature, with band gaps of 7.99 and 7.26 eV, respectively.
Additionally, we calculated the linear optical spectra, including dielectric function, absorption
coefficient, refractive index, optical reflectivity, and energy loss function. Based on the results
obtained, these materials could be used in various optoelectronic devices operating in the UV
spectrum and in energy storage devices.
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1. Introduction

Scientists of materials have continually developed per-
ovskite compounds with improved properties in recent years.
Perovskites have the well-known formula as ABX3; in which
A can be a large cation, B can be a small cation, and oxy-
gen/halide can be placed at X position. If X is occupied
by fluorine, then the resultant structure formed is called as
fluoroperovskite [1]. Fluoride perovskites (ABF3), which are
known for their geometrical and physical characteristics such
as photoluminescence [2], piezoelectricity [3], ferroelectricity
[4], semiconducting [5], antiferromagnetism [6] and optical
properties [7–9], are very attractive. These compounds have
been applied in various fields, such as in optics, medical
science, magnets, lenses, semiconductors and sometimes as
energy storage devices [10–13].

Technological requirements of semiconductor lithography
require finer details, which require shorter wavelength litho-
graphy light [14]. As such, vacuum-ultraviolet-transparent
materials are ideal for lenses in optical lithography step-
pers. Perovskite fluorides are good candidates for this pur-
pose because of their large band gaps. The cubic perovskite
structure is more suitable as a lens material because it has no
birefringence which complicates lens design [10]. Utilizing
the technique of Czochralski, Shimamura, and Fukuda suc-
cessfully cultivated single crystals of KMgF3 and BaLiF3, sub-
sequently conducting precise measurements of their absorp-
tion edges at a wavelength of 115 nm ([15] 10.8 eV) and
123 nm [16] (10.1 eV). Nishimatsu and co-workers [10] car-
ried out an investigation of perovskites with the objective
of employing them as lens materials in optical lithography
steppers. Following that, research was conducted on the fab-
rication of light emitting diode in vacuum ultraviolet range
through the use of a solid solution LiBaCaSrF3 on LiSrF3 [17]
as well as LiKBaMgF3 on LiBaF3 for deep-ultraviolet [18].
These applications require materials with direct band gaps.
ACaF3 (A = K, Rb, Cs) have been investigated as potential
active materials for core-valence luminescence [19]. Cui et al
[20] conducted a first-principles study of the effect of pressure
on the structural, electronic and optical properties of KMgF3.
It was found that KMgF3 is an insulator of a wide indirect band
gap even under pressure effect up to 100 GPa. In addition to K-
based fluoro-perovskites, Ag-based fluoro-perovskite materi-
als have been studied in recent years [21–23]. Larbi et al [24]
used the FP-LAPW technique to explore the conduct of the
electrical and structural characteristics of RbZnF3 under the
stress up to 10 GPa. They observed that it has an indirect
band gap. Creating new halide-based perovskites is fascinat-
ing because they reveal a wide range of incredible properties,
they are technologically applicable and can include virtually
every element in the periodic table [25]. Rai et al employed
the modified Becke–Johnson exchange potential to examine
the physical properties of RbMF3 compounds (M = Be, Mg,

Ca, Sr, and Ba). The study revealed that RbBeF3 has a large
band gap [26] of 6.71 eV. A theoretical study for 10 perovskite
crystals with the composition IAIIAF3 (IA=K, Rb; IIA=Be,
Mg, Ca, Sr, Ba) was carried out using the CRYSTAL09 soft-
ware by Li et al [27]. They showed how these properties vary
in relation to the alkaline-earth metal ions’ Ionic radius R [27].
Khan et al [28] examined the structural electronic and optical
properties of TiXF3 (X = Ca, Cd, Hg, Mg) using GGA + U
approximation and found that they have an isolating nature
and could be used in scintillation detectors. Gómez-Peralta and
Bokhimi [29] employed an Artificial Neural Network to pre-
dict 134 compounds of AMX3 (where X represents F, Cl, Br,
or I, and M denotes an alkali or earth-alkali element) that have
a potential to adopt a cubic perovskite structure. The study
revealed that these projected perovskites hold promising pro-
spects for applications, including novel solar cells or transpar-
ent semiconductors [29]. Among the above-mentioned phases,
we concentrated on XBeF3 (X = K, Rb) fluoroperovskites
with the aim of understanding the influence of pressure up to
18 GPa on their fundamental physical properties by employ-
ing the DFT versatile simulation implemented in the CASTEP
code. Though some theoretical works are available in literat-
ure on these compounds, the study of the effect of high pres-
sure on the physical features of XBeF3 (X = K, Rb) is still
missing. Therefore, we have studied the pressure effects on the
structural, mechanical, thermodynamic, electronic, and optical
properties of RbBeF3 and KBeF3 compounds by employ-
ing a pseudopotential plane-wave (PP-PW) method based on
density functional theory (DFT) with the generalized gradient
approximation (GGA) embodied in the CASTEP code.

The organizational framework of this paper is structured
as follows: section 2 explains the computational methodolo-
gies. Section 3 is dedicated to the presentation and in-depth
discussion of the results of the study. The section 4 succinctly
describes the main conclusions and contributions derived from
our research efforts.

2. Computational methods

The physical properties of XBeF3 (X = K, Rb) compounds
were studied using the pseudopotential plane wave (PP-PW)
approach within the framework of DFT a [32] s implemen-
ted in the CASTEP code [31]. The PBEsol version of the
GGA (GGA-PBEsol) [30] was used to model exchange–
correlation interactions. Ultra-soft OTFG pseudopotentials
were employed to address the interactions between core ions
and valence states (K: 3s23p64s1; Rb: 4s24p65s1; Be: 1s22 s2,
and F: 2s22p5). The electron wave functions were developed
into a plane wave basis set delimited by a cutoff energy of
650 eV. Brillouin zone (BZ) integrations were replaced by a
summation on a 12× 12× 12 Monkhorst Pack k-point grid
[33]. The Broyden–Fletcher–Goldfarb–Shanno minimization
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technique was employed to attain the equilibrium state of
the structural parameters [34]. In order to obtain the geo-
metry optimization, the convergence criteria were set as fol-
lows: 5.0 × 10−6 eV/atom for the total energy, 0.01 eV Å−1

for the maximal force, 0.02 GPa for the maximal stress, and
5.0 × 10−4 Å for le maximum displacement. The elastic stiff-
ness constants (Cij) were calculated employing the stress–
strain routine [35, 36]. The thermodynamic characteristics
were computed using the quasi-harmonic approximation as
incorporated in the Gibbs software [37]. The electronic and
optical properties were calculated for the optimized geo-
metry of XBeF3 (X = K, Rb) by setting the k-point separ-
ation to 0.086 Å−1, which corresponds to a k-point grid of
24 × 24 × 24.

3. Results and discussion

3.1. Structural properties

The studied ternary Be-based fluoroperovskite materials
XBeF3 (X = K, Rb) crystallize in a CaTiO3-type structure,
i.e., cubic perovskite, with the Pm3̄m space group (No. 221)
and one formula unit in the unit cell (Z = 1) [29]. The X, Be,
and F atoms occupy the following Wyckoff sites 1a (0, 0, 0),
1b (1/2, 1/2, 1/2) and 3c (1/2, 1/2, 0), respectively. Figure 1.
Shows a unit cell of the cubic perovskite KBeF3 as a prototype
of the cubic perovskite. The calculated equilibrium lattice con-
stant (a0) at zero temperature and zero pressure is 3.676 Å for
KBeF3 and 3.795 Å for RbBeF3. The calculated equilibrium
lattice parameters for both KBeF3 and RbBeF3 are in excel-
lent agreement with the available counterparts in the literature
[19, 26, 29], where the discrepancies are less than 0.073% and
0.2%, respectively, as shown in table 1.

It is noted that the lattice parameter of RbBeF3 is larger than
that of KBeF3, which is attributed to the increasing size of the
rubidium atom, which is the largest. To evaluate the coefficient
of compressibility (B) and its pressure derivative (B′), we com-
puted a series of total energy (E) versus unit cell volume (V)
and the obtained E(V) data were fitted to Birch’s equation of
state [38], as shown in figure 2. Moreover, the pressure versus
unit cell volume data were fitted to the Birch–Murnaghan and
Vinet equations [39, 40] as shown in figure 3. From table 1,
it can be seen that the calculated values of the bulk modulus
(B) from different fits with different equations of state (EOS)
are practically equal, highlighting the reliability of the results
obtained. Note that the B value of RbBeF3 is somewhat lower
than that of KBeF3, indicating that RbBeF3 is more compress-
ible than KBeF3.

To evaluate the structural stability of the considered com-
pounds, the Goldsmith tolerance factor (t) was calculated via
the following relationship [41]:

t=
rA + rX√
2(rB + rX)

.

In this context, the symbols rA, rB, and rX represent the
respective ionic radii of the A, B, and X ions within the com-
position of ABX3 compounds. In cases where the computed

Figure 1. Crystal structure of KBeF3 cubic perovskite.

value of ‘t’ falls within the range of 0.81–1.10, it is deemed
indicative of the stability of the perovskite structure [42]. The
calculated ‘t’ value is 1.25 for KBeF3, and 1.29 for RbBeF3,
confirming that, the crystal structure stability of these com-
pounds cannot be predicted by the Goldsmith tolerance factor.
Therefore, we also calculated the formation enthalpy ∆H
to check their thermodynamic stability using the following
expression [43]:

∆H=
1

nX + nBe + nF

×
[
EXBeF3
tot −

(
nXE

X(solid)
tot + nBeE

Be(solid)
tot + nFE

F(solid)
tot

)]
.

In this context, EXBeF3
tot is the total energy of XBeF3 (X=K,

Rb), and EX(solid)
tot , EBe(solid)

tot and EF(solid)
tot represent the total

energy per atom in the solid state of the individual elements
X, Be, and F, respectively, nX, nBe and nF indicate the total
number of X, Be and F atoms that the unit cell hold. Table 1
displays the computed results of the formation enthalpy, which
are negative. This observation serves as an indicator of the
thermodynamic stability exhibited by ternary XBeF3 com-
pounds, with X representing either K or Rb.

We performed calculations to study the effect of pressure on
the unit cell volume (V) and the lattice parameter (a) of XBeF3
materials by calculating ‘a’ and ‘V’ under different pressures
in the range of 0 GPa to 18 GPa. Variations of a/a0 and V/V0

(a0 andV0 are the lattice parameter and unit cell volume at zero
pressure, respectively) versus pressure are shown in figure 4.
It is evident that a/a0 and V/V0 decrease with increasing pres-
sure, which is explained by the decrease in atom distances with
increasing pressure [44]. The variation of a/a0 and V/V0 with
pressure is well proportional to third-order polynomials:

KBeF3


a

a0
= 1− 3.33× 10−3p+ 8.77× 10−5P2 − 1.96× 10−6p3

V

V0
= 1− 1× 10−2p+ 3.04× 10−4P2 − 7.11× 10−6p3

3
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Table 1. Computed equilibrium lattice parameter (a, in Å unit), bulk modulus (B, in GPa) and its pressure derivative (B′), tolerance factor
(t), ionic radii (R, in Å unit), formation enthalpy (∆H in eV/atom unit) and bond length (d, in Å unit) for the XBeF3 (X = K, Rb) materials
compared with the available theoretical data.

KBeF3 RbBeF3

Parameters This work Other This work Other

a 3.676 79 3.6795 d 3.795 38 3.8030 d

3.8431 e

3.8457f

B 102.99a,102.29b, 102.71c 97.95a, 97.48b, 97.94c 86.021b

B′ 4.412a,4.409b, 4.414c 4.546a, 4.511b, 4.514c 4.879b

Ionic radii (R) R(K) 1.51
R(Rb) 1.61
R(Be) 0.27
R(F) 1.33

t 1.25 1.29

∆H −3.53 −3.39

Bond length (d) d(F–K) 2.59 d(F–Rb) 2.68
d(F–Be) 1.83 d(F–Be) 1.89
d(F–F) 2.59 d(F–F) 2.68

a From Birch E–V EOS [38].
b from Birch–Murnaghan P−V EOS [39].
c from Vinet P−V EOS [40].
d Gómez-Peralta and Bokhimi [29].
e Rai et al [26].
f Syrotyuk and Shved [19].

Figure 2. Total energy versus unit cell volume (E–V) for (a) KBeF3 and (b) RbBeF3. The symbols indicate computed findings, whereas the
continuous lines are the fits to the Birch’s equations of state.

RbBeF3

{
a
a0

= 1− 3.51× 10−3p+ 1.025× 10−4P2 − 2.44× 10−6p3

V
V0

= 1− 1.05× 10−2p+ 3.55× 10−4P2 − 8.79× 10−6p3
.

The calculated linear and volume compressibilities (βa and
βV ) are 3.33 × 10−3 and 1 × 10−2, respectively, for KBeF3,

and 3.51 × 10−3 and 1.05 × 10−2, respectively, for RbBeF3.
The bulk modulus B can be deduced from the linear and
volume compressibilities as follows [45]: By applying the
previously mentioned relationships, the calculated B values
for KBeF3 and RbBeF3 are estimated to be approximately
100 GPa and 95 GPa, respectively. It is noteworthy that these

4
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Figure 3. The computation of total energy versus pressure (P–V) for (a) KBeF3 and (b) RbBeF3. The symbols indicate computed findings,
whereas the continuous lines are the fits to the Birch–Murnaghan and the Vinet equations of state (EOS).

Figure 4. Variations of a/a0 and V/V0 with the pressure for (a) KBeF3 and (b) RbBeF3.
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Table 2. Calculated monocrystalline elastic constants (Cij, in GPa
unit) for XBeF3 (X = K, Rb) compounds, compared to results
available in the literature.

Compounds C11 C12 C44

KBeF3 Present work 128.8 89.9 98.3
RbBeF3 Present work 114.4 89.7 95.1

Other [27] 145.2 94.8 111.0
Other [27] 131.1 94.0 109.5

values closely align with the corresponding results derived
from the fitting of the E–V and P–V data to the appropriate
EOS, as presented in table 1. This consistency serves as com-
pelling evidence supporting the reliability and accuracy of the
obtained outcomes.

3.2. Elastic properties

3.2.1. Monocrystalline elastic constants. The monocrystal-
line elastic constants have an important part in offering sig-
nificant information into the stability of stiffness and bonding
characteristics of the material. Calculation of elastic constants
is an essential technique for evaluating the mechanical sta-
bility of crystal, elastic anisotropy, stiffness, ductility, Debye
temperature, and propagation of elastic waves inside materi-
als. To provide an accurate depiction of elastic properties of a
cubic crystal, 3 independent monocrystalline elastic constants,
namely C11, C12, and C44, are required [46]. The numerical
estimates of the elastic constants of KBeF3 and RbBeF3 at
zero pressure are given in table 2 along with reported results
from previous calculations [27]. The computed values of Cij
for the XBeF3 compounds, with X representing either K or
Rb, demonstrate a level of agreement that is deemed accept-
able when compared to the findings of previous theoretical
investigations documented in the existing literature [27]. To
be mechanically stable, the elastic constants of a cubic system
should satisfy the mechanical stability criteria [47, 48]: (C11 −
C12)> 0; (C11 + 2C12)> 0;C11 > 0;C44 > 0;C12<B< C11.
All of the conditions outlined previously are met by the com-
puted values of the elastic constants for the materials under
consideration, affirming their mechanical stability. The com-
puted value of C11, which characterizes the material’s resist-
ance to compressional strain along the [100] crystallographic
direction, surpasses that of C44, which signifies the material’s
resistance to shear deformation within the (100) plane along
the same primary direction [100]. This outcome underscores
that the materials exhibit a greater capacity to withstand uni-
directional compression compared to shear deformation.

Figure 5 shows the pressure dependence of Cij of XBeF3
(X = K, Rb) in a pressure range of 0–18 GPa. The
calculated Cij(P) satisfy the mechanical stability condi-
tions under pressure [49]: C11 −P> |C12 + P|; C11 −P> 0;
C44 −P> 0; C11 + 2C12 +P> 0, highlighting the mechan-
ical stability of the title compounds even under pressure effect
up to 18 GPa. All Cijs increase with increasing pressure, and
their variations with pressure are well fitted to the following
second-order polynomials:

KBeF3


C11 = 129.12+ 5.78P+ 1.7× 10−2P2

C12 = 90.34+ 2.58P+ 2.23× 10−2P2

C44 = 98.34+ 2.18P− 7.62× 10−3P2

RbBeF3


C11 = 114.28+ 5.78P− 4.41× 10−3P2

C12 = 89.58+ 3.34P+ 6.79× 10−4P2

C44 = 95.20+ 2.34P− 9.45× 10−3P2
.

3.2.2. Polycrystalline elastic parameters. The single-crystal
elastic constants can be used to estimate the isotropic elastic
moduli, such as coefficient of compressibility B and shear
modulus G, which are utilized to describe the elastic proper-
ties of multi-crystal aggregate and may be readily determined
using the Voigt–Reuss–Hill (VRH) approximations [50, 51].
In the framework of the VRH approximations, the elastic mod-
uli for the cubic XBeF3 (X = K, Rb), namely bulk modulus
(B), shear modulus (G), Young’s modulus (E) and Poisson’s
ratio (σ), are computed using the following relationships
[52–54]:

B=
1
3
(C11 + 2C12)

G=
1
2

(
C11 −C12 + 3C44

5
+

5C44 (C11 −C11)

4C44 + 3(C11 −C12)

)

E=
9BG

3B+G

σ =
3B−E
6B

.

The calculated values of the aforementioned elastic mod-
uli for the considered compounds are listed in table 3. The
pressure-induced variations on B, G, and E are depicted in
figure 5, which can be accurately described by second-order
polynomials:

KBeF3


B= 103.27+ 3.83P+ 2.05× 10−2P2

E= 133.83+ 5.34P− 1.68× 10−2P2

G= 52.11+ 2.1P− 9.27× 10−3P2

RbBeF3


B= 97.81+ 4.18P− 1.02× 10−3P2

E= 43.98+ 2.07P− 1.02× 10−2P2

G= 114.47+ 5.34P− 2.34× 10−2P2
.

Based on the results obtained from the above calculations,
we are able to make the following conclusions:

• The computed values of the bulk modulus from the Cij
values are in good accord with the corresponding values
obtained from the fits of E–V and P–V to the correspond-
ing EOS, demonstrating the accuracy and dependability of
the present calculations.

6
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Figure 5. Developments of the elastic moduli C11, C12, C44, B, G and E with pressure for (a) KBeF3 and (b) RbBeF3 compounds.

Table 3. Calculated bulk modulus (B, in GPa unit); shear modulus (G, in GPa unit); Young’s modulus (E, in GPa unit); Poisson’s ratio (σ,
dimensionless), transverse, longitudinal, and average sound wave velocities (V t, V l, and Vm, in m s−1 unit) and Debye temperature (θD, in K
unit) for KBeF3 and RbBeF3 compounds.

Compound B G B/G E σ V l V t Vm θD

KBeF3 102.9 52.1 1.9 133.7 0.28 7007.9 3852.7 4294.5 594.5
RbBeF3 97.9 43.9 2.2 114.6 0.30 5833.2 3089.6 3453.2 463.0

• Pugh [55] established an empirical criterion to differenti-
ate the brittleness and ductility of materials. According to
this criterion, a material having B/G ratio greater than 1.75
is classified as of ductile nature, whereas brittleness nature
will appear for a B/G ratio lower than 1.75. In the pressure
range of 0–18 GPa, both compounds, XBeF3 (X = K, Rb)
have B/G ratios higher than 1.75, confirming their ductile
nature across all pressure ranges. We can see from table 3
that RbBeF3 is more ductile than KBeF3, which is mostly
due to the difference in ionic radii (R) between K and Rb
atoms, notably, Rb has an upper R-value than K.

• Figure 5 demonstrates that KBeF3 has a larger Young’smod-
ulus than RbBeF3, indicating that KBeF3 is substantially
stiffer than RbBeF3.

• Higher values of Poisson’s ratio (σ > 0.26) indicate the
ductility of thematerial, while lower values (σ < 0.26) indic-
ate its brittleness [56]. Estimated Poisson’s ratio values sug-
gest that the title compounds are ductile in nature. This con-
clusion supports the findings obtained from Pugh’s ratio.

• Debye temperature θD is an essential parameter that is dir-
ectly related to several thermodynamic characteristics, such
as specific heat, melting temperature, coefficient of thermal
expansion and heat conductivity. The Debye temperature

can be computed using the well-known common relation-
ship, which is related to the value of the average velocity of
the elastic waves (Vm) [47, 57]:

θD =
h
kB

[(
3n
4π

)
NAρ

M

]1/3
× vm where

vm =

[
1
3

(
2

v3t
+

1

v3l

)]−1/3
, vl =

(
3B+ 4G

3ρ

)1/2
and

vt =

(
G
ρ

)1/2
.

In this context, h is, Planck, kB is Boltzmann constants, NA

is Avogadro number, ρ is the mass density,M is the molecular
weight, n is the number of atoms per unit cell,V l, V t andVm are
the longitudinal, transverse and average soundwave velocities,
respectively. The calculated V l, V t, Vm and θD for KBeF3 and
RbBeF3 are listed in table 3. The Debye temperature indic-
ates the temperature at which atomic vibrations in a crystal
lattice become large enough to weaken interatomic bonds and
reduce the stiffness of the material. So, materials with greater
Debye temperatures are rigid because higher temperatures are

7



J. Phys.: Condens. Matter 36 (2024) 055701 S Chaba Mouna et al

Figure 6. Variations of Debye temperature (θD) and isotropic longitudinal (Vl), transverse (V t), and average (Vm) sound velocities as
functions of pressure for (a) KBeF3 and (b) RbBeF3.

Table 4. Calculated shear anisotropic factors Ai (i = 1–3), anisotropy in shear (AG), anisotropy in compression (AB), universal anisotropy
index (AU) of XBeF3 (X = K, Be).

Compounds A1 AG AB AU

KBeF3 5.053 28% 0 3.91
RbBeF3 7.70 41% 0 7.00

required to break the forces of interatomic bonding and dimin-
ish rigidness. However, materials with lower Debye temper-
atures are more malleable and more deformable because their
interatomic bondings are weaker and easily broken. According
to the computed elastic moduli values, KBeF3 is stiffer than
RbBeF3. Because of the difference in strength between these
materials, the Debye temperature of KBeF3 is somewhat
greater than that of RbBeF3.

Figure 6 shows the calculated values for V l, V t, Vm and θD
ofKBeF3 andRbBeF3 under the fixed pressures: 0, 3, 6, 12, 15,
and 18 GPa. As KBeF3 is somewhat harder than RbBeF3, the
values of Debye temperature and sound speed of KBeF3 are
somewhat greater than those of RbBeF3. Variations of Debye
temperature θD and sound speed with pressure are well-fitted
to the following second-order polynomial:

KBeF3


vt = 3854.87+ 56.77P− 0.66P2

vl = 7015.83+ 98.84P− 0.66P2

vm = 4297.06+ 63.08P− 0.71P2

θD = 594.83+ 10.66P− 0.10P2

RbBeF3


vt = 3093.61+ 54.43P− 0.70P2

vl = 5833.99+ 96.12P− 0.98P2

vm = 3457.43+ 60.56P− 0.77P2

θD = 463.67+ 9.71P− 0.11P2

.

3.2.3. Elastic anisotropy. Many mechano-physical prop-
erties rely heavily on elastic anisotropy, encompassing dis-
tinctive phonon modes, phase transformations, dynamics
of dislocations, anisotropic plastic deformation, elastic
instability, internal friction, and so on [58]. Thus, it becomes
crucial to estimate the crystal’s degree of elastic anisotropy.
Some metrics have been developed to evaluate the degree of
elastic anisotropy, such as universal anisotropic index, shear
and bulk anisotropy factors, anisotropic shear parameters, and
3D representations of the crystal direction dependence of the
elastic moduli.

(i) The universal anisotropic index AU, defined as [59]:
AU = 5GV

GR
+ BV

BR
− 6, is widely used to characterize the

elastic anisotropy in crystals. For an isotropic crystal, AU

is zero. Thus, the degree of deviation of AU from zero mir-
rors the extent of the elastic anisotropy in the crystal [60].
The calculated values of AU (see table 4) suggest that the
title compounds are strongly elastically anisotropic.

(ii) Ranganathan and Ostoja-Starzewski [59] proposed the
bulk anisotropy percent AB (AB =

BV−BR
BV+BR

× 100) and shear

anisotropy percent AG (AG = GV−GR
GV+GR

× 100) as metrics to
evaluate the anisotropy in the bulk modulus and shear
modulus, respectively. Note that BV (GV) and BR (GR)
are the values of B (G) according to Voigt and Reuss

8
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approximations. For an isotropic crystal AG and AB are
equal to zero percent. For a cubic structure, the bulk modu-
lus is isotropic, thus AB is always equal to zero. The calcu-
lated shear modulus percent is equal to 28% in KBeF3 and
41% in RbBeF3, highlighting their strong elastic aniso-
tropy.

(iii) The anisotropic shear parameters A1 (A1 =
4C44

C11+C33−2C13
),

A2 (A2 =
4C55

C22+C33−2C23
) and A3 (A3 =

4C66
C11+C22−2C12

) along
the shear planes {100}, {010} and {001}, respectively,
are also used to characterize the elastic anisotropy extent
in crystals [61]. For a cubic system A1 = A2 = A3. For
an isotropic cubic crystal, A1 is equal to unity. Therefore,
the degree of elastic anisotropy can be evaluated from
the degree of deviation of A1 from unity. The calcu-
lated value of A1 is about 5 for KBeF3 and about 7 for
RbBeF3, highlighting the strong elastic anisotropy of these
compounds.

(iv) A very useful approach to evaluate the elastic anisotropy of
a crystal is by visualizing the crystal direction dependence
of its elastic moduli using the ELATE code [62]. The
three-dimensional (3D) representation of the crystal direc-
tion dependence of an isotropic elastic modulus will have
a perfect spherical shape. Thus, the extent of anisotropy
of an elastic modulus can be evaluated from the degree of
deviation of the 3D representation of its crystal direction
dependence from the spherical shape. Figures 7–9 display
the 3D representations of the crystal direction depend-
ence of Young’s modulus, shear modulus, and Poisson’s
ratio, respectively, as well as their cross-sections in the
xy, xz, and yz planes. One notes the strong deviations of
the 3D representations (cross-sections) of Young’s modu-
lus, shear modulus, and Poisson’s ratio from the spherical
shape (circular form), highlighting the strong elastic aniso-
tropy of the studied materials. Indeed, there are consistent
differences between the maximum and minimum val-
ues of these elastic moduli, which highlight their strong
elastic anisotropy (see table 5). The minimum value of
Yung’s modulus (Emin) appears along the <100> direc-
tion and is 54.8 GPa (35.5 GPa) and le maximum value
(Emax) occurs along the<111> direction and is 223.8 GPa
(215.6 GPa) for KBeF3 (RbBeF3). The shear modulus
exhibits a maximum value (Gmax) of 98.3 GPa (95.1 GPa)
along the <001> direction and a minimum value (Gmin)
of 19.4 GPa (12.3 GPa) along the <111> directions for
KBeF3 (RbBeF3). The maximum value of Poisson’s ratio
(σmax) appears along the <111> and the minimum value
(σmin) appears along the <100> direction.

3.3. Thermodynamic properties

Pressure and temperature are essential parameters in under-
standing the various properties of materials. We studied the
thermodynamic properties such as specific heat, bulkmodulus,
thermal expansion, etc of XBeF3 (X= K, Be). We utilized the
Debye quasi-harmonic model which was applied in the Gibbs

software [37] to examine the response of these compound’s
physical properties with pressure and temperature.

The crystal lattice constant (α) of KBeF3 and RbBeF3 was
studied across a wide temperature range up to 1000 K, with
various fixed pressures: P = 0, 4,8, 12, and 16 GPa, as well
as pressures P up to 16 GPa under various fixed temperat-
ures T = 0, 200, 400, 600, 800, and 1000 K, are displayed
in figure 10. Due to the contrasting effects of temperature and
pressure on the crystal lattice constant α, it heightens as the
temperature rises and decreases as the pressure increase. Our
calculations indicate that at zero pressure and at a temperature
of 300 K, the lattice parameter is 3.6999 Å for KBeF3 and
3.8144 Å for RbBeF3.

Figure 11 demonstrates the evolution of the bulk mod-
ulus with the impact of pressure and temperature. It was
observed that the coefficient compressibility decreases as the
temperature increases and increases with increasing pressure.
At P = 0 GPa and T = 300 K, the B value for KBeF3 is
98.025 GPa and 93.97 GPa for RbBeF3.

The differences in thermal expansion due to pressure and
temperature are depicted in figure 12. For temperatures below
300 K, the coefficient of thermal expansion exhibits a rapid
increase as the temperature rises, followed by amoremoderate
increase at higher temperatures. At P= 0 GPa and T = 300 K,
the coefficient of thermal expansion of KBeF3 is 7.77×
10−5 K−1, and for RbBeF3 is 8.20× 10−5 K−1.

The isochoric heat capacity (CV) with temperature at spe-
cific constants pressure (P= 0, 4, 8, 12, and 16 GPa) and with
pressuresP up to 16GPa under fixed temperatures (T = 0, 200,
400, 600, 800, and 1000 K) are illustrated in figure 13. From
0 to 400 K, CV increases exponentially and sharply because
of the increment of atomic vibrations. As the temperature
rises, the heat capacity values (CV) demonstrate a progressive
approach to the Dulong–Petit limit, which is approximately
(124.66 J ·mol−1 ·K−1), which is shared by all solids at high
temperatures [63, 64]. As the pressure rises, CV decreases.
Note the impact of temperature on the CV is more noteworthy
than that of pressure. At P = 0 GPa and T = 300 K, CV is
102.68 J ·mol−1 ·K−1 and 109. 01 J ·mol−1 ·K−1 for KBeF3
and RbBeF3 respectively.

The isobaric heat capacity (CP) versus the temperature and
pressure are illustrated in figure 14. At lower temperatures
(T < 200 K) Cp increases faster with increasing temperature,
however, at high temperatures, CP follows a linear increase.
For P = 0 GPa, T = 300 K Cp is 107.75 J ·mol−1 ·K−1 for
KBeF3 and 114.90 J ·mol−1 ·K−1 for RbBeF3.

Studying the variation of Debye temperature (θD) with tem-
perature and pressure helps us to understand the alteration in
thermal vibration frequency of particles caused by changes in
temperature and pressure. The temperature dependency of the
Debye temperature (θD) is presented in figure 15. It is observed
that the Debye temperature θD remains relatively stable from
0 to 100 K and then decreases linearly as the temperature
rises from T = 200 K. However, it increases with increasing
pressure. The computed θD for KBeF3 and RbBeF3 using the
quasi-harmonic Debye model at P = 0 GPa and T = 0 K are
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Figure 7. 3D and 2D representations of the crystal direction dependence of Young’s modulus (E) for (a) KBeF3 and (b) RbBeF3.

Figure 8. 3D and 2D representations of the crystal direction dependence of shear modulus (G) for (a) KBeF3 and (b) RbBeF3.

619.19 K and 514.37 K respectively, which are very similar to
the corresponding values calculated from the elastic constants.

3.4. Electronic properties

The electronic properties of solids pertain to the electronic
band structure and density of states (DOS), providing essential
information about the behavior of electrons in different states

at each energy level. The metallic, semiconducting, or insulat-
ing nature of solid materials is easily understood by studying
the electronic features. The band structures of XBeF3 (X= K,
Rb) calculated along high symmetry directions X–R–M–Γ–R
within the cubic BZ are shown in figure 16.

The energy band diagram shows that both the valence
band maxima is situated at point R in the reciprocal space
(Kx = Ky = Kz = π/a) and the conduction band minima is
situated at point Γ in the reciprocal space (Kx = Ky = Kz = 0),

10
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Figure 9. 3D and 2D representations of the crystal direction dependence of Poisson’s ratio (σ) for (a) KBeF3 and (b) RbBeF3.

Table 5. The minimum and maximum values of young’s modulus E, shear modulus G, and Poisson’s ratio σ of KBeF3 and RbBeF3.

E (GPa) G (GPa) σ

Compounds Emin Emax Gmin Gmax σmin σmax

KBeF3 54.83 223.76 19.42 98.33 −0.35 0.94
RbBeF3 35.52 215.61 12.33 95.12 −0.5 1.17

confirming that the studied compounds have indirect band
gap. The calculated energy band gap value at zero pressure of
KBeF3 is 7.99 eV and RbBeF3 is 7.26 eV. The larger band
gap ensured the insulating behavior of these materials. The
obtained findings are consistent with the previous theoretical
results [10, 19, 26, 27, 38].

In order to better understanding of the mechanism of elec-
tronic structure, the total and partial electron DOS around the
Fermi level which is indicated by the horizontal blue dashed
line at 0 eV of XBeF3 (X = K, Rb) at pressures of 0 GPa and
18 GPa in the range of −10–15 eV are presented in figure 17.
The TDOS plots are useful for evaluating each cation’s par-
ticipation in the band structure of the studied materials; how-
ever, PDOS calculations are more instructive for explaining a
lower section of the conduction energy band and upper region
of the valence energy band. The valance band edge ranging
from 0 to −10 eV exhibits a high DOS in the band struc-
ture, whereas the conduction band edge has a lower DOS,
indicating that there are more holes at the valence band edge
than electrons at the conduction band edge. We have estimated
the PDOS of K, Rb, Be and F atoms of compounds XBeF3
(X = K, Rb).

It can be observed that the lowest energy band consists of
the K-3p and Rb-4p electronic states electronic states within
−10 eV to ∼ −5 eV. The F-2p orbital contributes mainly to

the Total DOS at the zero level, and there is also some con-
tribution from the Be-2s state. Therefore, the charge transport
and binding characteristics of XBeF3 (X = K, Rb) are likely
to be dominated by hybridization among these orbitals, and
the higher energy bands are formed by Be-s states with small
contributions of K-p and Rb-p states. According to figure 18,
the band gap of XBeF3 (X = K, Rb) increases as pressure
increases. This effect is due to the diminution in the lattice
parameter and in bond lengths of X–F and Be–F as pressure
increases. The energy states developed in these bonds increase
the Fermi energy, which in turn alters conduction and valence
states. And this rise can also be explained by the ionic bond-
ing properties in these compounds, in most cases, increasing
pressure on an ionic compound will result in an increase in its
band gap (Eg). As the ions come closer together, the electro-
static forces between them become stronger, which can lead
to an increased energy gap between the valence and conduc-
tion bands [65], which is confirmed in figure 19 where the res-
ult obtained from the density charge analysis shows the ionic
bond between its constituent atoms,

3.5. Optical properties

The electrical and optical properties of the material are
affected when it interacts with electromagnetic waves, and this

11
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Figure 10. Variations of the lattice parameter (a) with temperature at constant pressures and with pressure at constant temperatures for (a)
KBeF3 and (b) RbBeF3.
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Figure 11. Evolutions of the bulk modulus (B) of (a) KBeF3 and (b) RbBeF3 with temperature at constant pressures and with pressure at
constant temperatures.

13



J. Phys.: Condens. Matter 36 (2024) 055701 S Chaba Mouna et al

Figure 12. Changes in the coefficient of thermal expansion (α) with the temperature at constant pressures and with pressure at constant
temperatures for (a) KBeF3 and (b) RbBeF3.
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Figure 13. The variations of isochoric heat capacities (CV) for the perovskites (a) KBeF3 and (b) RbBeF3 with the temperature at constant
pressures and with pressure at constant temperatures.
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Figure 14. The variations of the isobar heat capacities (Cp) for the perovskites (a) KBeF3 and (b) RbBeF3 with the temperature at constant
pressures and with pressure at constant temperatures.
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Figure 15. The variations of the Debye temperature (θD) for the perovskites (a) KBeF3 and (b) RbBeF3 with the temperature at constant
pressures and with pressure at constant temperatures.
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Figure 16. Electronic band structure of (a) KBeF3 and (b) RbBeF3 compounds.

Figure 17. Total and partial DOS of (a) KBeF3 and (b) RbBeF3 compounds.
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Figure 18. The effect of pressure on the energy gap for KBeF3 and RbBeF3 compounds.

Figure 19. Electron charge density distribution of (a) of KBeF3 and (b) RbBeF3 compounds.
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Figure 20. Computed imaginary part ε2(ω) and real part ε1(ω) for the (a) KBeF3 and (b) RbBeF3 at 0 and 18 GPa pressure.

is determined by the complex dielectric function ε (x) that
describes its optical properties [66–68]. This function can be
written as:

ε(ω) = ε1(ω)+ iε2(ω)

The complex dielectric function (ε) is divided into two
parts. Firstly, (ε1) corresponds to polarization; secondly, (ε2)
expounds on the energy dissipation in the system [69] as illus-
trated in figure 20. The Kramers–Kronig relationship [70, 71]
can be used to obtain the real part

ε1 (ω) = 1+
2
π
P

∞̂

0

ω ′ε2 (ω
′)

ω ′2 −ω2
dω ′

where P is the principal value of the integral

ε2 (ω) =
2e2π
Ωε0

∑
k,υ,c

|ψ c
k |u.r|ψ υ

k |2δ (Ec
k−Eυ

k −E)

where subscripts k, ν, c represent the reciprocal lattice vector,
the conduction band, and the lower valence band, u, ω, e, ψ c

k,
and ψ υ

k are the incident electric field polarization vector, light
frequency, electronic charge, and conduction and valence band
wave functions at k, respectively, and Ec

k and E
υ
k are intrinsic

energy levels.

Optical coefficients, including the refractive index n(ω),
extinction coefficient k(ω), absorption coefficient α(ω),
reflectivity R(ω), and energy loss coefficient L(ω) can be
determined from the dielectric function using the following
relations [52, 72, 73]

n(ω) =

(√
ε21 (ω)+ ε22 (ω)+ ε1 (ω)

) 1
2

/
√
2

k(ω) =

(√
ε21 (ω)+ ε22 (ω)− ε1 (ω)

) 1
2

/
√
2

α(ω) =
√
2ω

(√
ε21 (ω)+ ε22 (ω)− ε1 (ω)

) 1
2

R(ω) =

∣∣∣∣∣ ε(ω)1/ 2 − 1

ε(ω)
1/ 2

+ 1

∣∣∣∣∣
2

L(ω) =
ε2 (ω)

ε21 (ω)+ ε22 (ω)
.

The figures 20–22 show the predicted optical properties
for the polarization direction [100] at the equilibrium lattice
constant within the energy range of 40 eV. The most essen-
tial quantities for the real dielectric function are the zero-
frequency limit ε1(0), with values of 2.36 eV (2.53 eV) at
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Figure 21. Computed refractive index η (ω) and extinction coefficient κ (ω) for the (a) KBeF3 and (b) RbBeF3 compounds.

Figure 22. Computed optical constants for the (a) KBeF3 and (b) RbBeF3 compounds: absorption, reflectivity, and energy-loss spectrum.
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P= 0 GPa, and 2.41 eV (2.62 eV) for KBeF3 (RbBeF3). Note
that these values increase with increasing pressure. Then ε1
becomes negative. This means that these compounds behave
like metals due to energy loss and poor light transmission
through the material with substantial reflection [74]. The
dielectric function imaginary part is related directly to the
energy of the band gap. Looking more closely at the ε2(ω) pat-
terns, we find that the initial critical point is around 7.9 eV and
6.97 eV for KBeF3and RbBeF3, respectively.

These observed values are consistent with an indirect trans-
ition among VB and CB at point (R–Γ) for KBeF3 and
RbBeF3. At 0 GPa, ε2(ω) shows three main peaks at 12.3,
16.6, and 22 eV, corresponding to the three absorption. This
indicates significant behavior of absorption at these energy
ranges and hence more appropriate for UV optoelectronic
applications.

Calculate the extinction coefficient k and refractive index η
as shown in figure 21. As shown in the refractive index spec-
trum, the constant refractive index η (0) which indicates the
refractive index at zero eV, is 1.53 and 1.59 for KBeF3 and
RbBeF3, respectively. At photon energy of 10.13 eV, KBeF3
has the greatest refractive index peak of 1.98, whereas RbBeF3
has a highest refractive index peak of 1.99 at 9.55 eV photon
energy. The refractive index value may be used to calculate
that how much is the refracted light from any material, and
is helpful in the applications of photoelectric. Owing to the
photon’s interaction with the electron, we can see in figure 21
that the photon faces an obstacle when entering the compound.
The higher the value of η for any material (i.e. η > 1), then
much photons are deflected as they pass through it.

The absorption coefficient indicates data about the optimal
efficiency of the conversion of solar energy and expresses the
amount of light of certain energy that may penetrable a mater-
ial before being soaked up. According to figure 22, the coeffi-
cient of absorption at zero pressure begins at 8.15 eV (7.35 eV)
for KBeF3 (RbBeF3) which becomes equal for the band gap
electronic. For KBeF3 and RbBeF3 at 0 GPa, the highest peaks
are located at 464 805 cm−1 at 24.4 eV and of 375 581 cm−1 at
22.7 eV, respectively. In this study, we have seen that XBeF3
(X = K, Rb) materials possess a good coefficient of absorp-
tion within the high range of energy. This shows and affirms
that these materials have the potential to serve as appropriate
candidates for optoelectronic devices functioning in the UV
range.

Reflectivity is another important optical property, as it
depends on the amount of light reflected by a substance when
exposed to it and mainly depends on the incident photon
energy on the surface [75]. From the figure 22, we have
observed that the reflectance of KBeF3 (RbBeF3) at 0 and
18 GPa starts from a value of 0.04 (0.05) and remains con-
stant in the energy range of visible. Then, under zero GPa
pressure, the reflectivity of KBeF3 increases unless it attain its
higher value of 0.51 at approximately 29.6 eV, while RbBeF3
exhibits a reflectivity of 0.35 around 27.7 eV. However, under
18 GPa, the reflectivity of KBeF3 reaches 0.56 around 29.3 eV,
and RbBeF3 exhibits a reflectivity of 0.52 around 29.8 eV.
Following that, the reflectance reduced once again, suggesting
that the studied materials had a less energy area, particularly

in the range of visible & infrared, implying that the materials
display transparency within these states, making them suitable
for applications such as anti-reflective coatings.

A compound’s loss function shows the energy lost
whenever electrons in any material moves very fast through
that material. Figure 22 illustrates the loss functions for KBeF3
and RbBeF3 compounds. The bulk plasma frequency ωP is the
point at which energy loss seems to be the greatest, and it pre-
serves the following requirements [76, 77] ε2< 1 and ε1 = 0.
At zero pressure, the predicted bulk plasma frequencies for
KBeF3 and RbBeF3 are 30.27 and 29.61 eV, respectively. This
study validated the insulating properties of these materials.

4. Conclusion

In the present study, the structural, elastic, thermodynamic,
electronic, and optical properties of the perovskite compounds
XBeF3 (X = K, Rb) were investigated using (GGA-PBEsol)
approximation. The compute crystal lattice constant agreed
well with the previously published values for these com-
pounds. By employing EOS to fit the energy–volume and
pressure–volume data and formation enthalpy, the structural
stability of fluoroperovskites XBeF3 (X = K and Rb) was
confirmed; whereas structural instability is observed from the
calculated Goldsmith tolerance factor. According to the com-
puted elastic constants, the materials XBeF3 (X= K, Rb) stay
mechanically stable up to 18 GPa. High bulk and Young’s
moduli of KBeF3 ensured that this phase is more capable to
resist plastic deformation and is stiffer than KBeF3. Universal
anisotropy factor analysis reveals the elastic anisotropy of
compounds XBeF3 (X = K, Rb) where both compounds were
found elastically anisotropic. Pugh’s criterion and Poisson’s
ratio demonstrate these compounds are ductile, the temperat-
ure and pressure dependence of the crystal lattice constant,
bulk modulus, isochoric and isobaric heat capacities, coef-
ficient of thermal expansion, and Debye temperature were
computed in the extent of 0–1000 K, while 0–16 GPa utiliz-
ing the quasi-harmonic approximation. The insulating nature
of XBeF3 (X = K, Rb) is confirmed by examination of its
band structure. Furthermore, the outcome of the optical study
also indicates that the studied materials have the ability to
be applied in UV-absorbing devices. Due to their transpar-
ency, these materials can be employed in thin film growth
as substrates and in various optoelectronic applications and
these compounds are promising candidates for VUV-VUV-
transparent lens material. We hope that our study will show
a substantial influence on forthcoming research work into the
varied properties of comparable materials.
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