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1. Introduction

Understanding of physical properties of materials for
their useful applications has always been a prime field of
interest. Materials scientists even in today’s technolog-
ically advanced society are still struggling for chief and
efficient materials. Perovskites family contains a large
number of compounds ranges from insulators to super-
conductors and from diamagnetic to colossal magnetore-
sistive (CMR) compounds. They are also preferable for
the lens materials because it does not have birefringence
that makes design of lenses difficult. Furthermore, per-
ovskite structure has an area for studding some phys-
ical properties like giant magnetoresistance [1], nearly
zero temperature coefficient of resistivity [2] and laser
source [3]. The fluoroperovskites structure ABF3 is one
of the common structures of the perovskite. The A
and B elements are alkali metals and alkaline earth
metals, respectively. Fluoroperovskite compounds have
many applications due to their unique properties of tun-
able laser [4], crystal fields [5] electron—phonon interac-
tions [6, 7] as well as phase transition behaviours [8] and
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other physical properties, such as ferroelectricity [9], an-
tiferromagnetism [10], and semiconductivity [11]. More-
over, the fluoroperovskite compounds can be used in the
medical field to measure the dose during radiation ther-
apy, and they may also be used in the manufacture of ra-
diation imaging plates for X-rays, gamma-rays and ther-
mal neutrons for medical and non-destructive testing ap-
plications. These compounds are generally characterized
by their large energy band-gap. Their high potential as
window materials in the ultraviolet (UV) and vacuum
ultraviolet (VUV) wavelength region was also identified
based on their short absorption edges [12, 13]. CsBaFsj is
an important member of this ternary family of materials
because it could be used as a material for lasers when
doped with transition metals. It is well known that the
materials with band gaps larger than 3.1 eV work well
in the ultraviolet (UV) region of the spectrum [14-18].
Since CsBaFj is like the other fluoropervskites and has a
wide and direct band gap larger than 7.0 €V, then it can
be effectively used in UV based optoelectronic devices.
However, there are few studies about this compound and
its characteristics have not been investigated in detail up
to now [19].

The aim of this work is to investigate the struc-
tural, elastic, electronic, optical and thermal properties
of fluoro-perovskite CsBaFs by the density functional
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theory using the full potential linearized augmented plane
wave (FP-LAPW) method, in order to provide reference
data for the experimentalists and to complete existing
theoretical and experimental works on this compound.
The rest of the paper has been divided in three parts.
In Sect. 2, we briefly describe the computational tech-
niques used in this study. In Sect. 3, we give and discuss
our results. Finally, conclusions are given in Sect. 4.

2. Calculation method

The ternary compound CsBaF3 crystallizes in the cu-
bic perovskite-type structure with space group Pm3m
(# 221) and its unit cell contains one molecule.
The Cs, Ba and F atoms are positioned at: la (0,0,0),
1b (1/2,1/2,1/2) and 3c (0,1/2,1/2) sites of the Wyckoff
coordinates, respectively.

In this paper, our calculations were carried out using
FP-LAPW method [20, 21] implemented in Wien2K com-
puter code [22]. The exchange-correlation potential is
treated with the local density approximation (LDA) [23]
and the generalized gradient approximation (GGA) [24]
to calculate the total energy, while for the electronic and
optical properties the recent modified Becke—Johnson po-
tential (TB-mBJ) [25] was also applied. In this method,
the space is divided into non-overlapping muffin-tin (MT)
spheres separated by an interstitial region. The region of
non-overlapping atomic spheres (centered at the atomic
sites) is treated as a linear combination of radial functions
times spherical harmonics, while in the interstitial region
a plane wave expansion is used. For this, a satisfactory
degree of convergence was achieved by considering a num-
ber of FP-LAPW basis functions up to RyrHKmax equal
to 8 (where Ryt is the minimum radius of the muffin-
tin spheres and Kpax gives the magnitude of the largest
k-vector in the plane wave expansion). The muffin-tin
sphere radii Ry are taken to be 2.5, 2.0, and 1.8 atomic
units (a.u.) for Cs, Ba, and F, respectively. The spheri-
cal harmonics inside the muffin-tin spheres are expanded
up to lmax = 10, while the Fourier expanded charge den-
sity was truncated at Guax = 12 (a.u.)”!. The k in-
tegration over the full Brillouin zone is performed with
8 x 8 x 8 k-points mesh. The self-consistent calculations
are considered to be converged when the total energy is
stable within 0.1 mRy.

The optical properties can be described the dielectric
function e(w), which is expressed as [26, 27]:

e(w) = e1(w) + iea(w). (1)
The imaginary part of the dielectric function es(w

was calculated from the electronic band structure of a
solid [28]:
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where P is the momentum matrix element between states
of bands a and 8 with crystal momentum k. ¢ and vy
are the crystal wave functions corresponding to the con-
duction and the valence bands with crystal wave vector k.

The real part €1 (w) of the dielectric function can be
extracted from the imaginary part using the Kramers—
Kronig relation
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P is the principle value of the integral. The refractive in-
dex n(w), the extinction coefficient k(w), the absorption
coefficient I(w) and the reflectivity R(w) in the crystal
are given by [28]:
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The study of thermal effects was done within the quasi-
harmonic Debye model implemented in the Gibbs pro-
gram [29]. For solids described by an energy—volume
(E-V) relationship in the static approximations, the
Gibbs program allows us to evaluate the Debye temper-
ature to obtain the Gibbs free energy G(V; P,T) and to
minimize G for deriving the thermal equation of state
(EOS) V(P,T). Other macroscopic properties related to
the pressure P and temperature T can be obtained by
using some standard thermodynamic relations. Further
details of this procedure can be found elsewhere [29-32].

3. Results and discussion
3.1. Structural and elastic properties

Our aim in this subsection is to calculate the total en-
ergy as a function of unit-cell volume around the equilib-
rium cell volume Vj. The calculated total energies versus
volume as shown in Fig. 1 are fitted with the Murnaghan
equation of state (EOS) [33] to obtain an analytical in-
terpolation of our computed points from which we deter-
mine the ground state properties such as the equilibrium
lattice constant ag, the bulk modulus B and its pres-
sure derivative B’. Table I gives the computed LDA and
GGA equilibrium lattice constant ag, bulk modulus B
and its pressure derivative B’ together with other theo-
retical values. The calculated lattice constant (bulk mod-
ulus) is larger (smaller) than those reported in Ref. [19].
Due to the absence of the experimental results concern-
ing the lattice constant and bulk modulus for the herein
studied perovskite, we should support our calculated re-
sults on the basis of the known lattice constant and bulk
moduli of CsSrF3 and CsCaFs;. As Cs and F atoms
are the same in the three compounds, the lattice con-
stant should be increased with increase of the atomic
size of the A element in CsAFs (A = Sr, Ca and Ba)
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Fig. 1. Variation of total energy versus unit cell vol-

ume for CsBaF3 using LDA approximation.

compounds; a(CsBaF3) > a(CsSrF3) > a(CsCaF3). Fol-
lowing the well-known relationship between B and the
lattice constants: B oc V!, where Vj is the unit cell
volume, the bulk modulus values of these compounds
should vary in the inverse sequence to lattice constants,
ie. b(CsCaF3) > b(CsSrF3) > b(CsBaFs). The val-
ues of lattice constants are 4.40 A [34], 4.41 A |35] and
4.52 A [36] for CsCaF3 and 4.65 A [34] and 4.75 A [37, 3]
for CsSrF3. The bulk modulus values are 67.0 GPa [34]
and 65.16 GPa [35] for CsCaF3 and 53.10 GPa [35] for
CsSrF3. Our calculated lattice constant and bulk mod-
ulus of CsBaF3 follow the above sequences, confirming
that our results are more realistic that those quoted
in Ref. [19].
TABLE I

Calculated lattice constant (ao), unit-cell equilib-
rium volume (V5), bulk modulus (B) and its pres-
sure derivative B’ for CsBaF3 compound. Results
are compared with previous theoretical works.

Properties Present work O.ther
GGA | LDA | theoretical works
ao |A] 497 | 4.92 4.28°
Vo [A%] | 122.76 | 119.10 -
B [GPa] 42.93 44.55 16.012°
B’ 4.09 4.42 -
“Ref. [19]

The elastic constants determine the response of the
crystal to the external forces and play an important
role for describing the mechanical properties of materials.
The values of these constants provide valuable informa-
tion on the stability and stiffness of materials. For this
purpose, the elastic constants of the material of inter-
est has been calculated at zero pressure by computing
the components of the stress tensor for small strains, us-
ing the derivative of the energy as a function of lattice
strain [39] with preserved volume. There are 21 inde-
pendent elastic constants C; ;, but the symmetry of the
cubic crystal lattice reduces this number to only three
independent elastic constants C1, Cio, and Cyy.

In Table II we summarize the calculated elastic
constants and the bulk modulus calculated from the

theoretical elastic constants. From Table II one can
remark that the computed LDA elastic constants are
higher than those of GGA. This is due to the fact that
the LDA bulk modus value is larger than that of GGA.
The requirement of mechanical stability in a cubic crystal
leads to the following restrictions on the elastic constants,
Ci1 — Cia > 0, Ci1 > 0, Cyq > 0, Ci1 +2C12 >0 [40]
Our calculated C}; values obey these stability conditions,
indicating that this compound is elastically stable.

TABLE II

Calculated elastic constants (in GPa), anisotropy factor A,
shear modulus G (in GPa), Young’s modulus E (in GPa)
and the Poisson ratio v of CsBaFs.

Cii | Ci2 | Cuq | A G E v | B/G
LDA | 104.29 | 15.56 | 42.51 | 0.964 | 43.24 |98.32 | 0.136 | 1.044
GGA | 98.99 |15.13|40.73|0.975|41.205 | 93.73 | 0.1374 | 1.045

The elastic anisotropy of crystals has an important im-
plication in engineering science since it is highly corre-
lated with the possibility to induce microcracks in the
materials. To quantify the elastic anisotropy of these
compounds, we have computed the anisotropy factor
A = 2C44/(C11 — C12) from the present values of the
elastic constants. For a completely isotropic material,
A is equal to 1, while any value smaller or larger than
1 indicates anisotropy. The magnitude of the deviation
from 1 is a measure of the degree of elastic anisotropy
possessed by the crystal. The calculated values of the
anisotropic factor A are found to be equal to 0.964 with
LDA and 0.975 with GGA, meaning that that this com-
pound is not characterized by a profound anisotropy.

The elastic constants C71, C12 and Cy4 are estimated
from first-principles calculations for CsBaF3 single crys-
tal. However, the prepared material is in general poly-
crystalline, and therefore it is important to evaluate the
corresponding moduli for the polycrystalline species. Us-
ing the Voigt—Reuss—Hill approximations, some polycrys-
talline elastic moduli, namely, the shear modulus G, the
Young modulus £ and the Poisson ratio v, have been
calculated from the single-crystal elastic constants Cj;
by the following equations [41-43]:

9BG
F=——
3B+ G’ (&)
3B - 2G
V= 2BBLG) ©)
1
Gy = 3(011 — Ch2 + 3C44), (10)

_ 5C44(C11 — Cha) (1)
4Cy4 + 3(Cy1 — Cr2)’

The calculated values of the mentioned elastic mod-
uli for polycrystalline CsBaF3 aggregate are given also
in Table II. After acquiring the necessary data on the
elastic constant, we now try to discuss on the ductility
and brittleness of these compounds. There are many fac-
tors which allow us to know the ductile/brittle nature

Gr
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of the given material: Cauchy’s pressure (Ci1o — Cus),
Pugh’s index of ductility (B/G) and Poisson’s ratio (v).
Cauchy’s pressure, defined as the difference between the
two particular elastic constants C1o — Cy4 is considered
to serve as an indication of ductility: if the pressure is
positive (negative), the material is expected to be duc-
tile (brittle) [44]. Here the value of Cauchy’s pressure is
found to be equal to —26.9 with LDA and —25.6 with
GGA, which clearly highlights the brittle nature of this
compound. Another index of ductility is the B/G ratio.
According to Pugh’s [45] and Frantsevich et al.’s [46] ra-
tios, the high (low) B/G ratio is associated with the duc-
tile (brittle) nature of the materials. The critical number
which separates the ductile and brittle was found to be
1.75 (Pugh) and 2.67 (Frantsevich et al.). As mentioned
in Table II, this ratio is around 1.04 with both approxi-
mations, which also classified this compound as a brittle
material. We may also refer to Frantsevich et al. [46]
who distinguish the ductility and brittleness of materials
in terms of Poisson’s ratio (v). According to Frantsevich
rule, the critical value of material is 0.26. For brittle
materials, Poisson’s ratio is less than 0.26, otherwise the
material behaves in a ductile manner, as recently demon-
strated in a study of brittle versus ductile transition in
some perovskite compounds from first-principles calcula-
tions [47, 48]. Here the calculated Poisson value is smaller
than 0.26, meaning that this compound is brittle in na-
ture. The more deleterious consequence of brittleness is
the sensitivity for thermal shocks, as the material can-
not efficiently dissipate thermal stresses via plastic de-
formations. Thus, a brittle solid can only be subjected
to limited thermal shocks before its strength drops dra-
matically. So we can conclude that the herein studied
material is less sensitive to thermal shocks.

3.2. FElectronic properties

In this section we turn our attention to study the elec-
tronic properties of CsBaFs via calculating the energy
band structure, the density of states and the charge dis-
tribution. It is well known that the LDA and GGA cal-
culations underestimate the fundamental gap of semicon-
ductors and insulators [49-51]. This is mainly due to
the fact that they have simple forms that are not suffi-
ciently flexible for accurately reproduce both exchange-
correlation energy and its charge derivative. To over-
come the underestimation of the bad gaps we have ap-
plied the modified Becke—Johnson potential (mBJ) which
has been applied with successful results in some recent
papers [52-54].

The calculated energy band structure for the equi-
librium geometry of CsBaF3 along the higher symme-
try directions in the Brillouin zone is shown in Fig. 2.
The zero energy is chosen to coincide with the top of
the valence band. The results indicated that the energy
dispersion of the valence band is very small along a and
b axes. On the contrary, large dispersion can be seen
along the c-axis. The calculated electronic band struc-
ture reveals that CsBaFs is an insulator similar to other
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Fig. 2. The calculated band structure in high sym-

metry directions of CsBaFs using (LDA) (a) and
(mBJ) (b).

fluoroperovskites [48, 55-58]. The nine valence bands
between —2.0 eV and the Fermi level (zero) are mainly
due to p orbital of fluorine atoms. The upper valence
band situated between —2.0 eV and Fermi level is consti-
tuted by nine bands. These nine valence bands are split
into threefold degenerate levels at the I" point (I'15, I25,
and I'5) separated by energies of 1.106 €V (I'15 — [95)
and 0.086 €V (155 — I't5). The split of these levels is pro-
duced by the crystalline field and the electrostatic inter-
actions between F 2p orbitals. CsBaF3 has the conduc-
tion band minimum (CBM) and the valence band max-
imum (VBM) at the I" point, resulting in a direct band
gap (I' — I'). The calculated values of the band gaps are
found to be equal to 4.94 eV. The calculated values of
the main direct and indirect band gaps at zero pressure
are given in Table III.
TABLE III
Calculated energy gaps at high symmetry

points for CsBaF3 compound (energies are
in eV).

RR | I-I'| X-X | M-M | R-I'
LDA | 835 | 5.02 | 6.60 7.09 5.91
GGA | 814 | 495 | 6.53 6.99 5.72
mBJ | 10.13 | 8.78 | 9.31 9.23 9.41

To obtain a deeper insight into the electronic struc-
ture, we have displayed in Fig. 3 the total and the partial
atomic density of states (TDOS and PDOS) for CsBaF's.
Starting from the lower energy side, the deep electronic
localized structure centered at around —22 eV, below the
Fermi level is due to near equal contributions of F s and
Ba s states. The structure situated at around —8 eV
consists of Ba p states. The structure situated at around
—6 eV arises mainly from Cs p states. The upper va-
lence band situated between —2 and 0 €V is essentially
formed by F p states with a small contribution of Ba d
and p states. The bottom of the conduction bands are
essentially dominated by Cs d states hybridized with
Ba d states with a small contribution of F p states.

In order to further explore the bonding nature in the
cubic CsBaFs, the charge distribution in this compound
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Fig. 3. The calculated total and partial densities of
states (DOS) of CsBaF3 using the mBJ approximation.

Fig. 4.

The calculated
[1 1 0] direction of CsBaF3 at the predicted equilibrium
lattice constant.

charge density along the

is examined. The contour map of the charge density in
(110) plane, containing caesium (Cs), barium (Ba) and
fluoride (F) atoms, is shown in Fig. 4. From this fig-
ure one can see that the highest charge density resides
in the immediate vicinity of the nuclei. The near spheri-
cal charge distribution around the Cs indicates that the
bonding between Cs and F is predominantly ionic. This
figure reveals a sharing of charge between Ba and F due
to the Ba d and F p hybridization; thus, there is a mix-
ture of covalent-ionic bonding between Ba and F.

3.8. Optical properties

All the optical properties are calculated at the the-
oretical equilibrium lattice constant for the energy up
to 35 eV. Figure 5 shows the calculated real part (the dis-
persive part) of the dielectric function e;(w). The main
peak is about at 15.30 eV for CsBaF3. The curve shows
decreases followed by increases and then decreases to
reach €1 (w) negative value; followed by a slow increase
toward zero at high energy. The calculated static dielec-
tric constant £1(0) is about 2.01. We note that the zero’s
value of £1(w) (1 = 0), which reflects the absence of
the dispersion coincides perfectly with the maximum of
the absorption coefficient I'(w) (Fig. 6), which is situated
at 15.66 eV.
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Fig. 5. The calculated real part of the dielectric func-

tion €1 (w) of CsBaFs.
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The calculated extinction coefficient k(w) of

The imaginary part of the dielectric function es(w) is
calculated from the momentum matrix elements between
the occupied and unoccupied wave functions within the
selection rules. Figure 7 displays the calculated imagi-
nary part of the dielectric function for CsBaF3 for a ra-
diation up to 35 eV. Our analysis of £2(w) spectrum shows
that the first critical points (threshold energy) of the di-
electric function occur at about 8.77 eV. This point is
the direct optical transitions between the highest valence
band and the lowest conduction band at the I'-point.
This is known as the fundamental absorption edge. Be-
yond this point, the curve increases rapidly due to the
abrupt increase in the number of points contributing to-
ward e2(w). The main peak in the spectrum is situated
at 10.32 eV for CsBaF3. This peak is dominated by the
direct optical transitions from F 2p band just below the
Fermi energy to Ba 5d state of conduction band. All
structures in the optical response are in agreement with
the band structure. The optical band gap obtained from
the imaginary part of the dielectric function is 8.77 eV
which is closer to that obtained from the electronic band
structure (8.78 eV). Hence, the direct wide band gap na-
ture makes the compound suitable for the high frequency
UV devices applications.
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The knowledge of €1(w) and e3(w) allows the cal-
culation of refractive index n(w), extinction coefficient
k(w), absorption coefficient I(w) and reflectivity R(w).
The calculated refractive index n(w) and the extinction
coefficient k(w) are shown in Figs. 8 and 6, respectively.
The refractive index spectrum indicates that the static
refractive index n(0) has a value of 1.42. All peaks of the
refractive index and extinction coefficient coincide with
a slight shift.

The absorption coefficient I(w) is investigated in Fig. 9.
High absorption peaks at high energies are notice-
able. The maximum absorption coefficient is found
around 15.66 eV. This material possesses considerable ab-
sorption.

Figure 10 shows the calculated reflectivity R(w). From
this curve, the reflectivity indicates a maximum peak at
around 15.71 eV. The zero frequency limit of reflectivity
for CsBaF3 is found to be 0.03. There are high reflection
peaks at energies 15.71 €V, 17.81 eV and 19.47 eV corre-
sponding to the negative values of £1(w). In the energy
range up to the band gap the reflectivity is very small,
and therefore the material is transparent for the incident
photons; hence, the materials also show the transparency
for this energy range which suggests this compound as
promising candidate for making lenses.
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Fig. 9. The calculated absorption coefficient I(w) of
CSBaFg.
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Fig. 10. The calculated reflectivity R(w) of CsBaFs.

3.4. Thermodynamic properties

To investigate the thermal properties of CsBaF3 com-
pound under high temperature and high pressure, we
have applied the quasi-harmonic Debye approximation.
As a first step, a set of total energy calculation versus unit
cell volume E-V, in the static approximation, was carried
out and fitted with the numerical EOS in order to deter-
mine its structural parameters at zero temperature and
pressure, and then derive the macroscopic properties as
function of pressure and temperature from standard ther-
modynamic relations. The thermal properties are deter-
mined in the temperature range from 0 to 1000 K where
the quasi-harmonic model remains fully valid. The pres-
sure effect is studied in the 0-40 GPa range. Figure 11a
and b displays the variation of the unit cell volume V
and the bulk modulus as a function of temperature at
different pressures for CsBaF3. One can remark that
at a given pressure both volume and bulk modulus are
nearly constant from 0 to 100 K. Above this tempera-
ture (T > 100 K), the unit cell volume V increases and
the bulk modulus decreases with increasing temperature.
On the other side as the pressure P increases the unit
cell volume V decrease and the bulk modulus increases
at a given temperature. These results are due to the fact
that the effect of increasing pressure of the material is
the same as the decreasing temperature of the material.



40 M. Harmel et al.

The compressibility increases with increasing tempera-
ture at a given pressure and decreases with pressure at a
given temperature. The calculated equilibrium unit cell
volume V' and bulk modulus at zero pressure and room
temperature are 122.28 A3 and 39.85 GPa, respectively.
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bulk modulus (b) as a function of temperature at differ-
ent pressures for CsBaFs.
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Fig. 12. The variation of the heat capacities C,, (a) and
(b) as a function of temperature at different pressures
for CsBaFs.

The knowledge of the heat capacity of a substance pro-
vides essential insight into its vibrational properties and
is also mandatory for many applications, so the varia-
tion of the heat capacity at constant volume Cy versus

temperature at 0, 10, 20, 30 and 40 GPa pressures for
CsBaFj is shown in Fig. 12a. It is worth mentioning
from this figure that Cy curve shows a sharp increase
up to 300 K, and then increase slowly in the high tem-
perature. At high temperature Cy is close to a con-
stant value 123.75 J mol~! K—!, which is the so-called
Dulong-Petit limit [59], which is common to all solids at
high temperature. In view in Fig. 12a, it is clear that
when (T < 500 K), the heat capacity Cy depends on
both temperature and pressure (Cy is proportional to
T3 [60]). The variation of the heat capacity exhibits a
similar feature in wide temperature and pressure. Fig-
ure 12b displays the heat capacity C}, as a function of
temperature for various pressures. It is shown that when
(T < 400 K), the variation features of C), values are sim-
ilar to that of Cy. Furthermore, Cy and C, are de-
pending on both temperature and pressure and increase
exponentially. However in the high-temperature range
(T > 400 K) the change of C, is different than that
of Cy. C, values decrease with increasing pressure and
do not converge to a constant value. The heat capac-
ity C} increases rapidly at high temperature. At room
temperature and zero pressure the C}, value is found to
be equal to 126.56 J mol~* K1
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< |
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Fig. 13. The variation of the Debye temperature as

a function of temperature at different pressures for
CsBaF's.

The Debye temperature @p is an important param-
eter, characteristic for the thermal properties of solids.
It is the temperature above which the crystal behaves
classically, because the thermal vibrations become more
important than the quantum effects. Figure 13 shows the
evolution of the Debye temperature ©p with tempera-
ture at several fixed pressures. It can be seen that Op is
nearly constant from 0 to 200 K and decreases linearly
with increasing temperature. For a fixed temperature,
the Debye temperature increases with the enhancement
of pressure. OQur calculated @p at zero pressure and am-
bient temperature is found to be equal to 263.27 K. This
might be an indication that the quasi-harmonic Debye
model is a very reasonable alternative to account for the
thermal effects with no expensive task in terms of com-
putational time.
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4. Conclusions

In this work, we have performed ab initio calculations
on the structural, elastic, electronic, optical and ther-
modynamic properties for the cubic CsBaFs using the
FP-LAPW method with LDA, GGA and the modified
Becke—Johnson potential The most relevant results are
summarized as follows:

The calculated ground-state properties such as lat-
tice constant and bulk modulus agree well with
other theoretical works.

We have predicted some elastic properties such as
elastic constants, anisotropy factor, shear modulus,
Young’s modulus and Poisson’s ratio. The B/G ra-
tio indicates that CsBakF'3 is brittle in nature.

On the basis of the direct wide band gap and the
spectra of imaginary part of the dielectric function
it can be concluded that this material will be useful
for optoelectronic applications in the UV region.

Through the quasi-harmonic Debye model, the de-
pendences of the volume, bulk modulus, heat ca-
pacities and Debye temperature on temperature
and pressure have been obtained successfully.
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