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Abstract

A theoretical studies of structural, electronic, elastic and high pressure properties in barium chalcogenides BaX (X =S, Se, Te, Po) are
performed, using the full-potential augmented plane wave plus local orbitals method (FP-APW + lo). In this approach the local-density
approximation (LDA) and generalized gradient approximation (GGA) are used for the exchange-correlation (XC) potential. Moreover,
the alternative form of GGA proposed by Engel and Vosko (GGA-EV) is also used for band structure calculations. The equilibrium
lattice constant and the bulk modulus agree well with the experiments. The pressures at which these compounds undergo structural phase
transition from NaCl (B1) to CsCl (B2) phase were found to be in good agreement with the available experimental data. Results obtained
for band structure using GGA-EV show a significant improvement over other theoretical work and are closer to the experimental data. A
linear relationship is observed between theoretical band gap and 1/a* (where a is lattice constant).We have determined the elastic
constants Cy;, Ci, and Cyy at ambient conditions in both Bl and B2 structures, which have not been established neither experimentally
nor theoretically. Further, we have also calculated the pressure dependence of the elastic constants for the Bl structure of the four
compounds.
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1. Introduction (X =S, Se, Te, Po) and their alloys, are interesting in
connection with optoelectronic applications in the blue-
light wavelength regime, and an understanding of their

electronic and optical properties is therefore important.

Alkaline-earth chalcogenide compounds are currently
under intense investigations driven by their potential appli-

cation in light-emitting diodes (LEDs) and laser diodes
(LDs). It is expected that these compounds may provide
new II-VI candidates for the fabrication of various electri-
cal and optical devices [1]. Among the wide-band-gap
II-VI semiconductors, the barium chalcogenides BaX

* Corresponding author. Tel.: +213 36 92 51 28; fax: +213 36 92 51 01.
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These may be tuned by means of diverse bond characteris-
tics [2-5], and by means of built-in strains produced by
epitaxial growth of heterostructures under controlled con-
ditions. Prediction and analysis of such effects require
knowledge of the elastic constants and relevant deforma-
tion potentials of the constituents. Under pressure BaS,
BaSe and BaTe compounds undergo a structural phase
transition from the six fold-coordinated B1 structure to
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the eight fold-coordinated CsCl-type (B2) structure at
the respective pressure 6.5, 6.0 and 4.8 GPa, as it has been
shown by high pressure X-ray diffraction experiments
[6-9].

From a theoretical point of view, several first-principle
calculations were made for BaS, BaSe and BaTe com-
pounds by a variety of methods [5,10-16]. Wei and Krak-
auer [10] have used the linearized augmented plane wave
(LAPW) method to study both structural and metalliza-
tion transition of BaSe and BaTe. The augmented-spheri-
cal wave method within the local-density approximation
(LDA-ASW) has been used by Carlsson and Wilkins [11]
to discuss the metallization transition volume of BaS,
BaSe and BaTe. Kalpana and co-workers [12] have studied
the electronic structure and structural phase stability of
these compounds by means of the tight-binding linear
muffin-orbital (TB-LMTO) method. The high pressure
structural phase transition of BaSe and BaTe have also
been investigated by Jha et al. [13] using the three body
potential approach. Syassen and co-workers [14], using
the linear muffin-tin-orbital (LMTO) method, Akbarzadeh

et al. [15], using the full-potential linear augmented plane
() wave (FP-LAPW) and the pseudo-potential plane wave
" (PP-PW) methods, reported some band structures of BaTe
E compound. In more recent study Lin and co-workers [5]
Q have used the pseudo-potential plane wave to study the
o relationship between electronic properties and chemical
= bonds in BaX compounds. Khenata et al. [16] and Pourag-
hazi et al. [17] reported some band structure results on
these compounds. The authors [16,17] used the full-
“O potential linearized augmented plane wave (FP-LAPW)
Q method.
iy Despite these studies, some interesting problems remain
Qunresolved and a number of basis properties are still
<+ unknown. To the best of our knowledge no experimental
C or theoretical studies on the elastic constants in both NaCl
and CsCl structures of BaS, BaSe, BaTe and BaPo have
been carried out. No experimental or theoretical studies
appeared in the literature on the high pressure properties
of BaPo compound. No ab initio calculations within the
Engel-Vosko scheme for the exchange correlation potential
were performed for any of the BaX compounds. When
theoretical calculations are available, there are always lacks
of information about quantities in which we are interested.
This lacks of information has motivated us to explore the
structural, elastic and electronic properties of BaX com-
pounds. Therefore, the aim of this paper is to provide a
comparative study of structural and electronic properties
and a prediction study of the elastic properties under high
pressure by using the full-potential augmented plane wave
plus local orbitals method (FP-APW + lo).

This paper is organized as follows. In Section 2, we
briefly described the computational parameters used in
the calculations. In Section 3, we discussed the calculated
structural properties. Results of elastic constants are
presented in Section 4. Electronic band structures are dis-
cussed in Section 5. Finally, we give a brief conclusion.

2. Calculation method

The first-principle calculations are performed by
employing a full-potential (linear) augmented plane wave
plus local orbital (FP-(L)APW + lo) [18-20] method, based
on density functional theory [21,22] and implemented in the
most recent version of the WIEN2K package [23]. The
exchange-correlation potential for structural properties
was calculated by the local-density approximation (LDA)
[24] with and without generalized gradient approximation
(GGA) based on Perdew et al. [25], while for electronic
properties in addition to that, the Engel-Vosko (GGA-
EV) [26] scheme was applied. In the FP-(L)APW + lo
method, the unit cell is divided into non-overlapping
spheres centered at atomic sites (muffin-tin spheres) of
radius Ryt and an interstitial region. In the muffin-tin
spheres, the Kohn-Sham wave functions are expanded in
a linear combination of radial functions time spherical har-
monics, and in the remaining space of the unit cell a plane
wave basis set is chosen. The basis set inside each muffin-tin
sphere is split into core and valence subsets. The core states
are treated within the spherical part of the potential only
and are assumed to have a spherically symmetric charge
density totally confined inside the muffin-tin spheres. The
valence part is treated within a potential expanded into
spherical harmonics. The valence wave functions inside
the spheres are expanded up to [n.x=12. The
Ba(5s°5p%6s2), S(3s?3p*), Se(3d'%4s’4p?), Te(4d'°5s%5p*)
and Po(5d'%6s%6p*) states are treated as valence electrons.
The Ryt are taken to be 3.0, 2.6, 2.8, 3.0 and 3.0 atomic
units (a.u.) for Ba, S, Se, Te and Po, respectively. A plane
wave cut-off K., =3.5a.u”! is chosen for the expansion
of the wave functions in the interstitial region. The & inte-
grations over the Brillouin zone is performed up to
10 x 10 x 10 Monkhorst—Pack [27] mesh for both Bl and
B2 phases. The self-consistent calculations are considered
to be converged when the total energy of the system is stable
within 107 Ry.

3. Structural properties

In order to calculate the ground states properties of BaS,
BaSe, BaTe and BaPo, the total energies are calculated in
both phases B1 and B2 for different volumes around the
equilibrium cell volume ¥V;. The plots of calculated total
energies versus reduced volume for these compounds in
both phases are given in Fig. 1(a). It is seen from these
E-V curves, that the B1 structure is the most stable at room
conditions, which is consistent with experimental results
and other theoretical works [6-16]. The calculated total
energies are fitted to the Murnaghan’s equation of state
[28] to determine the ground state properties such as the
equilibrium lattice constant a,, the bulk modulus By and
its pressure derivative B’. The calculated equilibrium
parameters (ag, By and B’) in both structures are given in
Table 1 which also contains results of previous calculations
as well as the experimental data. It is clearly seen that for
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(a) Volume (a.u.) (b) Pressure (GPa)

Fig. 1. (a) Variation of total energies as a function of volume of unit cell
for BaS, BaSe, BaTe and BaPo compounds in both structures Bl and B2.
The solid curve is a least-square fit to Murnaghan’s equation of state. (b)
The variation of relative volume V/V,, of BaS, BaSe, BaTe and BaPo with
pressure in Bl and B2 phases. V) is the zero pressure equilibrium volume
of the BI phase. The arrows mark the calculated transition pressure Pt
and the relative volumes at the transition pressure in Bl and B2 phases.

all compounds the GGA overestimates the lattice parame-
ter while the LDA underestimates it; these findings are
consistent with the general trends of these approximations.
Furthermore, the calculated bulk modulus using the LDA
approximation are slightly higher than the experimental
ones and their values decrease from BaS to BaPo for both
phases, i.e. from the lower to the higher atomic number.
This suggests that BaPo is more compressible than the
other three compounds.

Under compression, the calculation shows that BaS,
BaSe, BaTe and BaPo will undergo a structural phase tran-
sition from Bl to B2 structure. In order to determine the
transition pressure at 7=0K, the enthalpy, H=E;+
PV, should be calculated [29]. The stable structure at a
given pressure is the state for which the enthalpy has its
lowest value and the transition pressure is calculated at
which the enthalpies for the two phases are equal. Hence
the pressure (Pr) for the structural phase transition from
B1 to B2 phase is determined by the common tangent of
the two E-V curves, Bl and B2 structures. The results of
the calculated phase transition parameters are listed in
Table 2, together with theoretical and available experimen-
tal ones. In BaS, a crystallographic transition from Bl to
B2 is found to be around 6.51 GPa with a volume collapse
AV/V, of about 11% (AV is the change in volume at tran-
sition pressure and V; is the zero pressure equilibrium
volume). Experimentally, BaS has been found to undergo

Table 1

Calculated lattice constant (ap), bulk modulus (By) and its pressure
derivative (B’) compared to experiment and other theoretical works for
BaS, BaSe, BaTe and BaPo in Bl and B2 structures

Compounds Present work Experiments Earlier works
LDA  GGA
BaS (Bl)
ao (A) 6316  6.469  6.389° 6.196°,
6.407¢, 6.276°
By (GPa) 5332 4236  39.42* 52.46°
B 4.90 5.81
BaS (B2)
ao (A) 3.874  3.850 3.706°
By (GPa)  49.50 4525  34.02° 60.84°
B’ 4.48 438
BaSe (Bl)
ao (A) 6.511  6.696  6.595¢ 6.42°, 6.640°,
6.477°
By (GPa) 4595 3636  434+26° 45.41°, 46.84
B 4.42 472
BaSe (B2)
ao (A) 3.874  4.000 3.471%; 3.84°
By (GPa)  49.50 3942 419+ 1.4¢ 52.9°, 48.6°
B 4.48 4.26
BaTe (BI)
ao (A) 6.920  7.121  7.007", 6.9989¢  6.95° 7.06%, 6.63%
6.989°, 6.869°
By (GPa) 3568 2870  29.4° 33.75%, 35.40°
B 451 5.42 7.4° 4.64°, 4.27¢
BaTe (B2)
ao (A) 4122 4263 3.621%, 4.19°
By (GPa)  40.04 3181  27.5° 39.41°, 150.43%
B 411 4.26 4.60° 6.08, 4.65°
BaPo (Bl)
ao (A) 7117 7334 1.119° 7.046°%, 6.95°
By (GPa)  32.19  25.70
B 4.52 4.18
BaPo (B2)
a0 (A) 422 4.394
By (GPa)  36.15  28.70
B 4.46 423
a Ref. [9].
b Ref. [12].
© Ref. [5].
4 Ref. [10].
© Ref. [14].
I Ref. [8].
£ Ref. [15].

first-order phase transition from Bl structure to the B2
structure at pressure equal to 6.50 GPa [6]. The calculated
pressure transition from B1 phase to B2 phase in BaSe is
found to be equal to 6.02 GPa. This phase transition is
accompanied by a volume collapse equal to 12% for BaSe.
The measured Pt for BaSe is found to be around 6.0 GPa
[7]. Our calculations show that the phase transition pres-
sure for BaTe is 4.52 GPa with a volume collapse equal
to 12%. The experimental study shows that the phase tran-
sition pressure is 4.8 GPa [§]. For BaPo we have found that
Pris around 4.0 GPa with a volume collapse equal to 12%.
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Table 2

Calculated values of the transition pressure Pr, the transition volumes Vr,
the volume change at the transition pressure AV (in %) for BaS, BaSe,
BaTe and BaPo

P Vr(B1)/ Vr(B2)/ Vo(B2),  AVIV,
(GPa) Vo(B1) Vo(B1) Vo(B1)
BaS
Present  6.51 0.890 0.753 0.845 11.0
Expt. 6.5% 0.896 0.773 13.7
Others 6.025° 0.873° 0.773° 13.8°
7.3° 14.29°
BaSe
Present  6.02 0.88 0.759 0.854 12.0
Expt. 6.04 13.9
Others 5.2° 0.88° 0.762° 13.4°
5.6° 0.89° 0.76° 14.6°
BaTe
Present  4.52 0.886 0.753 0.859 12.0
Expt. 4.8 13.2
Others 3.95° 0.894° 0.798° 10.7°
3.2° 0.925° 0.8° 13.5°
3.8" 0.858 0.788
5.9428 0.778 0.668
BaPo
Present  4.00 0.901 0.772 0.864 10.0

Comparison is made with the available theoretical and experimental data.
* Ref. [9].

d Ref.

For BaPo, there is no experimental data available to us to
check our results. It is interesting to note a linear decrease
of the transition pressure with the increase in the size of the
chalcogen atoms.

4. Elastic constants

The elastic properties define the properties of material
that undergoes stress, deforms and then recovers and
returns to its original shape after stress ceases. These prop-
erties play an important part in providing valuable infor-
mation about the binding characteristic between adjacent
atomic planes, anisotropic character of binding and struc-
tural stability. Hence, to study the stability of these
compounds in NaCl-B1 and CsCI-B2 structures, we have
calculated the elastic constants at normal and under hydro-
static pressure by using the method developed recently by
Thomas Charpin and integrated it in the WIEN2K pack-
age [23]. The elastic moduli require knowledge of the deriv-
ative of the energy as a function of lattice strain. In the case
of cubic system, there are only three independent elastic
constants, namely, C;;, Cj» and Cyy. So a set of three equa-
tions is needed to determine all the constants, which means
that three types of strain must be applied to the starting
crystals. The first equation involves calculating the bulk

modulus Bj, which is related to the elastic constants by
the following formula:

B() = (C11 + 2C12)/3 (1)

The second one involves performing volume-conservative
tetragonal strain tensor:

o 0 0

0 o 0 (2)
1

00 (148 1

Application of this strain has an effect on the total energy
from its unstrained value as follows:

E(8) = E(0) + 3(Ciy — Ci)¥40%.0(8°), (3)

where V| is the volume of the unit cell. Finally, for the last
type of deformation, we use the volume-conserving rhom-
bohedral strain tensor given by

S[r
SR (4)
111

This changes the total energy to
1
E(6) =E(0) + 5 (Cii +2C1 +4Cu) Vo8 + O(5Y) (5)

In our calculations, we consider only small lattice distor-
tions in order to remain within the elastic domain of the
crystal. In the present study, five sets of E(J) for the four
compounds (BaS, BaSe, BaTe and BaPo) in both Bl and
B2 phases are calculated.

To study the stability of these compounds in the Bl and
B2 structures, we have calculated the elastic constants at
the equilibrium lattice and compared our results to the
stability criteria [30,31] using the following relations:

Cyi—Cpp > 07 Cyy > 0, By > 0 (6)

We have found that in both structures, these criteria are sat-
isfied, indicating that both phases are elastically stable. To
predict the metastability of the CsCI-B2 structure we need
to perform phonon frequency calculations. The calculated
values of elastic constants in both B1 and B2 phases are
listed in Table 3. These compounds, involving barium as
common cation, have comparatively higher lattice parame-
ters and smaller bulk moduli than other calcium chalcoge-
nides [32]. This implies that the elastic constants are
relatively small. Moreover, we expect that these elastic
constants computed using our bulk modulus (Eq. (1)) over-
estimate the corresponding experiment values because the
experimental bulk modulus is less than ours. Since the true
(experimental) values of the elastic constants are not avail-
able, the magnitude of this overestimation is difficult to esti-
mate. It may be assumed to be small, since the calculation is
performed with a large number of k-points and a large
number of plane waves. We consider the present elastic
constants as a prediction study for these compounds, hop-
ing that our present work will stimulate some other works
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Table 3
The LDA calculated elastic constants (Cy;, Cj» and Cyy) for barium
chalcogenides BaS, BaSe, BaTe and BaPo in Bl and B2 structures

Compounds Cy; (GPa) Ci, (GPa) Cys (GPa)
NaCl (BI)

BaS

Present 115 17 18
BaSe

Present 104 14 15
BaTe

Present 87 09 12
BaPo

Present 81 07 09
CsCl (B2)

BaS

Present 133 21 22
BaSe

Present 116 16 31
BaTe

Present 90 15 23
BaPo

Present 82 13 12

on these compounds. The elastic constants increase in mag-
nitude as a function of the anion chemical identity as one
moves upwards within period VI, i.e. from Po to S. For bar-
ium chalcogenides, with the increase of atomic number, the
ionic characteristic decreases and the metallic one increases
from a Ba-S bond to Ba-Po bond, accompanied by a
decrease of the magnitude of elastic constants. We note a
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linear increase of the elastic constants with the decrease of
the nearest-neighbor distance from BaPo to BaS.

Now we are interested to study the pressure dependence
of the elastic properties. In Fig. 2, we present the variation
of the elastic constants (Cj;, Ci», C44) and the bulk modu-
lus By of BaS, BaSe, BaTe and BaPo with respect to the
variation of pressure. We clearly observe a linear depen-
dence in all curves of these compounds in the considered
range of pressure, confirming the idea of Polian et al.
[33], Harrera-Cabrira et al. [34] and Kanoun et al. [35] of
the no responsibility of the soft acoustic mode on the phase
transition. In Table 4, we listed our results for the pressure
derivatives 6C11/6P, GCIZ/GP, 6C44/6P and, aBo/aP, for
BaS, BaSe, BaTe and BaPo. It is easy to observe that the
elastic constants C;;, C;» and bulk modulus B, increase
when the pressure is enhanced. Moreover the shown shear
mode modulus Cy4 decreases linearly with the increasing of
pressure. To our knowledge no experimental or theoretical
data for the pressure derivative of elastic constants of these
compounds are given in the literature. Then, our results
can serve as a prediction for future investigations.

5. Electronic structure

Fig. 3, shows the calculated band structures at equilib-
rium volume for BaTe in NaCl phase within GGA-EV as
a prototype since the band profiles are quite similar for
all four compounds, with a small difference. The overall
band profiles are in fairly good agreement with previous
theoretical results [5,12,14,16,17]. In all cases, the valence
band maximum (VBM) and conduction band minimum

250

200
150
100

50

150

100

50

Pressure (GPa)

Fig. 2. Calculated pressure dependence of elastic constants C; and bulk modulus B, for BaS, BaSe, BaTe and BaPo in Bl phase.
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Table 4
Pressure dependence of the bulk modulus and the elastic constants (Cyy,
Ci, and Cyy) of BaS, BaSe, BaTe and BaPo in Bl phase

Table 5
Results of band gap and upper-valence bandwidth of BaS, BaSe, BaTe
and BaPo in Bl phase

Compounds % oCu oCn 0Cu4
oP oP oP oP
BaS
Present 491 11.60 1.21 —0.98
BaSe
Present 4.42 11.11 1.16 —0.69
BaTe
Present 4.51 11.38 0.89 —0.82
BaPo
Present 4.52 11.64 0.88 —0.64
10
S & <
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3 R =
>
E‘) L
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Wave vector

Fig. 3. Band structure of BaTe calculated along high symmetry directions

Qwithin GGA-EV scheme in Bl phase at equilibrium volume.

tt

L

(CBM) occurs at I' and X points, respectively. Thus the
energy gap is indirect between the top of the (anion p)
valence band and the bottom of the (cation d) conduction.
Note that the anion p bands shift up in energy going from
the sulphide to the Po. This is the normal behaviour related
to the increase of the lattice parameters, which was also
found for II-VI compounds [36-38]. The calculated values
of band gaps and valence band widths for the four com-
pounds studied in present work are given in Table 5 along
with the experimental values and the other theoretical
works available in literature. The main features to note
from this table are as follows:

1. Our calculated values using LDA and GGA are in
agreement with similar computational works [5,12,15].

2. The values of calculated band gaps with GGA-EV are in
better agreement with experiment [2,3], compared to
other theoretical works which are based on LDA and
GGA.

It is well known that the LDA and the GGA usually
underestimate the energy gap [39,40]. This is mainly due to

Compounds  Method Exchange Energy Bandwidth (eV)
correlation  gap (I'-X)
XC (eV)

BaS

Present work FP-LAPW LDA 1.94 2.018
GGA 2.26 1.789
GGA-EV  3.07 1.451

Cal. (DFT) PP-PW LDA 1.83 [5]
GGA 2.17 [5]

Cal. (DFT) TB-LMTO GGA 2.30 [12]

Expt. 3.88 [2]

Expt. 3.90 [3]

BaSe

Present work FP-LAPW  LDA 1.74 2.176
GGA 2.04 1.921
GGA-EV  2.77 1.601

Cal. (DFT) PP-PW LDA 1.63 [5]
GGA 2.02 [5]

Cal. (DFT) TB-LMTO GGA 2.01 [12]

Expt. 3.58 [2]

Expt. 3.60 [3]

BaTe

Present work FP-LAPW LDA 1.28 2.356
GGA 1.68 2.071
GGA-EV 236 1.75

Cal. (DFT) PP-PW LDA 1.28 [5]
GGA 1.65 [5]

Cal. (DFT) TB-LMTO GGA 1.58 [12]

Cal. (DFT) FP-LAPW GGA 1.70 [15]

Expt. 3.08 [2]

Expt. 3.10 [3]

BaPo

Present work FP-LAPW  LDA 1.22 02.478
GGA 1.49 2.18
GGA-EV 213 1.86

Cal. (DFT) PP-PW LDA 1.01 [5]
GGA 1.45 5]

the fact that they have simple forms that are not sufficiently
flexible for accurately reproducing both exchange-correla-
tion energy and its charge derivative. Engel and Vosko, by
considering this shortcoming constructed a new functional
form of the GGA which has been designed to give better
exchange-correlation potential at the expense of less agree-
ment as regards exchange energy. This approach, which is
called the GGA-EV, yields a better band splitting and some
other properties which mainly depend on the accuracy of the
exchange-correlation potential. On the other hand, in this
method, the quantities which depend on an accurate descrip-
tion of the exchange energy E such as equilibrium volumes
and the bulk modulus, are in poor agreement with experi-
ment. The values of calculated band gaps with GGA-EV
are a significant improvement over the earlier results based
on LDA and GGA and closer to the experimental values.
In view of Table 5, it is clear that the width of the upper
valence band increases as we increase the nuclear charge of
the anion for different approximations, indicating that the
wave function is more localized in going from BaPo to BaS.
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Fig. 4. Plots of the calculated band gaps of BaS, BaSe, BaTe and BaPo versus pressure in Bl phase.

This is in line with the usual trend in which the valence
band states become more localized as a material becomes
less covalent and more ionic. Another obvious different
character is that the indirect band gap increases as we
decrease the nuclear charge of the anion. It also implies
that the interaction between anion and cation atoms is
weekly covalent in BaS than BaPo. This assumption along
with the recent study of Lin et al. [5] on the ionic character
in chemical bond in these compounds.

The pressure-induced energy shifts for the optical transi-
tion related to the direct and indirect band gaps for the
NaCl-B1 phase for these compounds are shown in Fig. 4,
where the solid line are a linear least-square fit to the calcu-
lated data. Results of the linear pressure coefficients are
listed in Table 6. In view of Fig. 4 and Table 6, it is clear
that the direct and indirect band gap (X—X) and (I'-X)
decrease with applied pressure in all compounds. Whereas,
the direct energy gap (I'-I') enhanced with pressure in BaS
and BaSe. A crossover between the indirect gap (I'-X) and
the direct gap (X—X) curves occurs at about 7.9 GPa for

Table 6

Calculated linear pressure coefficients of important band gap for BaS,
BaSe, BaTe and BaPo compounds in NaCl-Bl phase using GGA-EV.
E{p) = E{0) + bp, b = 0E;/0p in 1072 eV GPa™!

r-r X-X I'-K Ir-x

BaS

Present 0.66 —-2.98 0.12 —1.82
BaSe

Present 0.89 —3.47 —0.20 —2.47
BaTe

Present —0.98 —4.69 —1.57 —4.29
BaPo

Present —1.15 —4.75 —1.64 —4.63

4+ BaS
Experiment
S GGA-EV
2 3
o
w
a GGA
©
o
©T 2F LDA
c
3]
m
1 BaPo BaTe
1.8 2.0 2.2 2.4 2.6
100/a% (A?)

Fig. 5. The measured and calculated band gap (using LDA, GGA and
GGA-EV) versus 100/a> (where a is the equilibrium lattice constant) for
rock-salt barium chalcogenides BaS, BaSe, BaTe and BaPo.

BaS, resulting in the energy minimum of direct gap for this
compound. We have neither theoretical nor experimental
values of the pressure coefficients to compare with them;
we leave these results as references for future investigation.

Using experimental data of BaS, BaSe and BaTe, Dal-
ven [41] summarized an empirical relationship that band
gaps of barium chalcogenides were linear with 1/4, where
a was the lattice constant of crystal. As it is shown in Fig. 5,
our calculated band gaps for BaS, BaSe BaTe and BaPo
using the LDA, the GGA and the GGA-EV methods are
linear with 1/a°.

6. Conclusion

Employing the FP-APW + lo method we have studied
the structural, elastic and electronic properties of BaS,
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BaSe, BaTe and BaPo compounds. A summary of our
results follows:

1. The calculated structural properties are in a good agree-
ment with the available experimental and theoretical
data.

2. The results regarding the high pressure structural phase
transition are in a good agreement with the experimental
results.

3. We are not aware of any experimental or theoretical
data for the elastic properties of these compounds in
both Bl and B2 phases and so our calculations can be
used to cover this lack of data for these compounds.

4. Our calculated band gaps, using LDA and GGA, are in
a good agreement with the other computational works,
but lower than the experimental work. The band gaps,
calculated with the GGA-EV, are much better than
LDA and GGA and close the experimental results.

5. We are not aware of any experimental or theoretical
data for the pressure-induced energy shifts for these
compounds in Bl structure so our calculations can be
used to cover this lack of data.
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