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Abstract: An investigation on the structural stabilities and optical properties of BaX (X=S,Se and Te)
under high pressure was conducted using first-principles calculations based on density functional theory. The
results show that the sequence of the pressure-induced phase transition of these compounds is from the NaCl-
type (B1) to the CsCl-type (B2) structure. The structural transition pressure and the metallization pressure are
8.57 and 45. 4 GPa for BaS,7. 44 and 36. 5 GPa for BaSe,5. 67 and 16. 7 GPa for BaTe,respectively. The calcu-
lation of the optical properties showed that almost all peaks of the imaginary part of dielectric constant (e;) in
the B1 and B2 structures shift towards high-energy region with increasing pressure (blue shift) .and the static

dielectric constant increases as the pressure increases.
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1 Introduction

The alkaline-earth chalcogenides (AX:A=Mg,Ca,Sr,Ba; X=0,S,Se,Te) form a very important
closed shell ionic system crystallizing in the NaCl-type (B1) structure at normal conditions except
MgTe. These compounds are technologically valuable materials with many applications from catalysis
to microelectronics''!. Moreover, they have also been applied in the area of luminescent devices™.

The pressure-induced structural transition of the alkaline-earth chalcogenides has been studied

extensively !

. These compounds undergo a transition from the Bl (Fm3m ) to the B2 (Pm3m )
structure under high pressure. For example, barium chalcogenides are found to exhibit the structural
[3-5]

transition at 6.5,6.0 and 4. 8 GPa,respectively*™. Apart from this,these compounds demonstrate an

interesting phenomenon of metallization under compression-®™.

Metallization is often described in terms of the single-particle band states as the overlap of the
filled valence band and the unoccupied conduction band"’. The band gaps in these closed-shell materi-
als are expected to decrease as the pressure increases, until finally the empty d-type conduction band

drops in energy below the top of the filled p-type valence bands. Ba chalcogenides are particularly
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promising compounds for metallization since they have smaller band gaps and bulk moduli than those
of other alkaline-earth chalcogenides.

Grzybowski et al. reported that the metallization of BaTe occurs at 20 GPa by resistivity measure-
ment"™ . Ruoff et al. predicted that BaSe undergoes metallization at about 40 GPa on the basis of opti-
cal-absorption and resistivity measurement™™ . High-pressure optical-absorption data indicated that the
metallization pressure of BaS is about 80 GPa'"-.

In this paper., we present a comparative and complementary study of the electronic and optical

properties to the previous experimental and theoretical works.

2 Computational Details

Our first-principles calculations were performed based on the plane wave basis set,the ultrasoft
pseudopotential for the electron-ion interaction, and the exchange-correlation potential of Perdew et
al.in the generalized gradient approximation (GGA) for electron-electron interaction'**'. The typical
configuration is 5s°5p°6s” for Ba,3s*3p" for S,4s*4p" for Se,and 5s°5p" for Te. Integrations in the Bril-
louin zone (BZ) were performed using special £ points generated with 14 X 14 X 14 for the Bl and B2
structures. One-electron valence states were expanded on a basis of plane waves with a cutoff energy of
700 eV. Such parameters had been tested to be sufficient for convergence. During the structure optimi-
zations, the total energy is minimized by varying lattice constants and internal atomic positions under
the restriction of the given symmetry,and all forces on atoms were converged to be less 0.1 eV/nm.
All the stress components were less than 0. 02 GPa,the tolerance in the self-consistent field (SCF) cal-

culation was 5.0 peV/atom by using the finite basis set corrections'*/.

3 Results and Discussions

3.1 Structural Properties

The total energy as a function of volume is calculated to determine the equilibrium volume and
bulk modulus by parabolic fitting to a third-order Birch-Murnaghan equation of state'**. Calculated
equilibrium lattice constant (a,) and bulk modulus (K) of BaS, BaSe, and BaTe in the Bl and B2
structures are illustrated in Table 1. It can be clearly seen that the calculated structural parameters are
in excellent agreement with experimental results. The slight overestimation of the theoretical lattice

constants is typical of GGA.

Table 1 Calculated equilibrium lattice constant and bulk modulii of

the B1 and B2 structures of the three compounds at zero pressure

Lattice constant @ /(nm) Bulk modulii K /(GPa)
Material Structure
Expt. Theor. Expt. Theor. (Ref.) Theor.
Bas Bl 0. 634 701 0. 6404 55. 141, 441 52, 5L18] 47.9
a
B2 0.3835 21. 440, 3] 60. gLe 51.7
Bas Bl 0.659 3 0.6619 43. 442, 6t 45, 408 41.0
aDe = =
B2 0.3795M 0.3918 41,941, 45 52,91 52.6
Bl 0. 700 5] 0.7017 29. 408 33, 8L1el 34.4
BaTe
B2 0.4212 27. 588 39, 4118 41.3

Our computational approach is based on constant-pressure static quantum mechanical calculations

at T=0 K,so the relative stability of different phases can be deduced from the pressure dependence of

[16-19]

the enthalpy instead of the Gibbs free energy . As shown in Fig. 1, the calculation suggests that
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there exists a phase transition from the Bl to B2 L0

. . — BI1 ph f Be
phase that agrees with the experimental results. r e B2 ghizzngjé

...... B2 phase of BaSe
————— B2 phase of BaTe

The pressure corresponding to AH= H — Hy, ap-

proaching zero is the phase transition pressure. At

a pressure higher than the theoretical transition
pressure,the Bl phase becomes thermodynamically

unstable while the B2 phase becomes mechanically

H-Hj,/(eV/molecule)

and thermodynamically stable. Our results are tab- L

ulated in Table 2, together with the available ex- _1'00 S S TR
perimental data and the previous theoretical results p/(GPa)

for comparison. For the volume collapse, our re- Fig.1 Calculated enthalpies for the B2 phase of
sults are in excellent agreement with the experi- BaX (X=S,Se and Te) relative to that of
mental and theoretical results. For the transition the Bl phase as a function of pressure

pressures, however, are overall higher than the
experimental results. This is probably due to the fact that the experiments were carried out at room

temperature, whereas the calculations assume T=0 K.

Table 2 Transition pressures and volume collapses for the B1 to B2 transition pressures

and metallization transition pressures of BaS,BaSe and BaTe

AV /V /(Y% p./(GPa)
Material Pressure
Expt. Theor. (Ref. )  Theor. Expt. Theor. (Ref.)  Theor.
B Bl to B2 13. 7t 13. 8t 13.3 6.5 6. 034 8.57
a ~ _ _
Metallization o 0 80. 0% 49,1014 45. 4
Bl to B2 13. 9t 13. 44 12.4 6.0 5. 2004 7.44
BaSe . . .
Metallization ot 0 52. 0% 31,004 36.5
Bl to B2 13. 2t 10, 7t 12.0 4, 8t 3. 9504 5.67
BaTe . . _
Metallization ot 0 20. 05 14,10 16.7

Among the three compounds,the metallization pressure of BaTe is lowest as a result of its smal-
ler bulk modulus and band gap. From the analysis of the obtained transition and the metallization pres-
sures,we can conclude that the transition pressure and the metallization pressure decrease with the
atomic number of the cation or anion for isostructural compounds.

3.2 Band Structure

The self-consistent band structures of all three compounds have been obtained at ambient and

high pressures,as shown in Fig. 2, where only BaS is illustrated since the overall band profile is found

to be similar for all three compounds. Our results are in agreement with earlier works""

. In the case
of Bl structure,the gap is always indirect between the top of the chalcogen valence p band occurring at
the I" point and the bottom of the Ba 5d bands occurring at X. The shape of this conduction band is
similar to that of the fcc noble or transition metals which is due to the fact the Ba atoms constitute a
fcc sublattice. It can also be seen that the structural transition induces a large reduction in the band
gap. Just after the structural transition,the band gaps are still indirect,except that now the valence p
band of the chalcogen atom occurs at M and the bottom of Ba 5d conduction bands at I.

The gaps are still positive after the structural transition,indicating that the metallization occurs

only after structural transition. For BaS and BaSe, the indirect gap transforms to a direct one at I" be-

fore metallization. For BaTe,however, the indirect gap remains until band overlap occurs. Our result is
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very well in agreement with the other theoretical work™®

. At metallization the band gap closes due to
the overlap of the Ba 5d conduction bands and the chalcogen valence p bands which arise due to the

broadening of the bands with increasing pressure.
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(c) The B2 structure at metallization pressure
Fig. 2 The band structures of BaS
The pressure dependence of the band gaps in 2.5

—s— BaS in Bl and B2 phases

2.0F .\-\\‘\:::\-‘ —e— BaSe in Bl and B2 phases

the Bl and B2 structures is shown in Fig. 3. The

band gaps of the three compounds decrease mono- BaTe in Bl and B2 phases

tonically with pressure. The calculated linear and ~ Lar

quadratic pressure coefficients for the important §~ Lo}

band gaps are listed in Table 3. The linear pressure 05k

coefficients increase with the chalcogen atomic \\

number. The underlying physical reasons for such a U

trend are likely produced by the coupled role of the 0 10 20 30 10 50
p/(GPa)

larger pressure shift for the more delocalized p

states of the heavier chalcogenides and the smaller Fig. 3 The band gap as a function of pressure in the

. . S . . .. Bl and B2 structures of the th ds
bulk moduli associated with increasing ionic radii. an structures of the three compounds

Table 3 The linear and quadratic coefficients of the important band gap in B2 phase
(E(p) =E,+bp+cp*,b=09E/Ipin 1072 eV +« GPa',c = I*E/29*°p in 107" eV « GPa? )

M-M M-I r-r
Material
b c b c b c
BaS 0.41 —0.11 —3.20 1. 88 —4.43 1. 85
BaSe —0.33 0. 37 —3.95 2.67 —5.10 2.72

BaTe —2.45 2.95 —6.62 8. 87 —7.14 8. 38
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The calculated value of band gap E, in the Bl structure and the energy reduction AE at transition
pressure are list in Table 4, along with the experimental value and the other theoretical works. The
metallization pressures for the three compounds are given in Table 2. As can be seen from Table 2, the
metallization pressures in our calculation are lower than the experimental results. The possible reason
for the pressure deviation is ascribed to the following factors.

(1) The indication of metallization in experiments is the leveling off of the resistivity; while the
metallization is characterized by the overlap of the energy band in the calculation. The different means
lead inevitable to the difference between the experimental and theoretical results.

(2) The calculated band gaps at ambient conditions underestimate the measured ones by about
40% ~50%. This discrepancy is due to the errors introduced by the GGA to the exchange-correlation

potential and the neglect of the relativistic effect (spin-orbit interaction terms) in our calculations.

Table 4 The value of E, and AE, (Bl) of the Bl structure at ambient pressure,

together with AE and AE, (B2) at the Bl — B2 transition pressure (eV)
Material E B2 E M E, AE AE, (BD) AE, (B2)
BaS 3.9 2.3 2.17 0. 64 1.9 3.3
BaSe 3.6 2.01 2.01 0.72 2.0 3.5
BaTe 3.4 1.58 1.67 0. 82 2.2 3.9

The upper valence-band width AE, is in part a measurement of the strength of the crystal field at
the anionic sites, determined by the cation-anion distance,also depends on anion-anion overlap,i. e. ,

second-nearest-neighbor interactions 2"

. Our calculated results are listed in Table 4. Two conclusions
can be derived: (1) the strength of the crystal field at the anionic site increases with the increasing
atomic number of anion in an isoelectronic series; (2) the strength of the crystal field in the high pres-
sure phase is larger than that in the ambient pressure phase for each of the three compounds.
3.3 Optical Properties

The optical properties of the Bl and B2 structures of the three compounds are also calculated.
Denser £ points (24X24X24) are sampled in the BZ,and the norm-conserving pseudopotential is used
for accuracy'®!. Dielectric function e (w) , which describes the features of linear response of the system
to an electromagnetic radiation, governs the propagation behavior of radiation in a medium. ¢ (w) is
connected with the interaction of photons with electrons. Its imaginary part €, (w) can be given by cal-
culating the momentum matrix elements between the occupied and unoccupied wave functions within
the selection rules,and its real part e; (w) can be derived from e, (w) by the Kramer-Kronig relations.
All the other optical parameters,such as refractive index n (w) ,absorption coefficient a (w) ,reflectivity

2] Here,we dis-

R(w) and electron energy-loss spectrum L(w) can be deduced from ¢, (w) and e, (w)
cuss the case of incident radiation with the linear polarization along the [100] direction. The calculated
e, (w) of BaS in the Bl and B2 structures is shown in Fig. 4. From the graph,we found that almost all
peaks of €, in the Bl and B2 structures shift towards high-energy region with increasing pressure (blue
shift). An abnormal shift (red shift) of the second peak in the B2 structure is observed under high
pressure.

The static dielectric constant € (0), one of the important optical parameters,is also calculated
under high pressures. The pressure dependence of € (0) is illustrated in Fig. 5. As can be seen from
Fig. 5,the static dielectric constants increase with pressure. This is because,as the applied pressure in-

creases, the atomic distance becomes shorter, which results in a increase of photons reflected by

media. In addition, a sudden increment of the static dielectric constants is observed as the Bl phase
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transforms into the B2 phase. This is because the density of electronic state suddenly increases during

the phase transition.
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Fig. 4 The calculated &, (w) of BaS Fig. 5 The static dielectric constants € (0)
in the Bl and B2 structures as a function of pressure of the Bl and
under high pressures B2 structures for the three compounds

4 Conclusions

The structural stabilities and optical properties of BaX (X=S,Se and Te) under high pressure
have been investigated using first-principles calculations based on density functional theory. The re-
sults demonstrate that the sequence of the pressure-induced phase transitions of the three compounds
is from the Bl to B2 structure, moreover the structural transition pressures and metallization pressures
are 8.57 and 45. 4 GPa for BaS,7. 44 and 36. 5 GPa for BaSe,and 5. 67 and 16. 7 GPa for BaTe. The cal-
culation of the optical properties showed that,as the pressure increases, the static dielectric constant
augments,and almost all peaks of the imaginary part of dielectric constant (e,) in the Bl and B2 struc-

tures shift towards high-energy region (blue shift) ,except the second peak in the B2 structure.
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