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Abstract—The crystal structure of the CaTe compound is studied up to 150 GPa under high hydrostatic pres-
sure using the density functional theory (DFT) with the generalized gradient approximation (GGA). Pres-
sure-volume relationships, structural transitions and electronic properties in Cale compound are investi-
gated using Siesta method. CaTe crystallizes in the NaCl-type (B1) structure (space group: Fm3m) at ambi-
ent conditions, and transforms to CsCl-type (B2) structure (space group: Pm3m) at high pressure. This
transformation is based on a intermediate state with space group R3m. Moreover, the electronic band struc-
ture of the B1 and B2 structures of CaTe have been calculated. According to this calculation, obtained band
gap values are in good agreement with the values reported in the literature
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INTRODUCTION

Under high pressure, alkaline earth chalcogenides
such as CaO, CaS, CaSe, and CaTe are closed-shell
ionic systems that crystallize in NaCl-type (B1) struc-
ture at ambient conditions and have technological
importance in many applications, from catalysis to
microelectronics [1—5], as well as in the field of lumi-
nescent devices [6—8]. X-ray diffraction studies of
CadTe under high pressure have revealed that this com-
pound undergoes first order phase transition from six-
fold coordinated B1 structure to the eight-fold coordi-
nated B2 structure at 33 GPa [9]. Pressure—volume
relationships and structural phase transitions in CaTe
are also investigated by X-ray diffraction method at
high pressure [10].

Some basic properties of CaTle, such as changes in
band gap under increasing pressure, are still unknown.
Therefore, in order to understand some physical prop-
erties of this compound, it is necessary to study its elec-
tronic structure in detail. A characteristic feature of the
electronic band structure of Cale compound is the
absence of d electrons in the valence band. There is a
lack of knowledge in the literature for calcium chalco-
genides among the alkaline earth chalcogenides. There-
fore, in order to fully utilize these materials for new
devices, the structural and electronic properties of these
compounds should be investigated in more detail.

For this reason, the aim of this study is to provide a
comparative study of structural and electronic proper-
ties under high pressure using Siesta method, which

completes existing experimental and theoretical stud-
ies on CaTe. For this material, obtained results yield

the following sequence Fm3m — Pm3m which is
compatible with the other studies. Additionally it is

also suggested that the Pm3m phase of this material
proceeds through a intermediate state with space

group R3m expressed as CaTe-(a). In addition, as a
result of rigorous research, it is thought that the inter-

mediate state obtained for the Pm3m phase of CaTe is
first obtained in this study.

METHOD

The structural and electronic properties of the
cubic NaCl-type structure of CaTle are investigated
using the ab initio method in the framework of density
functional theory. The SIESTA [11] package program
is used as the ab-initio code in the study. Approach
GGA [12] is applied and parameters of the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation func-
tion are entered into the calculations with “double {
(DZ) basis set.” Troullier-Martins’ norm-protective
pseudo-potential [13] is used for electronic band
structure, total and partial density of state calcula-
tions.

Cut off energy at work is sufficient as 300 Ryd. In
order to calculate the relation between the energy- vol-
ume, the unit cells of the crystal structures are utilized
for B1 and B2 structures.For Brillouin region integra-
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Fig. 1. Crystal structures of CaTe: B1 structure (left) at zero pressure and B2 structure (right) at 120 GPa.

tion, 8 X 8 X 8 Monkhorst-Pack (MP) mesh [14] were

used for both Fm3m and Pm3m phases. Simulation
cells are constructed from 64 atoms under periodic
bond conditions using a 2 X 2 X 2 supercell. Pressure
is gradually increased by 10 GPa by applying Parri-
nello-Rahman technique to the system. The KPLOT

Table 1. Transition pressures (Pr), lattice lengths (a, b, and
¢), bulk modulus (B) and derivative values of bulk modulus

(B}) for Fm3m and Pm3m phases of CaTe

Phases | P, GPa aszz & By, GPa| B; |References
Fm3m 0 6.4430 | 60.67 | 4.03 |Thisstudy
6.2310 | 45.40 | 4.20 [19]
6.3960 | 39.60 (3]
6.2080 | 44.03 (3]
6.4140 | 43.26 | 3.08 [20]
6.3480 | 41.80 | 4.30 [9]
6.3560 | 42.00 | 5.00 [10]
6.2550 | 50.69 | 4.36 (5]
Pm3m | 33.00 | 3.2624 | 70.75 | 4.40 |This study
26.50 2]
27.00 | 3.7990 | 50.20 | 4.20 [19]
27.50 [21]
30.41 | 3.9300 | 38.78 | 3.80 (3]
31.58 | 3.8100 | 49.06 | 4.80 [3]
34.50 [4]
30.20 | 3.9400 | 42.60 | 3.32 [20]
33.20 50.05 | 4.15 [1]
33.00 | 3.9310 | 41.80 | 4.30 [9]
35.00 [10]
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[15] program and the RGS [16] algorithm are used to
analyze each simulation step. They give detailed infor-
mation about the space group, atomic positions and
lattice parameters of an analyzed structure. MD time
step was 1.0 fs. In addition, the Crystalmaker program
is used to visualize phase transformation and its mech-
anism.

RESULTS AND DISCUSSION

Using the KPLOT program, the structure of CaTe
at each applied pressure value is analyzed, and it is
observed that the cubic structure is preserved up to
120 GPa. We observed that at 120 GPa it converted
from cubic B1 structure to another cubic B2 structure.
These main structures we have obtained are shown in
Fig. 1, and the transition pressures, lattice parameters,
bulk modulus and derivate of bulk modulus of these
structure are given in Table 1 in comparison with other
theoretical and experimental studies.

The predicted transition pressure values in con-
stant pressure molecular dynamics simulations are
often higher than those obtained from experimental
results. This is because the systems are faced with a
remarkable energy barrier when passing from one
phase to another. The simulated systems should pass
this energy barrier in order to undergo phase transi-
tion. It will therefore require higher pressure. So the
next step is to take energy—volume calculations to
study the stability of CaTe’s high-pressure phases. The
calculated total energy—volume relations are fitted to
the 3rd degree Birch-Murnaghan state equation given
in following equation:

P=13B(V Vo) =W V) P lx

(1)
X A1+ 0.75(By — HI(V /Vy) 7 =11},
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Fig. 2. Energy—volume graph of the main structural
phases of the CaTe compound.
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Fig. 3. Enthalpy graph for the stable phases of CaTe as the
function of the pressure.

where Pis the pressure, V'is the volume, V;, B, and B(;
are the volume, bulk modulus and derivate of bulk
modulus at zero pressure, respectively [17, 18], and
shown in Fig. 2.

We used Gibbs free energy to determine which
phase is thermodynamically stable at the given pres-
sure and temperature. Gibbs free energy is as given in
following equation:

G=E,+PV—TS, 2)

where E, P, V, and S are total energy, pressure, volume
and entropy, respectively. The theoretical work we
have done was achieved at 0 K temperature. So the
“TS” term was neglected. Thus, the Gibbs free energy
G equals the enthalpy given in equation:

H=FE,+PV, 3)
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Fig. 4. Lattice vector lengths and the variation of the angles
between these vectors of CaTe at 120 GPa.

where P = —0E,,/dV . Enthalpy calculations usually
give transition pressures that are consistent with
experimental results. The intersection of two enthalpy
curves shows the phase transition involving the pres-
sure between these two phases. The enthalpy curve is
plotted in Fig. 3 for the obtained phases of CaTe as a
function of the pressure to determine the transition
pressure. Energy—volume data are used for drawing
the enthalpy curve. As can be seen from Fig. 3, the
transition pressure between the B1 and B2 structures
of the CaTe was obtained about 33 GPa. This result is
in good agreement with experimental result [9, 10].

In order to explain the mechanism of the phase
transitions, the lengths of the lattice vectors of the sim-
ulation cell and the changes in the angles between
these vectors according to the simulation steps were
examined. These vectors are denoted A, B, and C
along the [100], [010], and [001] directions, respec-
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Fig. 5. The graph of the change of simulation cell volume
and lattice constant as function of the pressure.

tively. The angle between A and B vectors, the angle
between A and C vectors and the angle between A and
C vectors are expressed by v, B, and o, respectively.
The lengths of the lattice vectors and the variation of
the angles between these vectors according to the sim-
ulation steps are shown in Fig. 4 for 120 GPa. As shown
in Fig. 4, the A, B, and C lengths remain constant up
to about 100 fs. The A, B, and C lengths start to
increase at around 100 fs and after reaching 11.3 A,
they remain unchanged throughout the simulation.
The o, B, and 7 angles also experience small changes
up to about 100 fs. As the B and 7y angles decrease at
about 69°, o angle reaches 110° and after 100 fs, they
remain constant throughout the simulation.

To determine the thermodynamic nature of the
phase transition of Bl — B2 in CaTe, pressure—vol-
ume and pressure—lattice constants relations are plot-
ted in Fig. 5. At 120 GPa the B2 type structure is char-
acterized. This finding suggests that the first-order
phase transition from Bl- to B2-type structure is
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Fig. 6. Formation of CsCl (B2) structure at 120 GPa.
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Fig. 8. Band structure for CsCl (B2) structure.

between 110 and 120 GPa. After that, pressure is
increased up to 150 GPa to see how the B2 structure
would respond, but we could not find any other phase
transitions. As can be seen from Fig. 5, the volume and
lattice constants have significantly changed when the
pressure is increased from 110 to 120 GPa. The reason

for this change is that at 120 GPa, the Fm3m phase

turns into the Pm3m one. The collapse in the value of
volume during this transformation shows us that the
phase transition is first order.

Each MD time step of the B2 structure is analyzed
in detail by the KPLOT program to determine whether
there are any intermediate states during this phase
change at 120 GPa. As a result of the analysis, the
Pm3m phase of CaTe is transformed into the rhombo-

hedral structure with space group R3m at 55th step,
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and then the cubic structure with space group Pm3m
at 97st step. The lattice constants of this obtained
rhombohedral structure are a = 3.6385, b = 3.6385,
¢ = 3.6385. The formation of the this cubic B2 struc-
ture is shown in Fig. 6.

The calculated electronic band structures of CaTe
are given in Figs. 7 and 8 for B1 and B2 structures,
respectively. The density of state curves calculated for
structures B1 and B2 are given in Figs. 9 and 10,
respectively, along high symmetry directions and
shown at the level of Fermi energy as a function of the
energy. The Fermi energy level is set to 0 eV. The sym-
metry points are chosen as W—-L-I-X-W—K for the
B1 phase and R—I'-X—M-T for the B2 phase. As seen
from the electronic band structure graphs, the valence
band is located below the Fermi energy level and the
transmission band is located on the top. The obtained
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Fig. 9. Density of states in NaCl (B1) structure.
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Fig. 10. Density of states in CsCl (B2) structure.

results show that CaTe at 0 GPa corresponds to a direct
band transition with a band gap of about 2.48 eV [2, 3],
because the maximum of the valence band and the
minimum of the conduction band are at the same
symmetry point [I']. When the increasing pressure is
applied to the B1 structure of CaTe, a transformation
to the B2 structure was obtained. CaTe with B2 struc-
ture is a conductor [2, 3]. In our case the transition to
the metallic state occurs only after structural transfor-
mation. With overlapping of the conduction and the
valence bands, the insulator—metal transformation
occurs.

It is also calculated the partial density of states
(PDOS) to obtain further information about the elec-
tronic nature of CaTe and depicted in Figs. 9 and 10. It
can be seen from Fig. 9 that the largest contribution

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 93

came from Te-5p states between 0 and —5 eV and from
Ca-4s between 0 and 5 eV for Bl structure.

CONCLUSION

In the present study, the structural characteriza-
tion, the electronic properties and high pressure
induced phase transition in CaTe is investigated using
an ab initio molecular dynamics simulations. The
most relevant conclusions are summarized as follows:

(i) the calculated ground state properties of this
compound at ambient pressure are comparable to the
available experimental and theoretical data;

(ii) first-order phase transitions for Cale are pro-
posed;

(iii) the band structure calculations reveal that the
cubic B1 structure (space group: Fm3m) of CaTe is a
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direct band gap semiconductor while another cubic
structure (space group: Pm3m) of CaTe is a metal.
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