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CaS crystallizes in cubic NaCl (B1) type structure with symmetry Fm3m. In this work, the structural and elec-
tronic properties of CaS were investigated by considering the Density Functional calculations within the fra-
mework of Generalized Gradient Approximation (GGA) under high pressure. The structural change was found at
the B1 type structure of CaS. Bl type structure transformed into another cubic CsCl (B2) type structure with
symmetry Pm3m at 36.6 GPa. An intermediate state with symmetry R3m was predicted during this transition.
Besides, the effects of the pressure on the electronic properties of CaS were also studied. Both the B1 and B2 type

structures exhibited semiconducting behaviors with direct band gaps at the I'-point and R-point, respectively.
Intermediate state was searched during this phase change first time in detail. The obtained results were com-
pared with experimental and theoretical ones in the literature.

1. Introduction

II-VI semiconductor compounds have recently attracted increasing
interest in many applications, due to their effective use in light emitting
diodes and infrared sensitive devices [1,2]. These compounds are
commonly used in many electronic and optoelectronic devices such as
solar cells, photodetectors, visual displays and high solid-state laser
devices etc. Considering II-VI semiconductors, especially, calcium sul-
fide (CaS) is the most important representative due to its interesting
properties such as high sensitivity to infrared radiations and high ac-
cumulation capability [3]. CaS has a wide bandgap semiconductor
which is particularly important as a host material in many lighting
applications [4-7].

Recently, the structural phase transformations have attracted con-
siderable interest as it provides insight into the electronic structure and
physical properties of solid state. At ambient pressure, CaS crystallizes
in the rock-salt (B1) structure with space group Fm3m. CaS crystal in
the NaCl-type (B1) structure under pressure transforms into CsCl-type
(B2) structure with space group Pm3m. In addition, the crystal structure
of CaS exhibits a structural first order phase transition under pressure of
40 GPa [8]. In the work, the metallization was also observed when the
crystal structure of CaS compound undergoes a structural phase tran-
sition to the CsCl-type (B2) as based on the application of further
pressure.

A fundamental understanding of physical and electronic properties

* Corresponding author.
** Corresponding author.

of CaS compound is still in demand at pressure. Therefore, the main aim
of this study is to search some physical properties and electronic
structure such as the energy-volume curves, the volume change of the
simulation cell, intermediate states during the phase change, total en-
ergy, enthalpy, band structure and density of states (DOS) and compare
the obtained results with experimental and theoretical ones in the lit-
erature.

2. Methods

The Density Functional Theory (DFT) calculations were performed
using the norm-conserving pseudopotential (Troullier-Martins) [9]
implemented in the SIESTA program package [10]. The exchange and
correlation energy were described with the Perdew-Burke-Ernzerhof
(PBE) [11] form of the GGA. We used a 8 X 8 x 8 Monkhorst-Pack [12]
grid for k-point sampling in the Brillouin Zone (BZ) for zinc-blende, B1
and B2 structures of CaS. The geometric structure was obtained by re-
laxing all the atoms with residual force smaller than 0.01 eV/A on each
atom. The mesh cutoff energy was chosen to be 350 Ry, which means
that all plane waves with a smaller kinetic energy than 350 Ry will be
included in the basis set but those with a higher kinetic energy will be
omitted in the basis set. Higher cut-off energies will give better results
but the calculations will be more time consuming. A double-{ basis
including polarization orbitals were used. Pressure is gradually in-
creased by 10GPa by applying Parrinello-Rahman method to the
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system. The KPLOT [13] program and the RGS [14] algorithm are used
to analyze each molecular dynamic (MD) time step. They give detailed
information about the space group, atomic positions and lattice para-
meters of an analyzed structure.

3. Results and discussions

CaS crystallizes in the cubic structure (B1) with the space group
Fm3m under ambient conditions. This structure's lattice parameters
were obtained to be a = b = ¢ = 5.7386 Aat 0GPa. The CaS has 8
atoms in the unit cell for B1 type structure. Ca atoms are located at
positions 4a (0, 0, 0) and S atoms at 4b (1/2, 1/2, 1/2) positions. The
B1-type structure of the CaS compound was first brought to equilibrium
at a pressure of 0 GPa. Later pressure was applied up to 200 GPa by
applying increments of 10 GPa on the Bl-type structure of CaS. When
the pressure was increased from 160 GPa to 170 GPa, it was observed
that B1-type structure of CaS transformed into another cubic (B2-type)
structure with space group Pm3m. The lattice parameters of this B2-
type structure at 170 GPa are a = b = ¢ = 3.4680 A. Ca atoms are lo-
cated at positions 1a (0, 0, 0) and S atoms at 1b (1/2, 1/2, 1/2) posi-
tions We also calculated the zinc-blende structure with space group
F43m of CaS to compare with other B1 and B2 structures. This zinc-
blende structure's lattice parameters were obtained to be
a=b=c=6.5093 A at 0 GPa. The Ca$ has 8 atoms in the unit cell for
zinc-blende type structure. Ca atoms are located at positions 4a (0, 0, 0)
and S atoms at 4c (1/4, 1/4, 1/4) positions. The obtained zinc-blende,
B1 and B2-type structures of CaS are given in Fig. 1 and the transition
pressures, lattice parameters, bulk modulus and derivate of bulk mod-
ulus of B1 and B2-type structures are given in Table 1.

In order to determine the thermodynamic nature of the phase
transformations for the CaS compound, the relations of pressure-vo-
lume, pressure-lattice constants and pressure-angles between a, b and ¢
lattice parameters obtained during constant pressure ab initio simula-
tions are shown in Fig. 2 a, b and c, respectively. As can be seen from
Fig. 2 a, while the pressure value is increased from 160 GPa to 170 GPa
for CaS, a sharp decrease in volume is observed. This shows us that
there is a phase transition containing first order pressure.

Because the work we have done is carried out under hydrostatic
pressure, the pressure value measured for transition from one phase to
another phase is generally higher than the transition pressure values
obtained from other experimental and theoretical calculations due to
the important energy barrier that the material encountered during this
transition. Therefore, simulated systems will want to overcome this
energy barrier in order to transform to another structure having dif-
ferent symmetry. Thus, it will be exposed to a lot of pressure [15-18].
Therefore, in the next step, we took into account the energy-volume
calculations to study the stability of the high pressure phases of CaS in
Fig. 3. As seen from Fig. 3, the most stable structure of CaS is zinc-
blende due to the it has the lowest energy. Calculated total energy-
volume relations is fitted to the third-order Birch-Murnaghan equation
of state [19,20] that given by

7 5 2
VY3 VY3 . VY3
P=15By||—]|  —-[= 75(By — A [
15 0[(%) (Vo) ]x 1+ 0.75(B, 4)[(%) 1] "

where P is the pressure, V is the volume at the pressure, V;, By and B'O
are the volume, bulk modulus and its pressure derivate at 0 GPa, re-
spectively.

At the given temperature and pressure value, Gibbs free energy (G)
is used to determine which of the phases obtained from the study was
most thermodynamically stable and is given as follows.

G= Eg + PV —TS ®)

where E is the total energy, P is the pressure, V is the volume and S is
the entropy. This simulation study was achieved at a temperature of
0 K. Therefore, the term “TS” was neglected. Thus, Gibbs free energy G
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Fig. 1. Crystal structures of CaS: Zinc-blende structure (top) at zero pressure,
B1 structure (middle) at zero pressure and B2 structure (bottom) at 170 GPa.

equals to the enthalpy as follows:
H= E\« + PV 3)

where P= dE,/dV.
Enthalpy calculations generally give the transition pressure values
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Fig. 2. The graph of the change of simulation cell volume (a), lattice constant (b) and angles (c) as function of the pressure.

-216

2217

=218

=219

E (eV/atom)

=220

2221

-222

”
V (A3/atom)

Fig. 3. Energy-volume graph of the stable structural phases of the CaS com-
pound.

in good agreement with the experimental results. The intersection of
the two enthalpy curves indicates the phase transition containing the
pressure between these two phases. In order to determine the transition
pressure, we plotted the enthalpy curve for the obtaining phases of CaS
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as the function of pressure, as shown in Fig. 4. We used energy-volume
data to plot the enthalpy curve. As can be seen from Fig. 4, the tran-
sition pressure between the cubic B1 structure with the space group.

Fm3m and the another cubic B2 structure with the symmetry of
Pm3m was obtained as 36.6 GPa. As shown in Table 1, the value of the
transition pressure obtained from the enthalpy calculation is in agree-
ment with other experimental and theoretical studies.

Later, to explain the mechanism of phase transitions, the lengths of
the lattice vectors of the simulation cell and how the angles between
these vectors change according to the simulation steps were examined.
These vectors were denoted A, B and C along the directions [100],
[010] and [001], respectively. The angles between A with B, A with C
and B with C were expressed as gama, beta and alfa, respectively. The
variation of lattice vector lengths and the angles between these vectors
was shown for 170 GPa in Fig. 5 (a) and (b).

From Fig. 5 (a) and (b), the «, 3, yangles remain constant up to
about 100™ MD time step. Then the y angle starts to increase at around
150" MD time step and after reaching about 110°, they remain un-
changed through the simulation. The a and 8 angles start to decrease at
around 150" MD time step and after reaching 70°, they remain un-
changed through the simulation. The A, B and C also experience small
changes up to about 150" MD time step. Then, A, B and C increase up
to about 10.1 A. After that, they remain unchanged through the si-
mulation. These changes in angle and length are proof that phase
transformation is realized.

The B1 phase of CaS under increased pressure transformed into B2
phase at 170 GPa and we comprehensively analyzed all simulation steps
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Fig. 4. Enthalpy graph for the stable structural phases of CaS as the function of the pressure.

Table 1
Theoretical (T = 0K) lattice parameters of Ca$S for NaCl structure (space group, SG: Fm3m) and high-pressure phase: CsCl structure (SG: Pm3m) at the corresponding
pressure Pr. a, b, and c are the lattice parameters, By the bulk modulus and B,, the first derivative of the bulk modulus.

Phases Pr (GPa) a(A) b (A) c(A) B, (GPa) Bj References
Fm3m 0 5.7386 5.7386 5.7386 74.08 4.56 This study
5.4279 5.4279 5.4279 63.80 3.90 [21]
5.7170 5.7170 5.7170 57.42 3.80 [22]
5.6890 5.6890 5.6890 64.00 4.20 [23]
5.6850 5.6850 5.6850 64.85 4.24 [24]
5.6600 5.6600 5.6600 70.00 4.07 [25]
5.7200 5.7200 5.7200 56.60 4.12 [26]
Pm3m 36.60 3.4680 3.4680 3.4680 71.93 4.58 This study
49.80 3.3234 3.3234 3.3234 66.40 3.90 [21]
37.22 3.4940 3.4940 3.4940 60.67 3.50 [22]
3.5190 3.5190 3.5190 77.83 4.23 [24]
36.85 3.4400 3.4400 3.4400 65.00 4.03 [25]
36.80 3.4900 3.4900 3.4900 64.50 4.20 [26]
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Fig. 5. Lattice vector lengths (a) and the variation of the angles (b) between these vectors of CaS at 170 GPa.

to see if there was any intermediate state during this transform. As a in Fig. 6 and a crystallography table for all calculated structures of CaS
result of analysis that we have done, an intermediate state with the is given in Table 2.
symmetry of R3m was observed in the 114%™ simulation step for the The electronic properties such as band structure and density of

resulting B2 structure of CaS. The evolution of the B2 phase is depicted states (DOS) of CaS calculated for the B1 and B2 structures is shown in

17
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Fig. 6. Formation of CsCl (B2) structure at 170 GPa.

Figs. 7-8 and 9-10, respectively along high symmetry directions and respectively. According to Figs. 7 and 8, B1 and B2 phases of CaS need
illustrated at the level of Fermi energy as a function of the energy. The to be categorized as a typical semiconductor, which exhibit a direct
Fermi energy level is set to 0eV. The symmetry points are chosen as band gap with an energy of 3.77 €V at the I'-point and 2.09 eV at the
W-— L— I'- X— W— K and X— M— R— I'- R for the B1 and B2 phases, R-point of the Brillouin zone, respectively.

18
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Table 2
The calculated space group, lattice parameter, angle, volume and Wyckoff positions values for obtained structures of CaS.
Structures Space Groups a=b=c(A) a=f=y vV (&) Wyckoff Positions
Zinc-blende F43m(No:216) 6.5093 90" 275.81 Ca: 4a0, 0, 0
S:g4cl L1
CT Ty
Cubic NaCl (B1) Fm3m (No:225) 5.7386 90" 188.98 Ca: 4a0, 0, 0
L4pl 1L
S: 4b 272’2
Rhombohedral R3m (No:166) 3.9170 62.1807° 60.10 Ca:1a0, 0, 0
.1pl 11
S: 1b >33
Cubic CsCl (B2) Pm3m (No:221) 3.4680 o 41.71 Ca: 1a0, 0, 0
.1pl L1
S: 1b >33
10

Energy (eV)

L T X w K

Fig. 7. Band structure for NaCl (B1) structure.

AN

\V

Energy (eV)

X M R r R

Fig. 8. Band structure for CsCl (B2) structure.
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Fig. 10. Density of states in CsCl (B2) structure.

Figs. 9 and 10 show the calculated total and partial DOS of the cubic
B1 and B2 phases and are plots of the symmetric bands from —14 eV up
to 10 eV for B1 phase and from —8 eV up to 12 eV for B2 phase. As
shown in Figs. 9 and 10, the largest contribution came from same states
for both B1 and B2 structures (from S-3p states below the Fermi energy
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level and from Ca-4s above the Fermi energy level).
4. Conclusions

Ab initio calculations using Siesta pocket programme under pres-
sure was applied to study the structural stabilities, phase transitions and
electronic properties such as band structure and density of states of the
phases of CaS. The transition pressure value was estimated from en-
thalpy calculations and the effect of hydrostatic pressure on thermo-
dynamics quantities were also studied. Our calculations predict that
phase transition from B1 type to B2 type was obtained at 36.6 GPa. The
transition pressure, equilibrium lattice constants, bulk modulus and
first derivative of bulk modulus values are in good agreement with
other theoretical and experimental studies. In addition, an intermediate
state was estimated for B2 type structure of CaS for first time.
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