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Abstract

Using the structural parameters and the elastic stiffness constants reported in the literature (by Guo et al. in Solid State Commun., 340,
114488 (2021)) as well as different appropriate analytical and semi-empirical expressions, we reported the high compression effect up to
pressure of 27.8 GPa on the average sound velocity and Debye temperature 6p of cubic rocksalt calcium telluride (CaTe) semiconducting
compound. The pressure dependence of the Debye temperature 6p for CaTe compound was obtained using two different approaches. We
found that both the average sound velocity and Debye temperature of CaTe compound increase monotonously and non-linearly with
enhanced pressure up to 27.8 GPa. We note that similar behavior on the average sound velocity and Debye temperature 6p was also ob-
served in the literature for the same compound and for other materials with different crystallographic structures. The deviations on 6p
between the two different approaches and to those of the literature are quite large at high pressures.
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1. Introduction

It is known that alkaline earth chalcogenides (AECs) just like calcium sulfide (CaS), calcium selenide (CaSe) and calcium telluride
(CaTe) semiconductors have great importance in many technological applications including catalysis, microelectronics, etc [1].

Using density functional theory (DFT) calculations, Guo et al. [1] have studied the structural phase transition of crystalline CaTe in pres-
sure ranging from 0 to 60 GPa. They found that under high compression the cubic rocksalt (B1) phase of CaTe compound transforms to
an intermediate tetragonal structure of P4/nmm at pressure of 27.8 GPa. Guo et al. [1] have studied also the pressure dependence of me-
chanical properties of CaTe with five different forms, and the change of the elastic constants.

Luo et al. [2] have investigated experimentally the structural phase transition of calcium (Ca) based chalcogenides CaX (X = S, Se, Te)
compounds up to 52 GPa using energy-dispersive x-ray-diffraction techniques with a synchrotron source. They found that under high
compression the B1 phase of CaS transforms from B1 phase to CsCl-type phase (B2) at pressure of 40 GPa [2]; the CaSe transformed
from B1 to B2 at 38 GPa [2], while for the CaTe, the transformation of B1 phase to the manganese phosphide structure (MnP-type) is at
around 25 GPa [2].

Okba and Mezouar [3] have studied the effect of high compression up to phase transition pressure on the unit cell volume, bulk modulus,
and Grineisen parameter for CaX (X =S, Se, Te) materials using only the experimental parameters of equations of state reported in the
literature. They found that as the pressure increases, both the mass density and the bulk modulus increase, while both the first order pres-
sure derivative of the bulk modulus and the Griineisen parameter decrease.

Varshney et al. [4] have investigated the effect of high pressure on unit cell volume, Gibbs free energy, elastic constants, and the Debye
temperature of CaX (X = S, Se, Te) materials in both NaCl-type (B1) and CsCl-type phase (B2) structures using a theoretical approach
based on the effective inter-ionic potential. They found that the Debye temperature of all these compounds increases monotonously with
enhanced pressure.

Khaldi et al. [5] have investigated the effect of high compression up to 30 GPa on the structural and elastic properties of CaX (X =S, Se,
Te) semiconducting materials in B1 phase using an ab-initio calculations. For all these compounds, they found that the elastic constant
Cu increases monotonously with enhanced pressure up to 30 GPa, while both the elastic constants C12 and Ca4 remain almost unchanged
with increasing pressure from O up to 30 GPa.

Using first principles calculations, Labidi et al. [6] have studied the structural parameters, elastic constants and the thermodynamic prop-
erties of CaS, CaSe, and CaTe compounds in the temperature ranging from 0 to 100 K, while in the same context, Maizi et al. [7] have
studied the same properties in the pressure ranging from 0 to 30 GPa and temperature ranging from 0 to 1200 K.

In the present contribution, we studied the high hydrostatic compression effect up to 27.8 GPa on the variation of the mass density,sound
velocity and Debye temperature of CaTe compound using the structural parameters and the elastic constants reported by Guo et al. [1].
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2. Theory, results, and discussion

2.1. Mass density

If accurate lattice parameters or unit cell volume are available, the calculation of the mass density p gives in principle a good and reliable
value [8-11]. The so-called X-ray crystal density p of any crystal can be written in term of the molecular density dwm as follows: p =
Mdwm/Na [12], where M is the molecular weight, and Na = 6.022 x10% mol™! is the Avogadro constant.

There are four molecules in a unit cell of both cubic zincblende (B3) and cubic rocksalt (B1) lattices. So for both B3 and B1 phases, the
molecular density: du= 4/V = 4/a%, where V is the unit cell volume and a is the lattice constant [12]. To simplify the previous formula,
the X-ray crystal density p of both B3 and B1 phases can be expressed as [12]:

p=4M /NaV = 4M /Naa® @)

for CaTe, the molecular weight: M = 167.678 g/mol.

Fig. 1 illustrates the pressure dependence of the crystal density p for CaTe compound, along the results of Okba and Mezouar [3]. Fig. 1
indicates that the mass density p of CaTe material increases non-linearly with increasing in pressure up to 27.8 GPa. An analytical rela-
tionship for the pressure (in GPa) dependence of the mass density p (in g/cm®) of CaTe semiconducting material is given by the follow-
ing a quadratic fit: p=4.2813 +9.29 x 102 p - 0.10 x102 p%

We note that a similar behavior was observed for wide range of materials such calcium-based chalcogenides CaX (X = S, Se, Te) semi-
conductor materials [3], copper nitride (CusN) compound in its phase cubic anti-ReOs-type up to 30 GPa [8], cubic zincblende (B3) bo-
ron nitride material in the pressure ranging from 0 to 4 Mbar [13], and beryllium-selenide (BeSe) compound up to 50 GPa [14].
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Fig. 1: Mass Density P Versus Pressure for CaTe Compound, Along the Theoretical Results of Okba and Mezouar [3].

2.2. Sound velocity and Debye temperature

The Debye temperature 0p is an important fundamental thermophysical parameter closely related to several other physical properties
such as melting temperature and specific heat capacity [15 - 21]. At low temperatures, the Debye temperature calculated from the elastic
constants is the same as that determined from the specific heat measurements [15], [16]. One of the standard methods to calculate 6p is
from elastic constants measurements, since Op may be estimated from the average sound velocity vm by the following equation [15]:

1/3
/s =kl[%”(NAp/M)j Vin 2
B T

where h is the Plank’s constant (h= 6.6262.10°% J.s), ks is the Boltzmann’s constant (ke = 1.38062.10% J.deg™), Na is the Avogadro’s
number, n is the number of atoms per formula unit, M is the molecular mass per formula unit, p is the mass density. The average sound
velocity vm is given by [22-25]:

12 1) 3)
Vm:[g(v?+*3)J

vi

where viand vtare the longitudinal and transverse sound velocity obtained using the shear modulus G, the bulk modulus B and the densi-
ty g from Navier’s equations: v 1= [(3B+4G)/3p]*2, and vi= (G/p)*? [13], [16]. Using the elastic constants Cij(p) and the lattice parameter
a (p) calculated by Guo et al. [1], the compression effects on the longitudinal vi, transverse viand average vm sound velocity for CaTe
compound are illustrated in Fig. 2. Fig. 2 indicates that vm of CaTe material increases non-linearly with increasing in pressure up to 27.8
GPa. The best fits of the longitudinal vi, transverse viand average vm sound velocity (expressed in km/s) against pressure p (expressed in
GPa) for CaTe material may be written as: vi = 4.04 +9.09 x 102 p—1.24 x 10 p2,vt = 2.37 +2.60 x 102 p— 4.45 x 10 p?, and vm = 2.52
+3.8 x 102 p— 1.2 x 10 p2+1.6 x 10> p?, respectively. We note that a similar behavior is shown for copper nitride (CusN) in its phase
cubic anti-ReQOs-type up to 30 GPa [8], for cubic zinc blende (B3) boron nitride compound up to 4 Mbar [13], for beryllium-selenide
(BeSe) semiconducting compound up to 50 GPa [14], and for compressed rock salt (B1) CuCl and CuBr binary compounds in the pres-
sure ranging from 10 to 20 GPa [26].
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Fig. 2: Longitudinal v, Transverse viand Average v, Sound Velocity Versus Pressure for CaTe Material.
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Using the formula of equation (2), the obtained values of 6p for CaTe material are reported in table 1 and presented in Fig. 3. At zero-
pressure, our obtained value (244 K) of 0p is relatively lower than the theoretical value (~ 257K) obtained by Varshney et al.[4], the de-
viation being ~ 5%. The available data on 6p for CaTe can thus only be considered as a rough indication of its order of magnitude.

Table 1: Debye Temperature @p Obtained from Eq. (2) Versus Pressure P for CaTe Material, * from Ref [4]

p (GPa) 0 5 10 15 20 25 278

0o (K) 244, ~257* 269 287 300 311 321 325

For materials with cubic structures, the Debye temperature 0p could be calculated using the following semi-empirical formula [27]:

0p =C¢s Y0(aG M 2 (4)
Where, Cc = (26.05 + 0.81) K (m kg N"1)¥2 (it is important to note that the numerical value 26.05 + 0.81 K (m kg N1)*2 is valuable only
for crystals with cubic structures), s is the number of atoms in the unit cell of our structure of interest, a is the lattice parameter expressed
in m, and M is the atomic weight (arithmetical average of the masses of the species), respectively, and.

®)

13
Ge = [044 [Caa(Cr1-C12)/ 2]"2(C1a-Cra +Caa)/ 3]

Using the calculated elastic constants Cij(p) and the lattice parameter a (p) reported by Guo et al. [1] with the formula of equation (4), the
obtained values of 6o for CaTe material are reported in table 2 and presented also in Fig. 3 (left). At zero-pressure, the value (239 K) of
0o obtained from equation (4) is in good agreement with the value (244 K) obtained from equation (2), the deviation being only ~ 2%.

Table 2: Debye Temperature ®p of CaTe Material Obtained from Eq. (4) Versus Pressure

p (GPa) 0 5 10 15 20 25 27.8

0 (K) 239 263 278 288 296 300 301

It is inferred from tables 1 and 2 and Fig. 3 that the Debye temperature 6o of CaTe compound increases non-linearly with increasing in
pressure up to 27.8 GPa. We note that a similar behavior and good agreement was observed in comparison to data obtained for CaX (X =
S, Se, Te) materials [4]. The same behavior is shown for CusN up to 30 GPa [8], for cubic zincblende boron nitride [13], for BeSe com-
pound up to 50 GPa [14], and for compressed rock salt (B1) CuCl and CuBr compounds in the pressure ranging from 10 to 20 GPa [26].

325 | A 1.35
3 A .- .y
o ] ) 1.25
é 299 .
S 286 1.20 1
(=]
. S
§ 213 = 1157
g 260 - 140
o )
Lih] - . .
0O 247 4.~ * Using Eqg. (2) 1.05 * Using Eq. (2)
r ® UsingEq. (4) & Using Eq.[é::
234 4 T T T T T T 1.00 T T T T T T T T T
0 4 8 12 6 20 24 28 0 4 8 12 16 20 24 28

Pressure (GPa)

Pressure (GPa)

Fig. 3: Debye Temperature @p (left) and Normalized Debye Temperature ®@p/@py (right) Versus Pressure for CaTe Compound.

The fits of the Debye temperature 0o (expressed in K) versus pressure p (expressed in GPa) for CaTe compound are given as follows: 6o
=239 +5.45 p - 0.17 p?+0.002 p3using Eq. (2), and 0p = 244 +5.62 p - 0.153 p2+0.002 p3 using Eq. (4), respectively. Except the theoret-
ical data reported in Refs [4], to the best of our knowledge, no experimental or other calculations have been reported to date on the pres-
sure dependence of Op for CaTe compound. Another form to compare our data on 8p for CaTe compound is by using the normalized De-
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bye temperature 6p/0po curves, the results obtained are presented in Fig. 3 (right). Unfortunately, the scarcity of experimental data from
different sources of the literature on the Debye temperature 6p for CaTe compound prevents reaching definite conclusions regarding the
exact and true values of this property under high pressures.

3. Conclusion

The study of the effect of high compression up to 27.8 GPa on the average sound velocity and Debye temperature of CaTe shows that:
Both the mass density and average acoustic wave speed of CaTe increase monotonously and non-linearly with increasing pressure and a
similar behavior was observed in the literature for other materials with different crystallographic natures.

The Debye temperature Op of our material of interest increases also non-linearly and monotonously with enhanced pressure up to 27.8
GPa. We note that similar behavior on 6p was observed in the literature for CaX (X = S, Se, Te) compounds, CusN material, cubic
zincblende boron nitride, beryllium-selenide (BeSe), compressed rocksalt CuCl and CuBr compounds and for other materials.

To the best of our knowledge, no experimental data has been reported to date on the pressure dependence of 6p for CaTe compound. The
combined results on CaTe semiconductor represent considerable data with the potential to provide more consistency at high pressure.
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