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Elastic properties of the solid-state CdTe1−xSex (x = 0− 0.5, with ∆x = 0.125) solutions within
the framework of density functional theory calculations were investigated. The structures of the
CdTe1−xSex samples are obtained by the substitution of tellurium with selenium atoms in cubic
CdTe. Young's modulus, shear modulus, bulk modulus, and the Poisson ratio of CdTe1−xSex crystals
were calculated from the �rst principles. The dependences of the elastic properties of the CdTe1−xSex
solid solution on the content index x within the interval 0 ≤ x ≤ 0.5 are analyzed. According to
the Frantsevich rule and the value of the Poisson ratio, the materials have been classi�ed as ductile.
The Zener anisotropy factor and the Kleimann parameter are calculated on the basis of the elastic
constants Cij . Also, the concentration dependence of longitudinal elastic wave velocity, transverse
elastic wave velocity, and average sound velocity, are calculated. Based on the average sound velocity
the concentration behavior of the Debye temperature was calculated. The correlation analysis shows
a good agreement between the calculation results (elastic modulus and Debye temperature) and
known experimental data.
Key words: solid state solution, elastic properties, elastic modulus, Poisson ratio, Debye
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I. INTRODUCTION

CdTe and CdSe belong to the AIIBVI crystal fami-
ly and show a typical semiconductor behavior. They are
considered promising materials for various optoelectronic
devices [1]. In particular, ternary solid-state CdTe1−xSex
solutions can demonstrate high values of the absorption
coe�cient and the possibility to adjust their band gap
by changing the content of Se for e�ective solar energy
conversion [2]. It is well known that the CdTe has a cubic
(zinc-blende) structure [1, 3�7] whereas CdSe can be
materialized in either zinc-blende or hexagonal (wurtzi-
te) structures under normal conditions, depending on the
growth conditions [8, 9]. According to the phase diagram
[10], the CdTe1−xSex compounds at intermediate x are
crystallized in either cubic (at the tellurium contents
x ≤ 0.4) or wurtzite (at x ≥ 0.7) structures, while
the concentration interval 0.4 ≤ x ≤ 0.7 corresponds to
a break of structural homogeneity. Therefore, we study
only the concentrations ranging from 0 to 0.5, i.e. only
the zinc-blende structures.

Despite the recent intensive experimental [11�16] and
theoretical [1, 2, 15, 17�22] study of these materials,
some of the fundamental parameters remain currently
unknown. One of the central problems of these solid
solutions is their mechanical properties.

Some information on the concentration behavior of the
elastic properties of the CdSe�CdTe system has already
been reported in theoretical works [17, 18]. In parti-
cular, concentration dependences of Young's modulus,
shear modulus, bulk modulus, and the Poisson ratio
are calculated at some x values using the LDA [17]
and LDA+U [18] methods. None of them has given

results of the calculation concentration dependence of
the longitudinal elastic wave velocity, transverse elastic
wave velocity, average sound velocity, and the Debye
temperature.

Earlier, elastic properties of CdTe1−xSex with x =
1/16 and 15/16 were reported using the same methods
of calculation [1, 2]. Now, we study the concentrati-
on behavior of the elastic properties of the solid-
state CdTe1−xSex solutions. In particular, we have
performed the elastic constants Cij calculations for
CdTe1−xSex to obtain the concentration dependences of
Young's modulus, shear modulus, bulk modulus, the Poi-
sson ratio, the Zener anisotropy factor, the Kleimann
parameter, longitudinal elastic wave velocity, transverse
elastic wave velocity, average sound velocity, and the
Debye temperature.

II. MATERIALS AND METHODS

The density functional theory was used for the
calculation of the elastic properties of the solid-state
CdTe1−xSex solutions with the content index x from 0
to 0.5 with the step of ∆x = 0.125. The generalized
gradient approximation (GGA) and the Perdew�Burke�
Ernzerhof for solid (PBEsol) exchange-and-correlation
functional [23] were utilized during the calculation.
Ultrasoft Vanderbilt's pseudopotentials served as ionic
potentials.

In this calculations, the value Ecut−off = 310 eV
was taken for the cutting-o� energy of the plane
waves. The convergence of the total energy was about
5 106 eV/atom. Integration over the Brillouin zone
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was performed on a 4×2×2 grid of k points, using
a Monkhorst�Pack scheme. At the initial stage of our
calculations, we optimized a starting CdTe structure for
the case of 2×1×1 supercell. The atomic coordinates
and the unit-cell parameters were optimized following
the Broyden�Fletcher�Goldfarb�Shanno technique. The
optimization was continued until the forces acting on
atoms became less than 0.01 eV/ �A, the maximum di-
splacement less than 5 10−4 �A, and the mechanical
stresses in the cell less than 0.02 GPa. In this work, we
used almost the same parameters for calculations which
were used in previous works [2, 22]. An exception was
the choice of the 2×1×1 supercell containing 16 atoms
(Cd8Te8 � �parent� compound).

Element Atom Number x/a y/b z/c

Cd 1 0.0 0.0 0.0

Cd 2 0.0 0.5 0.5

Cd 3 0.25 0.0 0.5

Cd 4 0.25 0.5 0.0

Cd 5 0.5 0.0 0.0

Cd 6 0.5 0.5 0.5

Cd 7 0.75 0.0 0.5

Cd 8 0.75 0.5 0.0

Te 1 0.125 0.25 0.25

Te 2 0.375 0.75 0.25

Te 3 0.375 0.25 0.75

Te 4 0.125 0.75 0.75

Te 5 0.625 0.25 0.25

Te 6 0.875 0.75 0.25

Te 7 0.875 0.25 0.75

Te 8 0.625 0.75 0.75

Concentration, x Atom Number of Te

used for substitution

0.125 4

0.25 4, 7

0.375 3, 4, 7

0.5 3, 4, 7, 8

Table 1. Atoms' positions, in the solid-state CdTe1−xSex
solutions

The solid-state CdTe1−xSex solutions were modeled
as follows. First, we formed a 2×1×1 supercell of the
initial compound, CdTe, based on its already optimi-
zed structure (structure type ZnS, space group F43m,
Z = 4). The next stage was the theoretical constructi-
on of solid-state CdTe1−xSex solutions. In the opti-
mization structure CdTe, Te atoms were gradually
replaced with Se. For such substitution, the crystal
structure of optimization structure CdTe was changed
to a triclinic with symmetry P1. Finally, structures
of CdTe1−xSex were optimized with �nding a crystal
structure. The obtained structure of CdTe0.875Se0.125 is
drawn in Fig. 1 for visualization. The cell parameters
of solid-state CdTe1−xSex solutions were calculated usi-
ng Vegard's law from the known values for binary
compounds (a(CdTe) = 6.564376 �A [4] and a(CdSe) =
6.166147 �A [24]). Atoms position are listed in Table 1.

Fig. 1. View of CdTe0.875Se0.125 crystal 2×1×1 supercell

III. RESULTS AND DISCUSSION

Elastic constants can be determined based on the
results of the deformation of the calculated equilibrium
crystal structure and the determined total energy of the
strained crystal E. The elastic constants are proporti-
onal to the second-order coe�cient in the polynomial
expansion of the total energy E as a function of the strain
parameter δ. The calculations took into account only
small deformations that did not exceed the elastic limit
of the crystal. One can determine nine elastic constants
based on the known total energy of the crystal E and its
change in deformation δ [2, 22, 25]. The calculated elastic
constants Cij of the solid-state CdTe1−xSex solutions
(0 ⩽ x ⩽ 0.5) are presented in Fig. 2.
The Voigt and the Reuss approximation methods

can be used to determine the polycrystalline elastic
modulus of solid-state CdTe1−xSex solutions [26]. The
Voigt method assumes a uniform strain throughout
polycrystalline sample and the Reuss one assumes a uni-
form stress. Calculations of the actual e�ective constants
using the Hill method show that they lie within the
values obtained by the Voigt and Royce methods (the
arithmetic mean of these two values is the Hill values).
The bulk modulus B, Young's modulus Y, shear modulus
G, and Poisson's ratio ν are calculated directly using the
Voigt�Reuss�Hill (VRH) method [27]. The dependences
of those quantities on the content x are shown in Fig. 3.
According to the elastic criteria, the material is bri-

ttle (ductile) if the B/G ratio is less (greater) than 1.75.
The calculated values B/G of the solid-state CdTe1−xSex
solutions are higher than 1.75 (see Figs. 4) [28] when they
are obtained using the VRH methods, hence, the materi-
als studied should probably behave in a ductile manner.
Poisson's ratio of a stable, isotropic, linear elastic

material must be between −1.0 and +0.5 because of
the requirement for Young's modulus, and the shear and
bulk modulus must be positive [29]. According to the
Frantsevich rule [30], the critical value of the Poisson
ratio of a material is 1/3 [31]. The value of the Poisson
ratio ν, responsible for the ductile (ν > 1/3) or brittle
(ν < 1/3) character, corresponds in our case to the ducti-
le one (ν > 1/3). The value of Poisson's ratio is indicative
of the degree of directional of the covalent bonds. This
value is relatively small (ν = 0.1) for the covalent materi-
als and relatively large (ν = 0.25) for the ionic ones. The
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calculated Poisson's ratio ν of solid-state CdTe1−xSex
solutions lies in the range of 0.360�0.405 (see Fig. 5). As
a result, we con�rm our assumption about the ductile
behavior of the solid-state CdTe1−xSex solutions.

(a)

(b)

(c)

Fig. 2. Concentration dependence of elastic constants ((a)
C11, C22 and C33; (b) C44, C55 and C66; (c) C12, C13 and

C23) in the cubic solid-state CdTe1−xSex solutions

Depending on the value of the Zener anisotropy coe�-
cient, the material can be characterized as follows: elasti-
cally isotropic with uniform deformation along with all
directions for A = 1; the sti�est along ⟨111⟩ diagonal for
A > 1 and the sti�est along ⟨100⟩ cube axes for A < 1.

A =
2C44

C11 − C12
. (1)

It is established that with an increase in the seleni-
um concentration, there is a decrease in the calculated
value of A for CdTe1−xSex from 14 to 6 (see Fig. 6). It
indicates that solid-state CdTe1−xSex solutions are the
sti�est along ⟨111⟩ diagonal.

(a)

(b)

(c)

Fig. 3. Concentration dependence of the elastic modulus (see
information in the legend to �gures) calculation using the
Voigt (a), Reuss (b) and Hill (c) approximation methods in

the cubic solid-state CdTe1−xSex solutions

The Kleimann parameter (ζ) indicates the relative
ease of bond bending against the bond stretching and
also implies resistance against bond bending or bond
angle distortion [32]. For minimizing the bond bending,
the value of the Kleiman parameter is ζ = 0, and for
minimizing the bond stretching ζ = 1.

ζ =
C11 + 8C12

7C11 + 2C12
(2)
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In the present study, ζ changed between 0.94 and
0.98 (see Fig. 6) for the solid-state CdTe1−xSex solutions
indicating shrinkage in bond-stretching. The value of ζ
decreases with an increase in the selenium concentration.

Fig. 4. Concentration dependence of the ratio of bulk modulus
B to shear modulus G in the cubic solid-state CdTe1−xSex

solutions

Fig. 5. Concentration dependence of the Poisson's ratio ν in
the cubic solid-state CdTe1−xSex solutions

Fig. 6. Concentration dependence of the Kleimann parameter
(ζ) and Zener anisotropy factor (A) in the cubic solid-state

CdTe1−xSex solutions

Longitudinal and transverse velocities of the elastic
waves ϑl and ϑt can be calculated using the values of
the obtained elastic modules [32]. The values of acoustic
velocity in di�erent directions of solid-state CdTe1−xSex
solutions were calculated using relations (3) and (4)

below, where ρ is the density of a sample. The density
of the solid-state CdTe1−xSex solutions was calculated
according to Vegard's law [33] from the known values
for binary compounds (ρ(CdTe) = 5.85 g/cm3 and
ρ(CdSe) = 5.81 g/cm3). The calculated acoustic veloci-
ties are presented on Fig. 7.

ϑl =

√
3B+ 4G

3ρ
(3)

ϑt =

√
G

ρ
(4)

(a)

(b)

(c)

Fig. 7. Concentration dependence of the acoustic velocity (see
information in the legend to �gures) calculated on the basis of
the elastic modules estimated using the Voigt (a), Reuss (b),
and Hill (c) approximation methods in the cubic solid-state

CdTe1−xSex solutions
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Fig. 8. Concentration dependence of the Debye temperature
(θD) in the cubic solid-state CdTe1−xSex solutions

The Debye temperature θD is one of the most
important parameters which determine the thermal
properties of the material. The Debye temperature gi-
ves information about the oscillations of the lattice and
can be determined from the mean acoustic velocity [see
Eq. (5)].

θD =
ℏ
kB

(
6π2N

V0

)1/3

ϑm. (5)

In Eq. (5), N is the number of atoms in the supercell
of CdTe1−xSex, V0 is the supercell volume, ϑm is average
sound velocity (see Fig. 7). The average sound velocity

is calculated by using the following Eq. (6).

ϑm =

(
2

3ϑ3
t

+
1

3ϑ3
l

)−1/3

. (6)

Concentration dependence of the acoustic velocities
ϑi(x) (i = l, t, m) of CdTe1−xSex (see Fig. 7) calculated
based on elastic modules estimated using di�erent VRH
methods reveal similar behaviors. Longitudinal elastic
wave velocity ϑl decreases on increase the selenium
concentration x (except for the sample with concentrati-
on x = 0.25). Another behavior is observed for the
transverse and mean sound velocities: these velocities, ϑt

and ϑm, increase with an increase in the content index
x.
The calculated Debye temperature θD is in good

agreement with the corresponding experimental data of
CdTe1−xSex which are shown in Fig. 8. With an increase
in the selenium concentration, we can see an increase in
the Debye temperature. A relatively good comparison of
the calculated and experimental Debye temperatures θD
is observed for the binary compound of CdTe (see table.
2). Experimental values of the Debye temperatures θD
are closer to the corresponding calculated ones, obtained
by using the Hill method (see Fig. 8).
As a summary of all results obtained in this study,

Table 2 gives comparisons of the known fundamental
physical properties which are obtained experimentally
and calculated using di�erent methods. The obtained
values show a small variation with other reference results.

Properties Selenium concentration This work Reference data/

method of calculation

B/G x = 0 4.55 2.67/LDA+U [18]

x = 0.25 4.15 2.88

x = 0.5 3.28 3.29

ν x = 0 νH= 0.40 0.33/LDA+U [18], 0.41 [34]

νR = 0.39 νH = 0.354, νR = 0.364/LDA [17]

x = 0.25 νH = 0.39 0.34/LDA+U [18]

νR = 0.38 νH = 0.360, νR = 0.371/LDA [17]

x = 0.5 νH = 0.36 0.35/LDA+U [18]

νR= 0.36 νH = 0.362, νR = 0.375/LDA [17]

ϑl, m/s x = 0 4866.82�4916.47 3343.93/LDA [17]

3020 ([1 0 0]), 3440 ([1 1 1]) [35]

x = 0.25 4807.09�5127.91 3408.36

x = 0.5 4803.15�4778.56 3512.18

ϑt, m/s x = 0 1959.96�2073.34 1589.38/LDA [17]

1860 ([1 0 0]), 1450 ([1 1 1]) [35]

x = 0.25 2110.04�2135.89 1592.62

x = 0.5 2231.54�2231.37 1629.39

θD, K x = 0 216.8�229 165.96/LDA [17], 295.6 (at 298 K) [36]

x = 0.25 218.7�235.5 168.96

x = 0.5 245.5 175.679

Table 2. Comparisons of the same fundamental elastic properties of the solid-state CdTe1−xSex solutions. Bottom index
corresponds to the VRH method of calculation. Boldface numbers are experimental data
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IV. CONCLUSIONS

The elastic properties of solid-state CdTe1−xSex
solutions are determined by �rst-principles calculations.
Using the VRH approximation, the ideal polycrystalli-
ne aggregates' bulk modulus, shear modulus, Young's
modulus, and Poisson's ratio are calculated and di-
scussed. The materials studied should probably behave
in a ductile manner. The Zener anisotropy factor shows
that the solid-state CdTe1−xSex solutions are the sti-
�est along ⟨111⟩ diagonal. The Kleimann parameter
shows that the solid-state CdTe1−xSex solutions shrink
in bond-stretching.
Based on the elastic modules the longitudinal elastic

wave velocity, transverse elastic wave velocity, and
average sound velocity were calculated. The longitudi-

nal elastic wave velocity decreases with an increase in
the selenium concentration. The transverse and average
sound velocities increase with an increase in the seleni-
um content in CdTe1−xSex. The Debye temperature
for solid-state CdTe1−xSex solution increases with an
increase in the selenium concentration. The calculated
properties for CdTe1−xSex show good agreement with
the corresponding reference data.
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AB INITIO STUDIES OF ELASTIC PROPERTIES OF THE CUBIC SOLID-STATE CdTe1−xSex SOLUTIONS

AB INITIO ÐÎÇÐÀÕÓÍÊÈ ÏÐÓÆÍÈÕ ÂËÀÑÒÈÂÎÑÒÅÉ ÒÂÅÐÄÈÕ ÐÎÇ×ÈÍIÂ
ÇÀÌIÙÅÍÍß CdTe1−xSex, ÊÐÈÑÒÀËIÇÎÂÀÍÈÕ Ó ÊÓÁI×ÍIÉ ÑÒÐÓÊÒÓÐI

À. I. Êàøóáà
Êàôåäðà çàãàëüíî¨ ôiçèêè,

Íàöiîíàëüíèé óíiâåðñèòåò �Ëüâiâñüêà ïîëiòåõíiêà�,

âóë. Ñ. Áàíäåðè, 12, Ëüâiâ, 79013, Óêðà¨íà

Ïðóæíi âëàñòèâîñòi òâåðäèõ ðîç÷èíiâ çàìiùåííÿ CdTe1−xSex (x = 0�0.5, ç ∆x = 0.125), êðèñòàëi-
çîâàíèõ ó êóái÷íié ñòðóêòóði, äîñëiäæåíî ç âèêîðèñòàííÿì òåîði¨ ôóíêöiîíàëà ãóñòèíè. Ñòðóêòóðó
çðàçêiâ CdTe1−xSex îòðèìàíî çàìiùåííÿì àòîìiâ òåëóðó íà àòîìè ñåëåíó â êóái÷íîìó êðèñòàëi CdTe.

Ìîäóëü Þí à, ìîäóëü çñóâó, ìîäóëü óñåái÷íîãî ñòèñêó é êîåôiöi¹íò Ïóàññîíà êðèñòàëiâ
CdTe1−xSex ðîçðàõîâàíî ç âèêîðèñòàííÿì ìåòîäèêè Ôîé òà�Ðîéññà�Ãiëëà (ÔÐÃ). Çãiäíî ç îòðè-
ìàíèìè äàíèìè âñòàíîâëåíî, ùî ìîäóëü Þí à é ìîäóëü çñóâó çðîñòàþòü çi çáiëüøåííÿì óìiñòó
ñåëåíó. Ïðîòå ìîäóëü óñåái÷íîãî ñòèñêó, îá÷èñëåíèé ìåòîäîì Ðîéññà i Ãiëëà, ïîêàçó¹ ñêëàäíó ïîâå-
äiíêó: âií çðîñòà¹ ç óìiñòîì ñåëåíó äëÿ x < 0.25 i ñïàäà¹ äëÿ âèùèõ êîíöåíòðàöié (x > 0.25).

Âiäïîâiäíî äî ïðàâèëà Ôðàíöåâè÷à òà çíà÷åííÿ êîåôiöi¹íòà Ïóàññîíà (ν > 1/3) äîñëiäæóâàíi ìà-
òåðiàëè áóëè êëàñèôiêîâàíi ÿê ïëàñòè÷íi. Êîåôiöi¹íò àíiçîòðîïi¨ Çåíåðà òà ïàðàìåòð Êëåéìàíà ðîç-
ðàõîâàíî íà îñíîâi ïðóæíèõ êîíñòàíò Cij . Îáèäâà ïàðìåòðè çðîñòàþòü çi çáiëüøåííÿì óìiñòó ñåëåíó
â äîñëiäæóâàíèõ çðàçêàõ. Êîåôiöi¹íò àíiçîòðîïi¨ Çåíåðà ïîêàçó¹, ùî òâåðäi ðîç÷èíè CdTe1−xSex ¹
ïðóæíî içîòðîïíèìè ìàòåðiàëàìè ç ðiâíîìiðíîþ äåôîðìàöi¹þ â óñiõ íàïðÿìêàõ.

Òàêîæ îá÷èñëåíî êîíöåíòðàöiéíó çàëåæíiñòü ïîâçäîâæíüî¨, ïîïåðå÷íî¨ òà ñåðåäíüî¨ øâèäêîñòåé
çâóêó. Ïîïåðå÷íà òà ñåðåäíÿ øâèäêîñòi çâóêó çðîñòàþòü çi çáiëüøåííÿì óìiñòó ñåëåíó, íàòîìiñòü
çíà÷åííÿ ïîçäîâæíüî¨ õâèëi âèÿâëÿ¹ êîíöåíòðàöiéíó çàëåæíiñòü, àíàëîãi÷íó äî ïîâåäiíêè ìîäó-
ëÿ âñåái÷íîãî ñòèñêó. Íà îñíîâi ñåðåäíüî¨ øâèäêîñòi çâóêó ðîçðàõîâàíî êîíöåíòðàöiéíó ïîâåäiíêó
òåìïåðàòóðè Äåáàÿ. Êîíöåíòðàöiéíà çàëåæíiñòü òåìïåðàòóðè Äåáàÿ, îá÷èñëåíà ç âèêîðèñòàííÿì
ìåòîäèêè ÔÐÕ, çàñâiä÷ó¹ ðîçáiæíiñòü äëÿ çðàçêiâ ç óìiñòîì ñåëåíó x < 0.25, íàòîìiñòü äëÿ âèùèõ
êîíöåíòðàöié óñi ìåòîäèêè ïîêàçóþòü àíàëîãi÷íi ðåçóëüòàòè. Êîðåëÿöiéíèé àíàëiç âèÿâëÿ¹ çíà÷íó
çáiæíiñòü ðîçðàõîâàíèõ ïàðàìåòðiâ iç âiäîìèìè åêñïåðèìåíòàëüíèìè é òåîðåòè÷íèìè äàíèìè. Íàé-
ëiïøó çáiæíiñòü ðîçðàõîâàíèõ ïàðàìåòðiâ îòðèìàíî äëÿ çíà÷åííÿ êîåôiöi¹íòà Ïóàññîíà.

Êëþ÷îâi ñëîâà: òâåðäèé ðîç÷èí çàìiùåííÿ, ïðóæíi âëàñòèâîñòi, ìîäóëi ïðóæíîñòi, êîåôiöi¹íò
Ïóàññîíà, òåìïåðàòóðà Äåáàÿ.
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