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In this study, the structural, electronic, optical, elastic, and thermodynamic properties of Ytterbium chalcogenides YbX (X =S, Se and
Te) were computed within the first principles using generalized gradient approximation (GGA) as implemented in the pseudopo-
tential plane wave approach. The equilibrium total energy for YbX (X=S§, Se, and Te) was calculated as a function of the energy
cutoff, k-point grid, and lattice parameter. An optimized lattice parameter of 5.6, 5.66, and 6.136 A were calculated for YbS, YbSe, and
YbTe, respectively. The energy band gaps of YbS, YbSe, and YbTe computed are 1.14, 1.32, and 1.48 eV, respectively. In addition, the
low band gap (less than 3 V) for ytterbium chalcogenides indicated that they may have potential applications in photovoltaic cells
and laser diodes. Moreover, the negative dielectric function value for a certain frequency range indicates that these compounds are
suitable for specific optical and microwave circuit applications. The result of elastic and thermodynamic property computation
reveals that ytterbium chalcogenides are mechanically and thermodynamically stable, which can be useful in a variety of electronic

device applications.

1. Introduction

Chalcogenides, which are compounds and alloys of sulfur, sele-
nium, and tellurium exhibit remarkable magnetic, electronic,
catalytic, thermal, optical, and superconductivity properties [1].
Their excellent tuning characteristics make them suitable
for use in diodes, lasers, solar cells, transistors, and sensor
materials [2].

Ytterbium has been utilized in filters, glass fibers, stain-
less steel, and lasers [3—7]. It is a stable element that will be
resistant to heat and electrical stress when used as a dopant.
It also enhances the host sample’s mechanical properties,
strength, or efficiency. For instance, when end-pumped through
both fiber ends, a ytterbium-doped large-core fiber laser pro-
duced up to 1 kW of continuous-wave output power with 80%
slope efficiency and good beam quality [8, 9].

The use of ytterbium chalcogenides in nanoelectronic
device applications has attracted considerable attention [10].
Ytterbium, posing a 4f'* 65 electronic structure, and the

electrons fully filled in the 4 f orbit contributes two electrons
of 6 s orbit to combine with sulfur, selenide, and telluride [11].
Due to its use in the improvement of supercapacitors, ytter-
bium sulfide (YDS) is receiving significant attention [12]. In
addition, it has applications as an electrode material [13], and
ternary magnetic material [14]. Selenium nanoparticles have
been shown to have anticancer, antioxidant, antibacterial,
and antibioplastic properties [15]. YbSe (ytterbium selenide)
nanoparticles are highly absorbable in the near-infrared range
and highly photoluminescent. Ytterbium telluride (YbTe) is
also a potential material for the fabrication of heterojunction
diode lasers [16].

So far, neither experimentally nor theoretically have the
structure, electronic, elastic, optical, or thermodynamic prop-
erties of ytterbium chalcogenides been thoroughly described.
Furthermore, there was no comparative analysis of the previ-
ously mentioned characteristics of YbS, YbSe, and YbTe. This
inspired the authors to conduct a thorough investigation into
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the structural, electronic, elastic, optical, and thermodynamic
characteristics of each ytterbium chalcogenide.

2. Computational Methods

The calculations were conducted on the basis of nonspin
polarized DFT (NPPD) as used in the Quantum Espresso
Package to evaluate the structural, electronic, elasticity, opti-
cal, and thermodynamic properties of ytterbium chalcogen-
ides. Quantum Espresso fosters methodological innovation
in the field of electronic structure simulations and provides a
wide and diverse community of end users with highly effi-
cient, robust, and user-friendly software implementing the
most recent innovations in condensed matter physics [17].

Quantum Espresso is a well-liked program for calculating
materials’ and molecules density functional theory (DFT).
While it has some benefits and drawbacks that might make
it a better fit for some applications, it is not always superior to
other DFT programs. It is favored over other software because
it is open source and free, allowing anyone to use, after, and
contribute to its development. Additionally, it has a sizable
and vibrant user and development community that offers doc-
umentation and assistance. Some DFT programs, like VASP,
are proprietary and need a license to operate, which could
restrict who can use them.

In this study we have used ultra soft pseudo potentials
which are computationally efficient than the norm conserving
pseudopotential. Moreover, we have employed the general-
ized gradient approximation (GGA) proposed by Perdew,
Burke, and Emzerhof (PBE) for the exchange and correlations
of electrons. Because, the PBE performs well in describing a
wide range of properties, including structural, electronic, and
elastic properties, it has been widely used in DFT calculations
for a variety of systems. It is renowned for accurately describ-
ing bond lengths, vibrational frequencies, and molecular
geometries. It is also very good at simulating the behavior of
solids and compounds containing transition metals [18].

The convergence in DFT calculations tests the total energy
of an equilibrium cell to obtain energy cutoff and k-point
values that achieve an error level in total energy less than
0.001 eV/atom.

In this study, the convergence test for YbX (X =S, Se, and
Te) was performed by computing total energy as a function
of energy cutoff, k-point, and lattice parameter consecutively.
The convergence test of total energy against the energy cutoff
is made with an increase in the energy cutoff by 5Ry in the
range of 30-100 Ry (in the experimental range). In the cal-
culation, while varying the energy cutoff from 60 to 65 Ry in
the input file, a change in total energy of 0.001 eV/atom was
observed in all ytterbium chalcogenides. Thus, the energy
cutoff 65 Ry is the value at which each ytterbium attains a
stable equilibrium.

After fixing the optimal value of energy cutoff, we per-
formed the calculation for k-point optimization. The total
energy of YbX (X =S, Se, and Te) was calculated using vari-
ous sets of k-points ranging from 1 X 1x 1 to 10X 10X 10 to
ensure the accuracy of the calculation. The optimized k-point
was achieved at 5% 5 X 5 k-point for YbS, YbSe, and at 6 X 6

Advances in Condensed Matter Physics

X 6 k-point for YbTe, respectively. Furthermore, computa-
tions of the optimized lattice parameter were employed by
inserting the respective optimized energy cutoft and k-points
in the input file. The self-consistent calculations of total energy
with different values of lattice parameters were performed
from 9.6 to 12.0 Bohr for YbS, from 10.0 to 12.0 Bohr for
YbSe, and from 10.0 to 13.0 Bohr for YbTe, respectively.
Finally, the calculated optimized energy cutoff, k-point and
lattice parameter were used in the input file for subsequent
computations of electronic, elastic, optical, and thermody-
namic properties of ytterbium chalcogenides.

In this study, we have used a thermo_pw software linked
with Quantum Espresso to calculate the mechanical, thermo-
dynamic, and optical properties of ytterbium chalcogenides.
Accordingly, we used what = “scf_elastic_constants”, what =
“scf_disp”, and what = “scf_ph” in the what variable control
input file of thermo_pw software for the calculation of mechan-
ical, thermodynamic, and optical property, respectively. Finally,
the respective output files output_el_cons.dat, output_therm.
gl.ps and output_epsilon.ps for the mechanical, thermody-
namic, and optical properties were plotted using origin soft-
ware and discussed.

3. Result and Discussions

3.1. Lattice Parameter Optimization of Ytterbium Chalcogenides.
YbS, YbSe, and YbTe crystallize in the cubic Fm-3m space
group of rock salt structure [16, 19, 20]. Figure 1(a)-1(c) pre-
sents the plot of total energy of ytterbium chalcogenides as a
function of lattice parameter. Table 1 depicts the lattice
parameter of ytterbium chalcogenides calculated using GGA-
PBE approximation. The calculated lattice parameters that
minimizes the DFT of total energy are 10.6 Bohr (5.6 A) for
YbS, 10.7 Bohr (5.66 A) for YbSe, and 11.6 Bohr (6.136 A) for
YbTe, respectively. These voalues are consistent witoh literature
data for YbS (5.693-5.86) A [19, 22], YbSe 5.879 A [20], and
for YbTe 6.357 A [16].

3.2. Electronic Properties of Ytterbium Chalcogenides

3.2.1. Density of States (DOS). The DOS is defined as the
number of states per unit energy range available for the par-
ticles to be occupied. The DOS provides numerical informa-
tion on the states that are available at each energy level. The
value of zero DOS indicates that there are no available states
for occupation in an energetic level. The results of DOS of
YbX (X=S§, Se, and Te) help to further elaborate the nature of
the band gap as shown in Figure 2(a)—2(c).

The DOS is discontinuous for the width between the top
of the valence band and the bottom of the conduction band,
which is typically the ytterbium chalcogenides band gap as
illustrated in Figure 2(a)—2(c). This energy band gap width
is largest for YbTe than YbSe and YbS, respectively. This
demonstrates once more that YbTe has a largest energy
band gap than YbSe and YbS, respectively.

Figure 3(a)—3(c) depicts the partial and total DOS of
ytterbium chalcogenides. The maximum total DOS about
2.5eV is formed from the contribution of ytterbium 4 f and
chalcogenides (S, Se, Te) 3 p states.
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TasLE 1: Lattice parameters of ytterbium chalcogenides.
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FiGure 2: Total density of states: (a) YbS, (b) YbSe, and (c) YbTe.

3.2.2. Band Structure of Ytterbium Chalcogenides. The band
structure of solid is helpful to determine different electronic
properties of solid. It contains the basic ingredients to almost
all the crystal properties. Since the atoms in a solid are closely
packed, the interaction between them [7] perturbed the ini-
tial atomic levels when a large number of atoms are brought
together. The electronic band diagram of YbX (X=S§, Se, and

Te) were computed using GGA-PBE exchange-correlation
functional along high-symmetry axes of the Brillion zone
as shown in Figure 4(a)—4(c).

As it can be seen from Figure 4(a)—4(c), the valance
bands are separated from the conduction band gap value of
1.14 and 1.32, and 1.48 eV for YbS, YbSe, and YbTe, respec-
tively. These are consistent with the previously reported
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FIGURE 3: Partial and total density of states: (a) YbS, (b) YbSe, and (c) YbTe.
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FIGURE 4: Band structure of (a) YbS, (b) YbSe, and (c) YbTe.

TasLE 2: Band gap energy of ytterbium chalcogenides.

Band gap energy

Compound .

Present study Experimental
YbS 1.14eV 1.1eV [23]
YbSe 132eV 1.35-1.45¢eV [23]
YbTe 148 eV 1.7-1.75eV [23]

values 1.1 eV for YbS, 1.35-1.45¢eV for YbSe, and 1.7-1.75eV
for YbTe [23]. The energy band gap of ytterbium chalcogen-
ides computed is below 3 eV, which classifies them as semi-
conductor materials. Therefore, they are promising candidate
in photovoltaic, photochemical, and laser diode applications
[24]. Table 2 presents the band gap energy of ytterbium chal-
cogenides computed using GGA-PBE approximation.

3.3. Elastic Properties of Ytterbium Chalcogenides. In order to
choose a material for engineering applications, it is impor-
tant to consider a material’s mechanical properties, such as
stability, stiffness, brittleness, and ductility [25]. Elastic con-
stants are fundamental and essential for describing the
mechanical properties of materials. The bulk modulus (B),
Shear modulus (G), Young’s modulus (E), and Poisson’s
ratio (n) of the material can all be calculated using these
methods. The strain response of a body to hydrostatic stress,
which involves a change in volume without a change in shape
is described by the bulk modulus. The body’s strain response
to torsional or shear stress is related to the shear modulus. It
entails a change in shape without affecting volume. The stiff-
ness of an isotropic elastic material is measured by the
Young’s modulus, also referred to as the tensile modulus.
In elastic regime, it is defined as the ratio of the uniaxial
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TasLE 3: Elastic constants of ytterbium chalcogenides.
Cll (GPa) C12 (GPa) C44 (GPa)
Compound ] i )
Present study ~ Experimental report ~ Present study  Experimental report ~ Present study  Experimental report
YbS 133.419 115+1 10.2447 36 £2 31.458 26£1
YbSe 113.436 116.6 6.349 12 25.793 22.8
YbTe 90.438 93.6 6.105 6.7 17.504 16.3
Experimental report [27].
TasLE 4: Mechanical parameters of ytterbium chalcogenides.
) Compound
Mechanical property Reference
YbS YbSe YbTe
51.30 42.04 34.21 P t stud
Bulk modulus (GPa) res<'en stucy
74 +5 61+5 46 +5 Experiment [23]
97.66 81.61 60.44 P t stud
Young’s modulus (GPa) res<‘3n stucy
97.83 92.73 113.75 Experiment [27]
41.31 34.71 25.11 P t stud
Shear modulus (GPa) rescﬂen study
31 27.16 34.48 Experiment [27]
Poi 'S rati 0.18 0.17 0.20 Present study
oisson’s ratio
0.23 0.18 0.09 Experiment [27]
Debye sound velocity (m/s) 2611.18 2249.85 1926.92 —
Debye temperature (K) 270.62 226.43 181.60 —

stress over the uniaxial strain. Poisson’s ratio is the ratio of
the longitudinal extension to the transverse compression
[26]. Many fundamental solid properties, including thermal
conductivity and sound velocity, are closely related to elastic
properties. The elastic constants Cj; of ytterbium chalcogen-
ides compounds are given in Table 3.

As it can be seen from Tables 3 and 4, the criteria of
mechanical stability in the cubic crystals which is given by
(Ci15<B<Cpy); (C11—Ci2) > 05 (C1; +2C5) > 05 and Cyy >0
is fulfilled for each of ytterbium chalcogenides. The values of
Ci1, Cyy, and Cyy are greatest for YbS than YbSe and YbTe,
respectively. These values are consistent with the previous
reported literature [27].

Table 4. depicts the value of bulk modulus, shear modu-
lus, Young’s modulus, Poisson’s ratio, Debye sound velocity,
and Debye Temperature of YbX (X =S§, Se, and Te) obtained
with PBE calculation in the Voigt-Reus-Hill average approx-
imations model. Moreover, the bulk modulus of YbS, YbSe,
and YbTe found with PBE computations are 51.30, 42.04,
and 34.21 GPa, respectively, and are consistent with the lit-
erature values [23]. The values of bulk modulus of ytterbium
chalcogenides decreases along the group from sulfur to tel-
luride. This indicates that YbTe is least affected by hydro-
static stress than YbSe and YbS, respectively. Moreover, the
value of Young’s modulus of YbS, YbSe, and YbTe calculated
with PBE are 97.66, 81.61, and 60.44 GPa, respectively. The
value of shear modulus of YbS, YbSe, and YbTe found using
PBE approximation is 41.31, 34.71, and 25.11 GPa, respectively.

A material is characterized as ductile when the Poisson’s
ratio value is (n~1) and as brittle materials when (n <%)

[28]. Table 4 illustrates that the computed Poisson’s ratio for
YbS, YbSe, and YbTe fails within the range of 0.17-0.2, indi-
cating that ytterbium chalcogenides are brittle materials. This
value is inline with the previously reported Poisson’s ratio
value of of ytterbium based compounds which is 0.09-0.27
[26,27]. Because of this cracking susceptibility, ytterbium chal-
cogenides may not be used in applications where mechanical
stress is a concern. Consequently, the best approach to mitigate
this disadvantage is to co-dope with suitable elements that
have superior elasticity qualities.

Mechanical properties and the lattice parameter are closely
related because the configuration of atoms in the crystal lattice
influences the material’s response to outside forces. A higher
lattice value may result in a more ductile material, whereas a
lower lattice parameter may result in a material that is more
resistant to deformation [29].

Correlating Tables 1 and 4, YbTe’s ductile property is
greater than YbSe’s and YbS’s ductile properties, respectively,
since its lattice parameter (6.136 A) is greater than those of
YbSe (5.66 A) and YbS (5.6 A). This is almost supported by
the greatest Posson’s ratio values of YbTe (0.2) than that of
YbSe (0.17) and YbS (0.18).

The Debye sound velocity of YbS, YbSe, and YbTe calcu-
lated with PBE approximations are 2611.18, 2249.85, and
1926.92 m/s, respectively. Moreover, the Debye temperature
value of YbS, YbSe, and YbTe calculated by PBE are 270.62,
226.43, and 181.60 K, respectively. The result of elastic prop-
erty investigation confirms that ytterbium chalcogenides are
mechanically stable and are useful in different electronic
device applications.



3.4. Optical Properties of Ytterbium Chalcogenides. The
dielectric function describes the optical properties and pro-
vides the linear response of the electronic system to the
applied external electric field. The dielectric function can
be written with Equation (1) as [30]:

e(w) = &)(w) + igy(w), (1)

where the real part £;(w) and the imaginary &,(w) dielectric
functions, respectively, the dispersion and the absorption
of the electromagnetic radiation by the medium which it
crosses. &;(w) spectrum is calculated by summing the electric
dipole operator matrix elements between the occupied and
unoccupied wave functions over the Brillouin zone while
respecting the selection rules.

The real part of the dielectric €, is associated with the
polarization of the dielectric material in response to the
incoming electric feld. It is associated with the polarization
using Kramers—Kronig relations by P = [E,(w)(e; — 1)|E(®)
[31].

2 [oae(w)do
gl(a)):1+7_rp/0 ﬁ» (2)

m?w

£x(w) = (4”262) s [ IMIRQ - £)5(E - E - o) dk,
ij
(3)

where P is the value of the integral; M is a dipole matrix; i and
j are the initial and final states, respectively; f; is the Fermi
distribution function for the initial state; E; is the energy of
an electron in the initial state; and w is the frequency of the
photon.

The refractive index (n), extinction coefficient (), reflec-
tivity (R), and absorption («) are calculated using the follow-
ing equations [32]:

n(w) = , (4)

k(w) = NG , (5)
_ -1+
R(w) - ( i 1)2 + 27 (6)

a(0) = V(o) [Va@) + &) - @) ()

Figure 5 shows the real part ¢, (@) of the dielectric func-
tion for ytterbium chalcogenides computed by PBE which is
equivalent to Kramers—Kronig transformation.

The maximum peak of ¢, (w) is observed at about 4.46,
4.00, and 3.33 eV for YbS, YbSe, and YbTe, respectively. Up
to the photon energy of 5.33 eV, the real dielectric function
of YbTe dominates that of YbSe and YbS, respectively.

Advances in Condensed Matter Physics

0 5 10 15 20 25
w (eV)

— YbS
—— YbSe

—— YbTe
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FiGURE 6: Imaginary dielectric function of ytterbium chalcogenides.

However, with further increase in photon energy, the real
dielectric function of YbS dominates that of YbSe and YbTe,
respectively. As it can be seen from Figure 5, the real dielec-
tric function of ytterbium chalcogenides is negative for
some frequency ranges. This is attributed to the plasmonic
response of delocalized electrons within the materials and
can be modulated by it [33]. This demonstrates their addi-
tional potential for unique optical and microwave applica-
tions such as microwave circuits, optical switches, and
modulators, antenna components, in electromagnetic inter-
eference shielding and coil-less electric inductors [34].
Figure 6 illustrates the imaginary dielectric function of
ytterbium chalcogenides computed in the energy range of
0-25eV. The calculated &, curve in Figure 6 shows first
absorption peak at about 5.2, 4.66, and 3.93eV for YbS,
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—— YbS
—— YbSe

FIGURE 7: Index of refraction of ytterbium chalcogenides.

YbSe, and YbTe, respectively. The second peak is situated at
about 6.66, 6.13, and 5.4 eV for YbS, YbSe, and YbTe, respec-
tively. Furthermore, the third peak is obtained at 8.06, 7.13,
and 6.4 eV for YbS, YbSe, and YbTe, respectively. As can bee
seen from Figure 6, the existence of peaks decreases with
increase in photon energy. This demonstrates that ytterbium
chalcogenides are good absorber of light in the low-energy
region and poor absorber in higher energy values.

Figure 7. presents the refractive index of ytterbium chal-
cogenides computed with DFT in the energy range of 0-25¢eV.

As it can be seen form Figure 7, the initial value of refrac-
tive index (n,) obtained for YbS, YbSe, and YbTe are 3.48,
3.3, and 3.33, respectively. Then it decreases with increase in
photon energy and attains a maxima 2.48 at 4.5eV, 3.04 at
4.64eV,and 3.31 at 3.43 eV for YbS, YbSe, and YbTe, respec-
tively. With further increase in photon energy beyond 6.16
eV, the refractive index of YbS dominates that of YbSe and
YbTe, respectively. No specific values for the index of refrac-
tion of YbS, YbSe, and YbTe were reported in literature.

Figure 8 depicts the extinction coefficient of YbX (X=S§,
Se, and Te). The maximum peak was observed at 2.53 at
8.12eV, 2.46 at 7.65¢eV, and 3.05 at 6.64¢eV for YbS, YbSe,
and YbTe respectively. Above, photon energy of 7.26 V, the
extinction coefficient of YbTe is dominated by YbS and YbSe,
respectively.

Figure 9 presents the frequency dependent reflectivity of
ytterbium chalcogenides. As depicted from Figure 9, the
reflectivity of all ytterbium chalcogenides does not reach
unity when the photon frequency tends toward zero. This
indicates that these materials are transmitting incident radia-
tions for frequencies less than their energy band gap. And,
also these compounds behave as semiconductors. Figure 9
depicts that the reflectivity of YbTe dominates that of YbSe
and YbS in the photon energy range of 0.78-11.58 eV.

Figure 10 presents computational absorption spectra of
ytterbium chalcogenides in the energy range of 0—25 eV. The
maximum absorption peaks of YbS, YbSe, and YbTe are

35
3.0

25

1.5

1.0

0.0 T T T T

— YbS
—— YbSe

FiGure 8: Extinction coefficient k of ytterbium chalcogenides.

Reflectivity (w)

w (eV)

—— YbS
—— YbSe

— YbTe

FIGURE 9: Reflectivity of ytterbium chalcogenides.

found at 9.58, 9.09, and 6.73 eV, respectively. As the photon
frequency increases beyond 9.58 eV, the absorption coeffi-
cient of YbS dominates that of YbSe and YbTe, respectively.
Figure 10 also depicts that the highest absorption coefficient
peak was found for YbS than that of YbSe and YbTe, respec-
tively. The optical data of ytterbium chalcogenides are not
found in the literature, and we hope that our calculations will
motivate further experimental efforts on this materials.

3.5. Thermodynamic Properties of Ytterbium Chalcogenides.
The thermodynamic properties have a direct influence on
their phononic characteristics due to the fact that they
exhibit a quantum energy of elastic strain [35]. Basically,
the thermal properties of materials are based on the way
they vibrate, which is called lattice vibrations, and the way
lattice mechanics works [36]. The phonon dispersion
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FIGURE 10: Absorption coefficient of ytterbium chalcogenides.

relation w;(g) describes how the phonons of mode are ener-
getically dispersed within the Brillouin zone with respect to
the wave vector. Phonons in solid materials are directly
related to their thermodynamic properties. The phonon den-
sity of states can be calculated from the phonon dispersion
relation. The thermodynamic lattice function is then calcu-
lated from the phonon density of states. The phonon den-
sity of states per crystal unit cell can be calculated using
Equation (8) as [37]:

g(0) = 3 250~ u(q). ®)

where N is number of atoms in the unit cell.

Thermodynamic quantities such as lattice vibration
energy and specific heat can be determined by phonon cal-
culations using the quasi-harmonic approximation (QHA).
Thermodynamic functions such as internal energy AE,
Helmholtz-free energy AF = AE — TS, specific heat capacity
C, at constant volume, and entropy S at temperature T are
given by Equations (9-12) [38]:

00 ) hw
AF = 3NkﬁT/o g(w)ln{Z sin hw}dw, (9)

no oo ho
AE =3N— h| ——=|d
3 2/0 wg(w)cot <2kﬂT> w, (10)

oF 00 ha \? ,( ho
CV _ﬁ = 3Nkﬂ/o g(a)) (m) csc h (m) da),

(11)
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In this part, the thermodynamic properties such as
Helmholtz-free energy (F), entropy (S), and constant volu-
metric specific heat of YbX (X=S§, Se, and Te) were calcu-
lated using PBE approximation.

Figure 11 shows the temperature dependence of the
Helmbholtz-free energy (F) of of YbX (X =S, Se, and Te) calcu-
lated by PBE approximation. It can be seen from Figure 11, a
nonlinear decrease of a Helmholtz-free energy is observed with
the rise of temperature. The zero-temperature Helmholtz-free
energy obtained using PBE computation are 5.0, 4.5, and 4.0
Joules for YbS, YbSe, and YbTe, respectively.

Figure 12 shows that the temperature dependence of the
entropy of YbX (X=S, Se, and Te) calculated using PBE
approximation. The entropy of YbX (X=S§, Se, and Te) com-
puted by PBE goes to zero at 0 K. The thermal disturbance
enhances the disorder with increasing temperature in the
system results in entropy increase as shown in Figure 12.
The plot shows that the entropy increases with increasing
temperature, mostly for YbTe than for YbSe and YbS,
respectively.

At low temperatures, the well-known Debye model pro-
vides a simple yet successful one parameter model to
describe the heat capacity. For the phonon contribution,
the low temperature limit of the heat capacity reduces to
Equation (13) as follows:

12 3
C:—ﬂ'SNAkB (_) N (13)
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where N, is Avogadro’s number, @, is the Debye tempera-
ture, kg and T are the same as defined above, and C=C, ~
C,. Thus, at sufficiently low T, Cvaries as T°, and a plot of C/T
against T° will be a straight line.

Heat capacity is an important parameter for studying ther-
modynamics in chemical engineering. It reflects the ability of a
substance to absorb or release heat without changing phase.

Figure 13 illustrates constant volume specific heat C, of
YbX (X=S§, Se, and Te) as a function of temperature. It is a
common pattern that at very low temperatures, the C, of all
ytterbium chalcogenides is strongly dependent on tempera-
ture and follows the Debye model, which is proportional to
T°. When the temperature is higher, the classic Dulong—Petit
law is followed and C, does not depend as much on the
temperature [25].

As shown in the inset of Figure 13, there is no indication
of magnetic or electronic contributions to the heat capacity
in this study. Using the simple Debye model, the Debye
temperature (@p) was calculated to be 270.62, 226.43, and
181K for YbS, YbSe, and YbTe, respectively. At respective
Debye temperature(@p), the calculated C, values for YbS,
YbSe, and YbTe are 45.0, 49.5, and 50.0 Jmol 'K}, respec-
tively. The Debye temperature of YbS is in better agreement
with the previously reported experimental value 277 K [11].
The constant volume specific heat capacity of YbTe mostly
increases with temperature as compared to YbSe and YbS.
This is a result of the difference in phonon vibration with
temperature in these chalcogenides. The result of thermody-
namic properties were not compared due to the unavailabil-
ity of the experimental results.

4. Conclusion

First-principle density functional theory was employed to
study the structural stability, electronic properties, and opti-
cal and thermodynamic stability of ytterbium chalcogenides.
The investigation of electronic property shows, ytterbium
chalcogenides have a low band gap and are potential candi-
date for photovoltaic and laser diode applications. Moreover,
from the optical property result, the negative value of real
dielectric function of ytterbium chalcogenides for some fre-
quency ranges confirmed that they have additional extra
applications in microwave circuits, optical switches, and
modulators. Furthermore, the thermodynamic properties,
such as the free energy, entropy, and specific heat capacity
result confirm ytterbium chalcogenides are thermodynami-
cally stable and can be useful in different electronic applications.
The thermodynamic properties of ytterbium chalcogenides were
not compared due to the unavailability of the experimental
values.
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