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ABSTRACT
The structural, electronic, vibrational, optical, and thermodynamic properties of yttrium hydrogen chalcogenides (YHS, YHSe,

and YHTe) are systematically investigated using first-principles density functional theory (DFT), with phonon and thermody-

namic properties determined using Phonopy calculations. All compounds are dynamically stable, exhibiting progressive lattice

expansion from YHS to YHTe due to increasing chalcogen atomic size. Additionally chalcogen substitution effectively tunes the

electronic structure by modulating the band gap and density of states (DOS) through enhanced hybridization between Y-d and

chalcogen-p orbitals. Spin–orbit coupling (SOC) introduces subtle yet non-negligible modifications, with stronger effects observed

for heavier chalcogens Te-based systems. The band gaps show slight SOC-induced variations, changing from 1.6385 to 1.6472 eV

for YHS, 1.5152 to 1.5172 eV for YHSe, and from 1.52 to 1.42 eV for YHTe, reflecting enhanced relativistic effects in Te-based

systems. YHS and YHSe retain indirect band gaps semiconductor, whereas YHTe exhibits a robust direct band gap semiconductor.

Phonon dispersion confirms dynamical stability and reveals systematic softening of vibrational modes from YHS to YHTe,

attributed to increased atomic mass and reduced interatomic force constants. This behavior correlates with enhanced electronic

polarizability and modified bonding. Optical properties exhibit a red shift in the absorption edge with increased dielectric

response. Thermodynamic analysis shows that entropy and specific heat increase with temperature, while Helmholtz free energy

decreases and becomes more negative from YHS to YHTe, indicating improved thermodynamic stability. These findings highlight

yttrium hydrogen chalcogenide compounds as promising tunable materials for optoelectronic and energy applications.

1 | Introduction

Chalcogen elements, including oxygen (O), sulfur (S), selenium
(Se), tellurium (Te), and polonium (Po), are members of group

16 of the periodic table and are characterized by an outer elec-

tronic configuration of nS2np4. Owing to their distinctive chemical

flexibility, these elements participate in the formation of a broad
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range of compounds, such as oxides, sulfides, selenides, and tell-
urides, which are widely recognized as important ore-forming
materials [1]. Their exceptional ability to establish diverse chemi-
cal bonds and generate various compound structures makes them
highly significant in materials science. According to periodic
trends, the physicochemical characteristics of chalcogen elements
are governed by their atomic structures and evolve systematically
with increasing atomic numbers rather than occurring randomly.
The unique chemical behavior of chalcogens has enabled the
development of numerous technologically important materials
with applications across various fields [2]. A key feature of chalco-
gen-based compounds is their capacity to exhibit multiple bonding
configurations and oxidation states, providing opportunities to tai-
lor their structural, electronic, optical, and thermal characteristics
for specific applications [3]. Furthermore, recent progress in
computational materials science has demonstrated that chalco-
gen-containingmaterials offer significant potential for engineering
advanced multifunctional systems by precisely controlling their
electronic structures and related physical properties through
first-principles theoretical approaches [4]. In recent years, chalco-
genide-based materials have gained considerable research interest
owing to their distinctive physicochemical characteristics and
broad potential in advanced technological fields, such as photovol-
taic systems, thermoelectric devices, phase-change memory tech-
nologies, optoelectronics, and superconducting applications.
Selenium- and tellurium-containing compounds have demon-
strated promising capabilities for use in semiconductor compo-
nents, transistor technologies, and radiation detection devices
[5]. Recent review articles have further highlighted the outstand-
ing potential of chalcogenide materials for energy conversion
applications, especially in thermoelectric and photovoltaic tech-
nologies, as a result of their tunable electronic structures, efficient
charge transport properties, and strong optical absorption behav-
ior [4]. Moreover, their covalent bonding characteristics, moderate
band gap energies, and high optical absorption coefficients con-
tribute to their suitability for a variety of energy-related and elec-
tronic device applications [6].

Importantly, the properties of these materials are highly sensitive
to compositional modifications, especially through chalcogen
substitution, which provides an effective strategy for tailoring
the material performance. Chalcogen substitution involves repla-
cing one chalcogen atom with another, leading to systematic
variations in the atomic size, electronegativity, and polarizability
[7]. These changes directly influence lattice parameters, bonding
characteristics, and the electronic structure. For example, substi-
tution from lighter to heavier chalcogens typically results in lat-
tice expansion and enhanced spin–orbit coupling (SOC), which
significantly affects the band structure and optical response [6, 7].
Recent first-principles studies have demonstrated that chalcogen
substitution can significantly modify band dispersion, density of
states (DOS), and carrier effective mass, thereby enabling precise
tuning of electronic properties [8].

From an electronic perspective, chalcogen substitution can effec-
tively tune the band gap and carrier transport properties. For
instance, selenium substitution has been reported to enhance
charge delocalization and electrical conductivity in conjugated
systems, thereby improving the thermoelectric performance [9].
Furthermore, advanced studies have shown that substitution-
induced orbital hybridization plays a crucial role in enhancing

charge transport and optimizing thermoelectric efficiency [8].
Moreover, the substitution process can introduce localized states
or alter hybridization between orbitals, leading to significant
modifications in the DOS and optical transitions.

In addition to electronic and structural effects, chalcogen substi-
tution strongly influences phonon dynamics and thermal prop-
erties. The variation in atomic mass and bonding strength affects
phonon dispersion and lattice vibrations, which are critical for
thermal conductivity and superconductivity. For example, dop-
ing or substitution in chalcogenide glasses alters crystallization
kinetics and activation energies, demonstrating the sensitivity of
thermal behavior to compositional changes [5].

Recent investigations reveal that mass fluctuation and lattice dis-
order induced by chalcogen substitution significantly reduce the
lattice thermal conductivity by enhancing phonon scattering
mechanisms [8]. Such phonon engineering strategies are essential
for improving the thermoelectric performance and controlling
heat transport in advanced functional materials. Overall, chalco-
gen substitution has emerged as a powerful and versatile approach
for engineering advanced functional materials. By systematically
varying the chalcogen species, it is possible to achieve precise
control over structural, electronic, optical, and thermal properties,
enabling the optimization of materials for next-generation techno-
logical applications. Consequently, state-of-the-art first-principles
calculations combined with materials informatics are increasingly
used to predict and design high-performance chalcogenide sys-
tems with tailored functionalities [4, 8]. Despite the growing inter-
est in chalcogenide-based materials, systematic studies of yttrium
hydrogen chalcogenides remain scarce. Existing investigations
have primarily focused on individual compounds or specific exter-
nal effects such as pressure and doping, while the influence of
varying the chalcogen species across the YHX (X= S, Se, and Te)
series has received limited attention [10]. Since the chalcogen
atom plays a crucial role in determining bonding characteristics,
electronic structure, optical response, and lattice dynamics, a com-
parative investigation of the YHX series is essential for under-
standing composition property relationships. Such knowledge is
important for assessing the suitability of these materials for appli-
cations in optoelectronic, thermoelectric, and energy-conversion
devices [11–13].

Although previous studies have extensively explored the effects
of pressure and elemental doping on YHSe and related materials,
systematic investigations of chalcogen substitution across the
series YHX (X= S, Se, and Te) remain limited. Understanding
how such substitutions affect structural stability, electronic
band characteristics, phonon dispersion, and thermal conductiv-
ity is essential for the rational design of advanced functional
materials. In this work, we employ first-principles calculations
to systematically investigate the influence of the chalcogen anion
on the structural, electronic, phonon, optical, and thermal prop-
erties of YHX (X= S, Se, and Te). By varying the substituting
element (S, Se, and Te), we aim to reveal the underlying mechan-
isms governing property modulation. The outcomes of this study
are expected to provide valuable insights into chalcogenide mate-
rial engineering and contribute to the development of next-gen-
eration materials for energy and electronic applications.
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2 | Theoretical Background and
Computational Details

2.1 | Theoretical Background

The Kramers–Kronig relations describe the fundamental connec-
tion between the real and imaginary parts of a complex response
function, such as the dielectric function. They are based on the
principle of causality and allow one part to be determined from
the other through integral transformations over frequency [14].

ε ωð Þ ¼ ε1 ωð Þ þ iε2 ωð Þ: ð1Þ

The real part of the dielectric function, ε1(ω), is obtained from the
Kramers–Kronig relations, which establish a connection between
the real and imaginary components of a frequency-dependent
response function.

ε1 ¼ 1þ 2p
π

Z 1

0

ω0
 ε2 ωð Þ dω0

ω02
− ω2 ; ð2Þ

where p represents the Cauchy principal value,ω is the frequency
of incident radiation, ω′ represents a variable of integration over
the entire frequency range of the material’s response, and ε2ðωÞ: is
the complex component of the dielectric function, defined as
follows:

ε2 ωð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
m2ω2

4e2π2

r
∑
n

Z 1

0
υ  Mj j c2fn 1 − fnð Þδ EC − EV − Enð Þ d3k:

ð3Þ

The parameters e, ω, m, c, υ, M, and k denote the elementary
charge, the frequency of the incident radiation, the electron rest
mass, the speed of light, the single-particle velocity operator, the
dipole matrix elements, and the momentum vector, respectively.
The term fn represents the Fermi–Dirac distribution for the nth

state.

The function δ(EC−EV−En) corresponds to the Dirac delta func-
tion, evaluated at the energy difference between the conduction
band edge, valence band edge, and a specific electron-state
energy. Here, EC, EV, and En refer to the conduction band mini-
mum (CBM), valence band maximum (VBM), and the energy of
the electron state, respectively. Equation (3) describes the aver-
age electronic transitions from occupied valence band states to
unoccupied conduction band states at a fixed k-point integrated
over the Brillouin zone. A detailed understanding of both the real
and imaginary parts of the dielectric function enables the evalu-
ation of key optical properties such as the refractive index n(ω),
absorption coefficient, reflectivity, extinction coefficient, electron
energy loss function (ELF), and optical conductivity. Further-
more, the real and imaginary components of the dielectric func-
tion are directly used to determine the real part of the refractive
index, n(ω) as follows:

n ωð Þ ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21 þ ε22

q
þ ε1

r
: ð4Þ

The imaginary part of the refractive index, κ(ω), can be expressed
in terms of the dielectric function components as follows:

κ ωð Þ ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε21 þ ε22

q
− ε1

r
: ð5Þ

The photon frequency, ω, which governs the material’s absorp-
tion, is related to the absorption coefficient, α(ω), and can be
expressed as follows:

α ωð Þ ¼ ffiffiffiffiffiffi
2ω

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21 þ ε22

p
− ε1

q
: ð6Þ

The electron ELF, L(ω), which describes the energy lost by fast
electrons traversing a material, is expressed in terms of the dielec-
tric function as follows:

L ωð Þ ¼ ε2 ωð Þ
ε21 ωð Þ þ ε22 ωð Þ : ð7Þ

2.2 | Computational Details

All calculations were carried out using density functional theory
(DFT) as implemented in the Quantum ESPRESSO package [15],
combined with the Phonopy code for phonon dispersion and
thermal property calculations [16]. A plane-wave basis set was
employed with a kinetic energy cutoff of 120Ry, and the Bril-
louin zone was sampled using a 12× 12× 12 Monkhorst–Pack k-
point mesh after careful convergence testing. Structural optimi-
zation was performed using the Broyden–Fletcher–Gold-
farb–Shanno (BFGS) algorithm until the total energy, atomic
forces, and stresses were minimized within predefined conver-
gence thresholds. The exchange–correlation interactions were
treated using the generalized gradient approximation in the Per-
dew–Burke–Ernzerhof (PBE) functional [17]. SOC effects were
included to account for relativistic interactions, particularly for
systems containing heavier chalcogen elements, Te. The SOC
calculations were performed within a fully relativistic, noncollin-
ear framework, providing a more accurate description of the
electronic band structure [18, 19]. Electronic and optical proper-
ties were calculated based on the converged ground-state struc-
ture, where the frequency-dependent dielectric function was
obtained within the framework of the linear response theory. A
denser k-point mesh was used for the accurate evaluation of the
electronic DOS and optical spectra. All calculations were per-
formed within a non-spin-polarized framework, assuming non-
magnetic ground states for all compounds.

3 | Results and Discussion

3.1 | Structural Properties

The optimized lattice parameters of the YHX (X= S, Se, and Te)
compounds exhibit a clear and systematic dependance on chal-
cogen substitution. Figure 1 presents the optimized crystal struc-
tures of (a) YHS, (b) YHSe, and (c) YHTe, illustrating the
structural evolution with chalcogen substitution. YHS crystal-
lizes with optimized lattice constants of a= b= 3.73Å and
c= 3.72Å. Upon substituting S with Se, the lattice expands to
a= b= 3.81Å and c= 3.87Å for YHSe, in good agreement with
the corresponding experimental values of a= 3.83Å and c=
3.88Å [10]. Further substitution with Te results in a larger unit
cell, with optimized lattice constants a= b= 3.97Å and c= 4.19Å
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for YHTe. This systematic increase in the lattice parameters from
YHS to YHTe is attributed to the progressive increase in the ionic
(or covalent) radius of the chalcogen atom, which weakens the
Y–X bonding and leads to lattice expansion. This trend is consis-
tent with previous reports on transition metal dichalcogenides
[7]. Moreover, the calculated bond angles and bond lengths vary
systematically with chalcogen substitution. The Y–S–Y bond
angle is 81.65°, which increases to 82.81° for Y–Se–Y and further
to 84.78° for Y–Te–Y. The Y–S, Y–Se, and Y–Te bond lengths are
2.84, 2.93, and 3.11Å respectively, reflecting the increasing
atomic radius of the chalcogen atoms. The Y–H bond length
remains nearly constant at 2.15Å for YHS and YHSe, while it
increases slightly to 2.29Å for YHTe. Furthermore, the S–Y–H,
Se–Y–H, and Te–Y–H bond angles are 67.77°, 67.97°, and 68.30°,
respectively. These structural variations demonstrate the signifi-
cant influence of chalcogen substitution on the geometric char-
acteristics of the YHX compound. This observed behavior is in
good agreement with previous studies reported in the literature
[20]. This monotonic expansion of the lattice is primarily attrib-
uted to the progressive increase in the atomic radius from sulfur
to tellurium. The enlargement of the lattice parameters reflects
the incorporation of heavier and larger chalcogen atoms, which
leads to an increase in interatomic distances. This trend is con-
sistent with the periodic nature of Group 16 elements, where the
atomic size and polarizability increase down the group. As a
result, the crystal structure becomes more expanded and slightly
less rigid when moving from YHS to YHTe, which is in good
agreement with previous studies [20, 21]. A closer examination
of the lattice geometry reveals that while the in-plane parameters
(a= b) increase moderately, the out-of-plane lattice constant (c)
shows a more pronounced increase, particularly for YHTe. This
leads to a gradual increase in the c/a ratio, indicating anisotropic
lattice expansion. Such anisotropy suggests that the bonding
environment along the c-direction is more sensitive to chalcogen
substitution, possibly due to directional differences in the orbital
overlap and bonding character. The increase in lattice volume
across the series also implies a reduction in packing density and
enhanced structural flexibility in YHTe compared to that in YHS.
This behavior can significantly influence other physical proper-
ties, including vibrational dynamics and electronic structure, by
modifying the overlap between atomic orbitals. The systematic
increase in lattice parameters and the c/a ratio reflects the strong
influence of atomic size and bonding characteristics, with YHTe
showing the most expanded and anisotropic structure, whereas
YHS retains a more compact and rigid lattice. This observed

behavior is consistent with previously reported studies on chal-
cogenides [20, 21].

3.2 | Electronic Properties

The electronic band structures of YHS, YHSe, and YHTe reveal
that all three compounds exhibit semiconducting behavior, with
a systematic modulation of the band gap upon chalcogen substi-
tution. Figure 2a–c illustrates the electronic band structures
along with the corresponding projected DOS (PDOS) for the
chalcogen substitution cases. When SOC is included, the calcu-
lated band gaps are 1.6472 eV for YHS, 1.5172 eV for YHSe, and
1.42 eV for YHTe, compared to 1.6385, 1.5152, and 1.52 eV,
respectively, without SOC. This indicates that SOC has a negligi-
ble effect on YHS and YHSe, whereas it induces a noticeable
reduction in the band gap of YHTe due to the stronger relativistic
effects associated with the heavier Te atom. This behavior is in
good agreement with previous studies on chalcogen substitutions
[7, 22]. The overall trend shows that the band gap decreases from
YHS to YHSe, followed by a further reduction in YHTe when the
SOC is considered. This behavior indicates that the electronic
structure is highly sensitive to the atomic size, electronegativity,
and orbital characteristics of the chalcogen atoms. Notably, the
reduction of band gap and an indirect-to-direct band gap semi-
conductor transition is observed, which is in good agreement
with previous studies on the effects of chalcogen substitution
[23]. The observed trend can be attributed to the progressive
enhancement of p-orbital delocalization and increased hybridiza-
tion between the Y-d and X-p (X= S, Se, and Te) states as the
atomic number of the chalcogen increases. The band gap
decreases systematically with heavier chalcogen substitution,
which is in good agreement with previous studies on chalco-
gen-substituted materials [24].

In particular, heavier chalcogen elements such as Te introduce
stronger SOC and lead to broader valence bands, which contrib-
ute to band gap narrowing and enhanced band dispersion. This
trend is in good agreement with previous studies on chalcogen
substitution effects [22]. As shown in Figure 2a–c, the PDOS
indicates that the VBM is predominantly composed of chalcogen
p-states, while the CBM is mainly derived from Y-states. The
substitution from S to Te increases the orbital overlap and
reduces the energy separation between these states, thereby facil-
itating electronic transitions.

(a) (b) (c)

FIGURE 1 | Crystal structures of (a) YHS, (b) YHSe, and (c) YHTe showing the chalcogen substitution effect on the structure.
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Moreover, YHS and YHSe exhibit indirect band gap semiconduc-
tors, while YHTe shows a direct band gap nature. This transition
from an indirect to a direct band gap with increasing chalcogen
atomic number highlights the strong sensitivity of the electronic
structure to chemical substitution. This trend is consistent with
previous studies on chalcogen substitution [23].

3.3 | Phonon Properties

The phonon dispersion curves presented in the figure confirm the
dynamical stability of all three systems (YHS, YHSe, and YHTe) as
no imaginary frequencies are observed throughout the Brillouin
zone. Figure 3a–c presents the phonon dispersion relations along
the high-symmetry directions, together with the corresponding
phonon partial DOS and total phonon DOS (TDOS) for the chal-
cogen-substituted systems. A clear trend is observed with chalco-
gen substitution as we move from YHS to YHTe, and the phonon
frequencies systematically shift toward lower values. This behavior
is primarily attributed to the increase in atomic mass from sulfur
to tellurium, which reduces the vibrational frequencies according
to lattice dynamics principles. This trend is consistent with

previous studies on chalcogen substitution effects [25]. Conse-
quently, YHTe exhibits the softest phonon modes, while YHS
shows relatively higher-frequency vibrations. Additionally, the
phonon band structure reveals a progressive narrowing of the
phonon bandwidth from YHS to YHTe, indicating weaker bond-
ing strength and enhanced lattice softness in heavier chalcogen
systems. Furthermore, the increased phonon density at lower fre-
quencies in YHTe suggests a higher contribution to vibrational
entropy, which is consistent with the observed thermodynamic
trends in this study. The phonon dispersion further supports these
findings by demonstrating a clear mass-dependent softening of
vibrational modes from YHS to YHTe. The absence of imaginary
frequencies confirms dynamical stability, while the shift of pho-
non branches toward lower frequencies in YHTe reflects weaker
interatomic bonding and increased lattice anharmonicity.

3.4 | Optical Properties

3.4.1 | Dielectric Function

From an optical perspective, these phonon-induced structural
and electronic modifications strongly influence the dielectric
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response and related optical parameters. The substitution of
heavier chalcogen atoms leads to enhanced electronic polariz-
ability, which results in an increase in the real part of the dielec-
tric function. At the same time, the imaginary part of the
dielectric function, which represents interband electronic transi-
tions, shows noticeable shifts in peak positions toward lower
photon energies from YHS to YHTe. This red-shift behavior is
directly correlated with the reduction in band gap and the modi-
fication of electronic band dispersion due to chalcogen substitu-
tion. Moreover, the absorption spectra indicate that YHTe
exhibits stronger absorption in the lower-energy (visible) region
than that of YHS and YHSe. This enhanced visible-light absorp-
tion, together with its narrower direct band gap, indicates that
YHTe is a more promising candidate for optoelectronic and pho-
tovoltaic applications. The enhanced optical response in heavier
chalcogen systems can also be linked to stronger SOC effects,
which become more pronounced with the increasing atomic
number. The real part of the dielectric function shows an increas-
ing trend from YHS to YHTe, indicating enhanced electronic
polarizability in heavier chalcogen systems. The real part of the
dielectric function, ε1(ω), exhibits a clear dependance on both

photon energy and chalcogen substitution. Figure 4 shows the
real part of the dielectric function, ε1(ω), as a function of photon
energy for YHS, YHSe, and YHTe, illustrating the effect of chal-
cogen substitution on the optical response and the systematic
enhancement of electronic polarizability with increasing chalco-
gen atomic number.

At zero photon energy (ω= 0 eV), the static dielectric constant
increases systematically from YHS (14.55) to YHSe (16.06) and
further to YHTe (23.28), indicating an enhanced electronic polar-
izability with increasing chalcogen atomic number. This trend is
mainly attributed to the increased lattice constant, stronger
orbital hybridization, and enhanced SOC effects in heavier chal-
cogen systems. The observed increase in both the static (zero-
frequency) dielectric constant and the imaginary part of the
dielectric function with chalcogen substitution is consistent
with previously reported results [20, 23]. The maximum peak
values of the real part of the dielectric function are 42.6 at
2.34 eV for YHS, 46.13 at 2.08 eV for YHSe, and 56.25 at 1.42 eV
for YHTe. The systematic red shift of the peak position from YHS
to YHTe reflects the reduction in band gap and enhanced
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interband transition probability due to chalcogen substitution.
The increase in peak intensity further confirms strengthened
light–matter interaction and improved optical response in
heavier chalcogen-based systems, particularly YHTe, which exhi-
bits the most pronounced dielectric activity. This trend is consis-
tent with previous studies [23].

Figure 5 shows the imaginary part of the dielectric function,
ε2(ω), as a function of photon energy for YHS, YHSe, and
YHTe, illustrating the effect of chalcogen substitution on the
optical response and the systematic enhancement of optical

absorption with increasing chalcogen atomic number. The imag-
inary part of the dielectric function, ε2(ω), exhibits a pronounced
red shift of optical peaks with increasing chalcogen atomic num-
ber, corresponding to reduced interband transition energies due
to band gap narrowing. This behavior is consistent with elec-
tronic band structure analysis and highlights the strong correla-
tion between electronic states and optical transitions. The
magnitude of ε2ðωÞ : also increases systematically with chalcogen
substitution, indicating enhanced optical absorption and stron-
ger interband transition probabilities. The peak values of the
imaginary part of the dielectric function are 42.07 at 2.42 eV for
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FIGURE 4 | Real part of the dielectric function, ε1ðωÞ:, as a function of photon energy for YHS, YHSe, and YHTe, illustrating the effect of chalcogen

substitution on the optical response.
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YHS, 43.81 at 2.13 eV for YHSe, and 56.18 at 1.50 eV for YHTe.
This clear red shift and intensity enhancement confirm that
heavier chalcogen incorporation significantly improves
light–matter interaction, with YHTe exhibiting the strongest
optical response among the studied compounds. This trend is
consistent with previous reports on transition metal dichalcogen-
ides where a systematic red shift in optical absorption is observed
from sulfides to selenide and tellurides due to chalcogen substi-
tution [24].

The absorption spectra further reveal that YHTe exhibits superior
optical absorption in the visible region, whereas YHS shows stron-
ger absorption in the higher energy region. This systematic shift in
the absorption edge is particularly important for optoelectronic
applications as it demonstrates that chalcogen substitution pro-
vides an effective strategy for tailoring the spectral response of
the material. The observed enhancement in absorption intensity
for YHTe can be attributed to increased interband transition prob-
abilities arising from stronger orbital hybridization between Y-d
and chalcogen p states as well as enhanced SOC effects in heavier
chalcogen elements. Consequently, these results highlight the
strong tunability of optical properties in YHX compounds through
controlled chalcogen substitution, enabling targeted optimization
for optoelectronic and energy-related applications.

Another critical aspect is the role of SOC, which becomes increas-
ingly significant from S to Te due to the increasing atomic num-
ber. SOC induces noticeable band splitting near high-symmetry
points and modifies the band curvature, thereby influencing the
effective masses of charge carriers. This effect is particularly pro-
nounced in YHTe, where the stronger relativistic interaction
associated with Te atoms leads to improved optical response,
reduced band gap, and enhanced light–matter interaction com-
pared to that in YHS and YHSe. This trend is consistent with the
previous study of chalcogen substitution effects [20, 26, 27].

3.4.2 | Electron ELF

In the present study, the ELF spectra of YHS, YHSe, and YHTe
exhibit well-defined peaks corresponding to plasmon resonance
frequencies, which arise from collective oscillations of valence
electrons. Figure 6 presents the electron ELF as a function of
the photon energy. The intensity of the loss peaks increases for
heavier chalcogens, particularly YHSe, in the photon energy
range of 10–20 eV, reflecting stronger electron energy-loss pro-
cesses in this region for all compounds, along with a clear red
shift from YHS to YHTe. The observed behavior is consistent
with the trends in the dielectric function and optical absorption,
as shown in the imaginary part of the dielectric function, con-
firming that chalcogen substitution in the 10–20 eV energy range
leads to reduced optical absorption. This trend is in good agree-
ment with previous theoretical studies on chalcogen-substituted
materials [28].

3.5 | Thermal Properties

The temperature-dependent variations of the specific heat at con-
stant volume, entropy, and Helmholtz free energy for the YHS,
YHSe, and YHTe systems are evaluated within the harmonic
approximation using the calculated phonon frequencies. Figure 7
presents the effect of chalcogen substitution on the entropy of
yttrium chalcogen systems. As described in Figure 7, at absolute
zero temperature (0K), the entropy becomes zero for YHS, YHSe,
and YHTe systems, in agreement with previous reports [20, 29].
This reflects the fact that atoms occupy their equilibrium posi-
tions without vibrational disorder. At this temperature, entropy
reaches its minimum value due to the absence of atomic thermal
vibrations. As the temperature increases up to 1000K, the
entropy progressively increases due to intensified atomic vibra-
tions and the resulting rise in thermal disorder for the three
systems YHS, YHSe, and YHTe. At 1000K, the entropy reaches
approximately 130.43, 143.32, and 155.05 J/K/mol for the YHS,
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FIGURE 6 | Electron energy loss function, L(ω), as a function of photon energy for YHS, YHSe, and YHTe, illustrating the effect of chalcogen

substitution on the optical response.
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YHSe, and YHTe systems, respectively. This trend indicates a
systematic increase in entropy from YHS to YHTe at the same
temperature (1000K). The observed enhancement is attributed to
the substitution of lighter sulfur atoms with heavier tellurium
atoms, which leads to increased lattice vibrational disorder and
a higher density of accessible phonon states.

The temperature dependance of the specific heat capacity (CV) is
also shown in Figure 8. At 0K, CV is zero for all three systems and
progressively increases with increasing temperature, consistent
with previous results reported in ref. [20, 29] as expected since no
phonon modes are thermally excited at absolute zero. At 1000K,
the specific heat at constant volume reaches approximately 69.98,
70.66, and 71.72 J/K/mole for YHS, YHSe, and YHTe systems,

respectively. The heat capacity at constant volume (Cv) increases
with rising temperature for all systems (YHS, YHSe, and YHTe)
and shows a systematic increase from YHS to YHTe at a given
temperature. Figure 9 illustrates the temperature dependance of
the Helmholtz free energy. The Helmholtz free energy attains its
highest value at 0K, reaching 26.46, 23.61, and 20.22 kJ/mol for
YHS, YHSe, and YHTe, respectively. This indicates the maximum
internal energy of the systems in the absence of significant ther-
mal fluctuations, consistent with previous reports [29]. As the
temperature increases, the Helmholtz free energy gradually
decreases and becomes more negative, reaching minimum values
of −50.32, −64.01, and −76.95 kJ/mol at 1000K for the YHS,
YHSe, and YHTe systems, respectively. This behavior is primarily
attributed to the increasing contribution of the entropy term

0 200 400 600 800 1000
Temperature (K)

0

50

100

150

200

En
tr

op
y 

(J
/K

/m
ol

)

YHTe
YHSe

YHS

FIGURE 7 | Temperature dependance of entropy (S) for the YHS, YHSe, and YHTe systems.
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FIGURE 8 | Temperature dependance of the heat capacity at constant volume (Cv) for the YHS, YHSe, and YHTe systems.
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(−TS), which becomes dominant at elevated temperatures. The
progressive decrease in free energy from YHS to YHTe indicates
enhanced thermodynamic stability with the substitution of ligh-
ter sulfur atoms by selenium and heavier tellurium atoms over
the entire temperature range of 0–1000K. The calculated ther-
modynamic behavior is in good agreement with previously
reported theoretical studies on ytterbium chalcogenides [20].

4 | Conclusion

In this work, first-principles DFT calculations were employed to
systematically investigate the structural, electronic, phonon, opti-
cal, and thermal properties of yttrium hydrogen chalcogenides,
YHX (X= S, Se, and Te). The results demonstrate that chalcogen
substitution provides an effective approach for tuning the physi-
cal properties of these compounds. The optimized structures sat-
isfy dynamical stability criteria, while the lattice parameters
increase systematically from YHS to YHTe because of the larger
atomic radius of the chalcogen atoms. Electronic structure calcu-
lations reveal semiconducting behavior for all compounds, with a
progressive reduction in band gap from YHS to YHTe. The inclu-
sion of SOC has only a minor effect on YHS and YHSe but
produces a noticeable reduction in the band gap of YHTe. More-
over, the band gap character changes from indirect in YHS and
YHSe to direct in YHTe, indicating the strong influence of chal-
cogen substitution on the electronic structure. The phonon cal-
culations confirm the dynamical stability of all three compounds
and show a systematic softening of phonon modes with the
increasing chalcogen atomic mass. The optical properties exhibit
a corresponding red shift in the absorption edge and enhanced
dielectric response from YHS to YHTe, with YHTe showing the
strongest absorption in the visible regions. Thermal calculations
further indicate that entropy and heat capacity increase with
temperature, whereas the Helmholtz free energy decreases,
reflecting the expected thermodynamic behavior of these materi-
als. Overall, the results demonstrate that chalcogen substitution

enables systematic control of the structural, electronic, vibra-
tional, optical, and thermal properties of the YHX family, provid-
ing useful insights into the design of hydrogen chalcogenide
materials with tunable properties. Based on the calculated
results, YHTe appears to be a promising candidate for future
optoelectronic and photovoltaic applications because of its direct
band gap and enhanced optical absorption, while YHS may be
more suitable for applications requiring a wider band gap and
greater structural rigidity. However, it should be noted that the
present study is based entirely on first-principles calculations
under ideal crystalline conditions. Experimental synthesis and
characterization, together with more advanced theoretical inves-
tigations of temperature-dependent and defect-related effects, are
required to validate and further extend the present predictions.
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