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DFT-based investigation of SrFAgX (X = S, Se, Te)
semiconductors: structural, electronic, elastic, and
optical properties for emerging optoelectronic and
spintronic applications
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This study presents a comprehensive first-principles investigation of SrFAgX (X =S, Se, Te) semiconductors,
focusing on the effect of chalcogen substitution on structural, elastic, electronic, and optical behavior.
Using DFT-GGA calculations, we uncover systematic structure—property relationships, pressure-induced
band gap tuning, and anisotropic compressibility across the series. These findings reveal how electronic
and optical features can be tailored for targeted optoelectronic and spintronic applications within the
generalized gradient approximation (GGA). The structural parameters, including lattice constants and
internal atomic positions, show good agreement with experimental data, confirming the reliability of the
computational model. The elastic constants and related mechanical moduli reveal that SrFAgS is the
stiffest compound, while SrFAgSe exhibits higher flexibility, indicating tunable mechanical behavior
depending on the chalcogen element. Electronic band structure analysis demonstrates that all three
compounds have direct band gaps, which decrease systematically from S to Te due to enhanced orbital
interactions. The calculated partial and total density of states highlight significant contributions from Ag-

d and X-p states near the Fermi level, indicating strong hybridization effects. Optical properties, including
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Accepted 14th July 2025 dielectric function, absorption coefficient, reflectivity, refractive index, and optical conductivity, reveal

systematic trends across the series, showing an enhanced optical response in SrFAgTe. These findings
establish a foundation for understanding the chalcogen-dependent behavior of these materials and
highlight their potential for optoelectronic, thermoelectric, and spintronic applications.
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1. Introduction

SrFAgX (X= S, Se and Te) compounds are promising semi-
conductors with equiatomic LaOAgS crystal structure (P4/nmm
space group), characterized by remarkable properties such as
ionic conductivity," transparency,” and medium-temperature
superconductivity.® These compounds are synthesized from
mixtures of SrX, SrF,, and Ag,X powders, where the mixtures are
either pressed into pellets and annealed under vacuum in
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carbon-coated silica capsules at 600-650 °C, or ground at a 1:
1:1 ratio and heated at 600 °C for 48-120 hours in the presence
of iodine vapor as a catalyst according to the equation: SrX +
SrF, + Ag,X — 2SrFAgX.* These materials possess a direct band
gap (2.2-3.4 eV) with a unique electronic structure where the
valence band edge consists primarily of Ag d-states and chal-
cogen p-states, while the conduction band consists of Sr s- and
p-states.”” They also feature low thermal conductivity (0.7-
1.2 W m ' K') and exhibit a transition from insulating to
semiconducting behavior with increasing temperature.®™*°
Experimental and theoretical studies have shown that the
properties of these compounds change significantly under high
pressure, with a phase transition from tetragonal to cubic
structure at pressures exceeding 15 GPa.'>*> These compounds
are promising for various technological applications such as
solar cells due to their suitable band gap,** transparent elec-
tronics thanks to their high transparency (>80% in the visible
range)," photovoltaic materials because of their internal
polarization, and thermoelectric applications due to their low
thermal conductivity.'® Despite their promising characteristics,
these compounds face challenges including difficulty in
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preparing large, high-purity samples, limited chemical stability,
and the need to improve electrical conductivity.”” Recent studies
have proposed strategies to overcome these challenges through
dual transition metal doping, which improves material stability
and electronic properties.’® Recent computational studies by
Xiao et al. have revealed strong spin-orbit coupling effects in
SrFAgTe, leading to topological insulating behavior under
certain conditions.” Advanced neutron scattering experiments
by Zhao et al. demonstrated unique phonon transport mecha-
nisms in these compounds, explaining their intrinsically low
lattice thermal conductivity.”® El Haj Hassan et al (2024)
observed novel magnetoresistance effects in SrFAgSe under
high magnetic fields, suggesting potential applications in
spintronic devices.”* A groundbreaking study by Nakanishi et al.
demonstrated efficient all-solid-state batteries using SrFAgS as
a solid electrolyte with superior ionic conductivity and electro-
chemical stability.”* They developed a novel low-temperature
solution processing technique for SrFAgX thin films, enabling
large-area fabrication with improved crystallinity and perfor-
mance.”® Furthermore, advanced first-principles calculations
predicted exceptional piezoelectric properties in these mate-
rials, opening possibilities for energy harvesting applications,**
while Amahouch et al. demonstrated enhanced photocatalytic
hydrogen evolution using SrFAgS nanoparticles under visible
light irradiation.”® This work presents the first comprehensive
theoretical investigation of the SrFAgX (X = S, Se, Te) family
using DFT-GGA, focusing on how chalcogen substitution
influences a wide range of material properties. While previous
studies have only addressed isolated members or limited
aspects of these materials, our study systematically links
structural, elastic, electronic, and optical characteristics across
the series. Notably, we uncover pressure-dependent band gap
tuning, chalcogen-driven dielectric enhancement, and optical
behavior shifts that have not been reported before. These
findings offer new insights into structure-property relation-
ships and provide a foundation for guiding future experimental
and device-level research. The organization of the paper is as
follows: we explain the computational method in Section 2. The
computed results are presented and discussed in Section 3. We
conclude the present work in Section 4.

2. Computational method

The first-principles calculations are performed using the Cam-
bridge Serial Total Energy Package (CASTEP) code.*® In this
code, the Kohn-Sham equations are solved within the frame-
work of density functional theory*”?® by expanding the wave
functions of valence electrons in a basis set of plane waves with
kinetic energy smaller than specified cut-off energy. The pres-
ence of tightly-bound core electrons was represented by non-
local ultra-soft pseudo-potentials of the Vanderbilt-type.> The
integrations over the Brillouin zone were replaced by discrete
summation over special set of k-points using Monkhorst-Pack
scheme.? Plane wave cut-off energy of 660 eVand a 8 x 8 x 8
grid of Monkhorst-Pack points have been employed in this
study to ensure well convergence of the computed structures
and energies. For the calculation of the optical properties,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which usually requires a dense mesh of uniformly distributed k-
points, the Brillouin zone integration was performed using a 20
x 20 x 20 grid of Monkhorst-Pack points. The exchange-
correlation potential was treated within GGA, developed by
Perdew, Burke and Ernzerhof.* It should be noted that all
calculations were carried out without spin polarization, since
the SrFAgX (X = S, Se, Te) compounds are non-magnetic and no
spin-dependent effects are expected. The structural parameters
were determined using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) minimization technique.** The tolerance for geometry
optimization was set as the difference of total energy within 5 x
107° eV per atom, maximum ionic Hellmann-Feynman force
within 0.01 eV A~* and maximum stress within 0.02 eV A2,

3. Results and discussion
3.1 Structural properties

Table 1 presents the calculated structural and mechanical
properties of SrFAgS, SrFAgSe, and SrFAgTe using DFT with the
GGA approximation. The table includes lattice parameters (g, ¢),
internal atomic positions (zs;, 2x), bulk modulus (B,), and other
elastic and mechanical constants. This section focuses on
structural analysis and comparison with available experimental
data. The calculated lattice constants reveal a systematic varia-
tion with chalcogen substitution. The a-parameter decreases
from 4.054 A (SrFAgS) to 3.919 A (SrFAgSe) and then increases to
4.165 A (SrFAgTe). The c-parameter shows a similar trend: 8.934
A (SrFAgS), 10.595 A (SrFAgSe), and 9.255 A (SrFAgTe).

These changes reflect the increasing atomic radii from S to
Te. Compared to experimental values, the relative deviations for
lattice constants are as follows: SrFAgS: Aa = 0.12%, Ac =
2.38%, SrFAgSe: Aa = 8.75%, Ac = 10.31%, SrFAgTe: Aa =
4.01%, Ac = 3.53%. These discrepancies are within expected
limits, especially for SrFAgS and SrFAgTe, and are typical of
GGA-based calculations, which slightly underestimate lattice
dimensions. The internal atomic coordinates (zs, and zx) show
minor variations across the three compounds, indicating
structural robustness and symmetry preservation regardless of
the chalcogen species. In summary, the structural properties of
SrFAgX compounds exhibit consistent trends with chemical
substitution and show good agreement with experimental data,
particularly for SrFAgS and SrFAgTe. These findings validate the
computational model and provide a solid basis for further
analysis of mechanical and electronic behavior. The Fig. 1
showing the effect of pressure (0 to 40 GPa) on normalized
lattice parameters for three compounds in the SrFAg family
(top: SrFAgS, middle: SrFAgSe, bottom: SrFAgTe). All materials
exhibit compressibility, with lattice parameters decreasing as
pressure increases, notably with the c-axis (black line) demon-
strating greater compression than the a-axis (blue line) across
all three compounds. This indicates anisotropic compression
behavior (different along various crystallographic directions).
The data points (squares for a/a, and diamonds for c/cy)
represent experimental measurements, while the lines show
fitted curves. Compression behavior varies slightly between the
three compounds, with SrFAgTe displaying the most distinctive
pattern. These data are significant in high-pressure
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Table1 Optimized lattice parameters (a and ¢, in A), internal coordinates (zs, zs,), bulk modulus (Bo, in GPa), bulk modulus pressure derivative (8')

SrFAgS SrFAgSe SrFAgTe

This work Exp.** This work Exp.** This work Exp.**
Lattice constant a (A) 4.054 4.059 3.919 4.165 4.295 4.339
Lattice constant ¢ (A) 8.934 9.152 10.595 9.255 9.605 9.594
Sr atom position 0.157 0.153 0.165 0.150 0.136 0.135
X atom position 0.691 0.694 0.680 0.695 0.701 0.697
B (GPa) 75.78 57.66 62.47
B 4.729 4.385 4.461
Cy; (GPa) 128.12 119.66 102.91
Cs3 (GPa) 89.51 85.05 63.27
C44 (GPa) 41.28 22.83 31.53
Ces (GPa) 29.95 36.40 21.91
Ci, (GPa) 44.45 51.14 25.94
Cy3 (GPa) 56.48 29.42 40.69
B* (GPa) 72.15 57.32 52.26
B'* 4.686 4.501 5.402
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Fig.1 Pressure dependent normalized lattice parameters (a/ag and ¢/
Co) for SrFAgS, SrFAgSe, and SrFAgTe compounds, showing anisotropic
compressibility with greater contraction along the c-axis than the a-
axis under increasing pressure.

crystallographic studies for understanding the structural
response of strontium-fluoride-silver chalcogenide compounds
(S, Se, Te variants) under increasing pressure conditions,
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demonstrating how these materials compress anisotropically
throughout the series.

3.2 Elastic properties

3.2.1 Elastic constants. The elastic properties of SrFAgS,
SrFAgSe, and SrFAgTe compounds show clear differences in
their mechanical behavior. The bulk modulus (B) is highest for
SrFAgS (75.78 GPa), indicating it has the greatest resistance to
compression, followed by SrFAgTe (62.47 GPa), and then
SrFAgSe (57.66 GPa), which is the least resistant. The pressure
derivative of the bulk modulus (B') is very similar among the
compounds (around 4.4-4.7), suggesting a comparable
response to increasing pressure. Regarding the elastic
constants, SrFAgS exhibits the highest values for C;; and Css,
meaning it is the stiffest along the crystal axes. For the shear
constants (C44 and Cee), SrFAgS has the highest C,,, while
SrFAgSe has the highest Cgg, reflecting greater shear flexibility
in certain directions for SrFAgSe. The inter-axial constants (C,
and C;;3) also indicate that SrFAgSe is more flexible transversely.
The calculated bulk modulus (B') supports these findings, with
SrFAgS remaining the stiffest, followed by SrFAgTe and then
SrFAgSe. Overall, SrFAgS is the stiffest and least flexible,
SrFAgSe demonstrates higher flexibility in some properties, and
SrFAgTe is intermediate. These differences are attributed to the
type of X atom (S, Se, or Te) and its effect on the crystal structure
and atomic bonding, making the choice of compound depen-
dent on the application's requirements for rigidity or flexibility.
The flexibility of the STFAgX compounds was evaluated based on
the calculated elastic constants. In particular, lower values of
shear moduli (C,4, Ces) and inter-axial elastic constants (Cys,
C,3) in SrFAgSe, compared to SrFAgS, indicate higher mechan-
ical flexibility. These parameters are standard indicators of
a material's resistance to deformation and are widely used in
first-principles studies to assess elastic behavior in the absence
of experimental mechanical data.

Regarding stability criteria for these tetragonal compounds,
mechanical stability requires elastic constants to satisfy Born

© 2025 The Author(s). Published by the Royal Society of Chemistry
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criteria for tetragonal crystals, such as:** Cy; > 0, C33> 0, Cy4 > 0,
Cs6 > 0, Cy1 > Cy5 and 2Cy5° < C33 X (Cyy + Cyp,) based on elastic
constants, all these conditions appear to be met, indicating
mechanical stability of SrTFAgS, SrFAgSe, and SrFAgTe phases.

3.3 Electronic properties

3.3.1 Band structure. The Fig. 2 presents the electronic
band structures of SrFAgS, SrFAgSe, and SrFAgTe compounds,
with energy (in eV) plotted vertically and momentum paths in
the Brillouin zone plotted horizontally. All three materials show
multiple electronic bands, with the Fermi level is set to zero and
aligned with the top of the valence band. The energy range is
limited to —4 eV to +8 eV to emphasize the band gap region. As
shown in Fig. 2, all compounds exhibit direct band gaps. The
reduction in gap from SrFAgS to SrFAgTe is consistent with
increased atomic size and enhanced orbital overlap, which
facilitates better charge carrier mobility. This behavior supports
the use of SrFAgTe in applications requiring stronger electrical
conductivity and optical absorption in lower energy ranges.
SrFAgS exhibits the largest band gap, indicating it is the most
insulating among the three. The band gap in these materials
appears to be indirect, as the top of the valence band and the
bottom of the conduction band are not aligned at the same -
point. High-symmetry points such as Z, A, M, I', R, and X
represent critical directions in the Brillouin zone, providing
insights into the electronic transitions and carrier dynamics.
SrFAgTe, with the smallest band gap, is predicted to have the
highest conductivity and may even show semimetallic behavior.
In contrast, SrFAgS, with its wide gap, is more suitable for
insulating applications. The gradual reduction of the band gap
from S to Te highlights the tunability of electronic properties in
these materials by chemical substitution. This tunability is

View Article Online
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essential for designing materials for specific electronic or
optoelectronic applications. Overall, the band structure analysis
reveals a clear relationship between chemical composition and
electronic behavior in the SrFAgX (X = S, Se, Te) family. The
Fig. 3, illustrate how the electronic band gap changes with
applied pressure. For SrFAgS, the band gap increases steadily as
the pressure rises, indicating a continuous enhancement of its
insulating properties. In contrast, both SrFAgSe and SrFAgTe
exhibit a maximum band gap at certain pressures; beyond this
point, the band gap decreases with further pressure increase.
This behavior demonstrates the sensitivity of these compounds
to external pressure and highlights the possibility of tuning
their electronic properties through pressure control. The
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Fig. 3 Evolution of electronic band gaps of SrFAgX compounds under
applied pressure up to 40 GPa, revealing a monotonic increase for
SrFAQS and non-monotonic behavior for SrFAgSe and SrFAgTe.
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Fig. 2 Electronic band structures of SrfFAgX (X =S, Se, Te) along high-symmetry directions, indicating direct band gaps that decrease from S to

Te due to enhanced orbital overlap and chalcogen substitution effects.
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distinct response of each compound to pressure variation also
suggests their potential for use in various technological appli-
cations, especially where stability or tunability of the band gap
is required.

3.3.2 Partial and total density of state. Analysis of the
partial and total density of state of SrFAgX (X = S, Se, Te)

10 EF
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Fig. 4 Partial density of states (PDOS) for SrFAgX compounds, illus-
trating strong Ag-d and X-p orbital hybridization near the Fermi level,
which contributes to the observed electronic properties.
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compounds are show in Fig. 4, reveals systematic evolution
across the chalcogen series. The band structure diagrams
display complex dispersions with multiple crossings, particu-
larly near the Fermi level, with band gap narrowing observed
when progressing from S to Se to Te. This trend is further
confirmed by the projected density of states (PDOS) analysis,
which decomposes contributions from individual atomic
orbitals. The PDOS shows significant chalcogen p-orbital
contributions near the valence band maximum, while Ag d-
orbitals feature prominently across specific energy regions,
suggesting substantial p-d hybridization effects. This hybrid-
ization plays a central role in defining the electronic structure
near the Fermi level and is directly linked to the observed
optical transitions, therefore, the PDOS analysis not only
confirms the band structure results but also explains the origin
of enhanced optical activity in heavier chalcogen compounds
such as SrFAgTe. Strontium and fluorine contributions are
primarily located at deeper energy levels. The unique combi-
nation of alkaline earth, halogen, transition metal, and chal-
cogen elements creates opportunities for band structure
engineering through compositional tuning. The systematic
changes in electronic properties make these materials prom-
ising candidates for optoelectronic applications, where precise
band gap control is essential. These theoretical findings provide
substantial insight into the chalcogen-dependent electronic
behavior, establishing a foundation for future experimental
verification and potential applications in photovoltaics or
topological materials research.

8 — 8oy

SrFAgS
6- — Tag

8] SrFAgSe

SrFAgTe

Real (1,) and Imaginary ((,) Parts of Dielectric Function
o
1

Energy (eV)

Fig. 5 Real (¢7) and imaginary (&) parts of the complex dielectric
function for SrFAgS, SrFAgSe, and SrFAgTe as functions of photon
energy, highlighting enhanced optical response and static dielectric
constant in SrFAgTe compared to its lighter counterparts.
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3.4 Optical properties

3.4.1 Dielectric function. Fig. 5 displays the dielectric
functions for SrFAgX (X = S, Se, Te) compounds, showing both
the real ¢4y and imaginary ;) components plotted against
energy in eV. The figure provides insight into the electronic
transitions and polarization response of the STFAgX compounds
across different energy regions. For SrFAgS (top panel), the real
part (black line) shows oscillations around 0-10 eV with notable
peaks, while the imaginary part (red line) exhibits strong
absorption features between 5 and 10 eV, indicating electronic
transitions in this energy range. The middle panel for StFAgSe
shows similar characteristics but with slightly modified peak
positions and intensities compared to the sulfur compound,
suggesting systematic changes in optical properties with chal-
cogen substitution. The bottom panel for SrFAgTe reveals the
most dramatic differences, with significantly higher amplitude
in both components and a prominent sharp peak around 5 eV.
The y-axis scale extends to higher values (reaching 16), indi-
cating stronger optical response in the tellurium compound.
This strong dielectric response in SrFAgTe, especially in the 4-
10 eV range, is attributed to its narrower band gap and higher
density of states near the Fermi level, which facilitates inter-
band transitions. The systematic evolution across the chalcogen
series demonstrates how optical response can be tuned through
compositional engineering. The presence of significant peaks in
the visible and UV range suggests potential applications in
optoelectronic devices where specific optical characteristics are
required. The static dielectric constant () at £ = 0 eV increases
systematically from approximately 6 for STFAgS to 8 for SrFAgSe
and 9 for SrFAgTe. This increasing trend in static dielectric
values correlates inversely with the band gap reduction
observed in the band structure calculations, confirming the
expected relationship between dielectric response and band gap
in semiconductors. The combination of alkaline earth (Sr),
halogen (F), transition metal (Ag), and chalcogen (S, Se, Te)
elements enables strong orbital hybridization and rich elec-
tronic interactions. This interplay supports band gap tuning
and dielectric enhancement, which are valuable for optoelec-
tronic and thermoelectric applications.*® These features indi-
cate that SrFAgTe is particularly promising for optoelectronic
devices requiring high dielectric activity in the visible and
ultraviolet spectral ranges. These theoretical findings provide
substantial insight into the chalcogen-dependent electronic
and optical behavior, establishing a foundation for future
experimental verification and potential applications in photo-
voltaics or optoelectronic devices where precise control of both
electronic and optical properties is essential.

3.4.2 Absorption, reflectivity and loss function. Fig. 6
presents the absorption spectra, reflectivity, and energy loss
function for SrFAgX (X = S, Se, Te) compounds as functions of
photon energy (eV). The absorption spectra (top panel) reveal
two major regions of optical activity: a broad absorption band
from approximately 5-15 eV and a sharper, more intense peak
around 25 eV. Among the compounds, SrFAgSe (red line)
exhibits the most intense absorption peak, which occurs in the
high-energy region between 20 and 25 eV, reaching nearly 420

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Absorption spectra, reflectivity, and energy loss function of
SrFAgX compounds, showing stronger absorption in the visible-UV
range and higher energy loss peaks in SrFAgTe, indicating stronger
plasmonic activity.
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000 units. This strong absorption indicates intense interband
transitions characteristic of this composition. The reflectivity
data (middle panel) show similar overall trends across the
series, with multiple peaks appearing below 15 eV followed by
a dip, then a second peak around 25 eV. Notably, SrFAgTe
displays the highest reflectivity, peaking at approximately 0.5
near 15 eV.

The energy loss function (bottom panel), which provides
insight into collective electron excitations (plasmons), shows
two strong peaks: the first near 15 eV and the second around
25 eV. The first energy loss peak in SrFAgTe is the most intense
among the series, indicating stronger plasmonic activity, which
is desirable for applications in energy dissipation and
shielding.

The main absorption peaks observed in SrFAgTe at 5-8 eV
also correlate well with its enhanced dielectric function and
higher optical conductivity, confirming its superior optical
performance.

These optical properties demonstrate that the substitution of
heavier chalcogens leads to enhanced optical response at lower
photon energies, in agreement with the narrowing band gap
and increasing dielectric constant trends discussed earlier.

3.4.3 Refractive index and optical conductivity. Fig. 7
illustrates the properties of SrFAgS, SrFAgSe, and SrFAgTe
compounds in terms of refractive index and optical conductivity
as a function of energy. In the upper plot, it is observed that all
compounds start with a relatively high refractive index at low
energies (at 0 eV), where the refractive index is approximately

RSC Adv, 2025, 15, 26338-26346 | 26343
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Fig.7 Refractive index and optical conductivity of STFAgX compounds
as functions of photon energy, demonstrating stronger interband
transitions and higher optical conductivity peaks in SrFAgSe and
SrFAgTe.

Optical conductivity

3.0 for SrFAgS, 2.9 for SrFAgSe, and 2.8 for SrFAgTe. The optical
conductivity at this energy is nearly zero for all compounds. As
the energy increases, the refractive index gradually decreases
and stabilizes at low values above 20 eV. SrFAgS (black curve)
shows the highest refractive index at low energies compared to
the other two compounds. In the lower plot, the optical
conductivity displays two prominent peaks: the first around 4 eV
and the second between 20 and 25 eV. SrFAgSe (red curve)
exhibits the highest peak in optical conductivity, indicating
strong electronic transitions in this compound. Generally, the
optical conductivity is very low at extremely low energies, then
increases significantly at the two main peaks. There is also
a similarity in the general behavior of the three compounds,
with slight differences in the maximum values.

The higher refractive index at low energy, particularly in
SrFAgS, is consistent with its wider band gap and stronger
polarizability, while the reduced values in SrFAgTe reflect its
enhanced free carrier contribution and narrower gap.

The optical conductivity trends support the electronic band
structures, where increased state density and interband transi-
tions in SrFAgSe contribute to its strong optical activity.

These results reflect differences in the electronic structure
and crystal lattice of the compounds and their impact on the
optical properties.

Such behavior suggests that tuning the chalcogen element
allows control over transparency and light-matter interaction,
making these compounds suitable for photonic coatings,
transparent conductors, or wavelength-selective optoelectronic
devices.

The curves highlight the importance of these materials in
optical and electronic applications, especially in fields that
require materials with specific optical responses within certain
energy ranges.
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4. Conclusion

In summary, this study provides a detailed theoretical analysis
of the SrFAgX (X = S, Se, Te) semiconductors, revealing how
chalcogen substitution influences their structural, elastic,
electronic, and optical properties. The results demonstrate
a clear trend in lattice parameters and mechanical stiffness
across the series, with SrFAgS being the most rigid and SrFAgSe
the most flexible. The electronic structure calculations
confirmed the presence of direct band gaps that decrease
systematically from S to Te, accompanied by strong Ag-X
hybridization near the Fermi level. Optical analysis showed
enhanced dielectric and absorption properties in SrFAgTe,
indicating potential for tailored optoelectronic performance.
Additionally, pressure-dependent simulations revealed tunable
band gap behavior and anisotropic compressibility. These
findings not only deepen the understanding of SrFAgX mate-
rials but also highlight their suitability for targeted applications
in optoelectronic, thermoelectric, and spintronic devices.
Future experimental studies and material engineering efforts
are encouraged to validate these predictions and optimize
performance for real-world applications. Future experimental
studies and material engineering efforts are encouraged to
validate these predictions and optimize performance for real-
world applications.
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