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In this study, we have investigated the structural, optoelectronic, and thermodynamic properties of the quaternary compound 
AgAl(SxSe1-x)2. This research employed the FP-LAPW method implemented in the Wien2k program and integrated into the density 
functional theory (DFT) framework. The generalized gradient approximation (WC-GGA) is used to handle the exchange and 
correlation potential. We have studied the impact of composition on the formation strength, apparent elastic modulus, and volume of 
the crystal lattice. According to the data collected, no deviation is noted in the compressibility modulus compared to the LCD law, 
nor in the lattice constant compared to Vegard's law. The approach of Zunger and his collaborators was used to determine the 
microscopic source of spatial curvature. Compared to previous theoretical research, the band gap values derived from band structure 
calculations based on the modified Becke-Johnson (mBJ) potential approximation show notable improvements and align much better 
with experimental results for ternary compounds. The optical properties indicate that the static dielectric constant 𝜀1(0) increases with 
an increase in concentration x, while the optical gap energy decreases simultaneously; meanwhile, the dielectric function exhibits 
significant anisotropy in the zz direction. The study of the effects of thermal energy on certain macroscopic characteristics was 
carried out using Debye's quasi-harmonic model. Nevertheless, the alloys examined showed stability at intermediate temperatures 
ranging from 0 to 800 K. 
Keywords: AgAl(SxSe1-x)2; FP-LAPW; WC-GGA; mBJ; Vegard law; Debye's quasi-harmonic 

1. INTRODUCTION
Ternary semiconductor materials, valued for their distinct structures and physical properties, are attracting 

increased interest within the scientific research community because of their well-localized band gap, which makes them 
suitable for a variety of electronic applications [1-3]. These crystalline compounds belonging to the ternary systems 
I-III–VI₂ and I–IV–VI₂ are particularly significant [4,5]. Under standard thermodynamic conditions, these materials
have a crystal structure similar to that of chalcopyrite. [6]. The initial study of chalcopyrite compounds was conducted
because of their low conductivity [7]. They offer a multitude of applications [8], including in photovoltaic detectors,
optical modulators, optical filters [9], and light-emitting diodes (LEDs) [10]. In addition, these materials can be
deliberately doped with various impurities, including magnetic elements, which promotes the emergence of new
categories of materials such as dispersed magnetic semiconductors (DMS) [11]. These doped chalcopyrite compounds
have considerable potential for emerging technologies in the fields of spintronics [12], optoelectronic devices [13], and
advanced photovoltaic systems [14].

Among the advantages of chalcopyrite semiconductors are that they are manufactured in thin layers, either p-type 
or n-type [15], enabling low-cost production of a variety of homo junction and hetero junction components [16]. They 
are direct-band gap semiconductors, a factor that minimizes the diffusion length of minority charge carriers [17]. and 
have a band gap energy within the optimal range for converting solar energy into electrical energy at the Earth's surface 
(AM1.5) [18]. 

The first researchers to use density functional theory (DFT) to determine the electronic structures and optical 
characteristics of a variety of Cu-III-VI₂ chalcopyrite ternary materials were Jaffe and Zunger [19]. Several studies [20-23] 
have been conducted on the electronic and electro-optical characteristics of AgAlX₂ (X = S, Se, Te) at atmospheric 
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pressure, which crystallize according to the tetragonal structure of space group I ̅2d and exhibit a direct band gap. In-depth 
study of these chalcopyrite semiconductors under high pressure has generated considerable scientific interest due to their 
phase change behavior and unique electronic characteristics. The ternary chalcopyrites AgAlS₂ and AgAlSe₂ Crystallize in 
a tetragonal structure of space group I-42d (No. 122), which is typical of chalcopyrite-type semiconductors. The lattice 
parameters reported for AgAlS₂ are a = 5.48 Å and c = 10.93 Å, while those for AgAlSe₂ are slightly larger due to the 
substitution of sulfur by selenium, with a = 5.71 Å and c = 11.37 Å [24, 25]. These materials have a derived structure of 
the sphalerite type, in which Ag⁺ and Al³⁺cations occupy distinct tetrahedral sites [19]. At 300°C and a pressure of 25 kbar 
(≈2.5 GPa), the AgAlS₂ chalcopyrite phase transitions to a high-pressure phase known as AgAlS₂–II, with trigonal P3ml 
symmetry and crystal parameters a = 3.50 Å, c = 6.84 Å, and Z = 1 [26]. In their very first research, Honeyman and 
Wilkinson [27] utilized iodine vapor transport to expand single crystals of CuGaS₂, CuAlTe₂, AgGaS₂, AgAlS₂, and 
AgAlSe₂ in order to measure the band gap and refractive index of the systems. Previous research has mainly focused on 
the use of AgInS₂ for photo catalysis and luminescence emission in silver-based I-III-VI₂ compounds [28]. Previous 
experiments carried out with similar compounds such as AgAlSe₂ and AgAlS₂ have shown that chalcopyrite materials are 
capable of structural phase transitions [29]. Among the chalcopyrite materials studied in this work are the compounds 
AgAl(SxSe1-x)2 with x=0, 0.25, 0.5, and 1, which belong to the I-III-VI2 groups. 

The band gap is a critical parameter for electronic performance [30]. This is because an increase in sulfur content 
(x) causes the gap to widen, typically from around 1.9 eV for AgAlSe₂ to nearly 2.6 eV for AgAlS₂ [26]. In addition, 
these materials have good chemical stability and favorable electronic transport properties, making it possible to 
integrate them into thin-film solar cells or infrared sensors [31]. The partial substitution of Se by S also makes it 
possible to optimize the position of the Fermi level and adapt the density of electronic states around the gap, thereby 
influencing the mobility of charge carriers [32].From a thermodynamic perspective, studies on similar materials such as 
AgGaS₂ show anisotropic behavior in terms of thermal expansion and thermal conductivity; for example, AgGaS₂ 
exhibits negative thermal expansion along the c-axis, with expansion coefficients varying depending on the 
crystallographic axes [33].Furthermore, investigations using modeling of vibrational and thermodynamic phenomena 
(via the quasi-harmonic approximation) reveal that thermal conductivity can be reduced under external pressure, while 
quantities such as Helmholtz free energy, entropy, and heat capacity (Cv) change significantly with temperature and 
pressure in AgGaS₂ systems [34]. 

The theoretical principles of the calculation are presented in Based on this principle, AgAl(S1-xSex)2 quaternary alloys 
can be studied in detail and comprehensively in order to optimize their properties according to chemical composition. It is 
important to note that this system has not yet been studied. This research aims to analyze the structural, electronic, optical, 
thermal, and thermodynamic properties of AgAl(S1-xSex)2 quaternary alloys. The first part also addresses the concept of the 
FP-LAPW method and the fundamentals of density functional theory (DFT). The second part presents the results obtained, 
their analysis, a discussion, and a comparison with various theoretical and experimental studies found in academic 
publications. Finally, the main conclusions are summarized in an overall summary. 

 
2.COMPUTATIONAL DETAILS 

We perform our calculations using the linearized augmented plane wave method and the local orbital technique 
(FP-LAPW+lo) [35]. This process provides a self-consistent solution to the Kohn-Sham equations, falling within the 
framework of density functional theory (DFT) [36, 37]. These techniques are applied in the WIEN2k code [38-40]. The 
generalized gradient approximation (GGA) function of Wu and Cohen (WC) [41] was used to treat the exchange and 
correlation potential. This method is also used to determine structural characteristics, with the aim of broadening and 
contrasting the various results obtained [42]. It should be noted that the GGA method tends to overestimate the lattice 
parameter while underestimating the band gap energies. The recent design of the Tran-Blaha technique based on the 
modified Becke-Johnson potential (TB-mBJ) parameterized by Koller et al. [43] represents an optimal and useful 
approach for determining the electronic characteristics of materials. The unit cell is divided into two zones: the first 
comprises non-overlapping spheres centered on each atom with a radius of Rmt, while the second represents the 
interstitial zone.  

The wave functions, electron densities, and potentials are formulated as the product of spherical harmonics 
multiplied by radial functions around the atomic sites, i.e., in muffin-tin spheres with a cutoff radius Lmax = 10. They are 
also represented by Fourier series in the interstitial zone with a cutoff radius Rmt× Kmax = 6 (where RMT denotes the 
smallest radius of the MT sphere and Kmax represents the amplitude of the largest wave vector used to expand the eigen 
functions of the plane wave). The separation between the core and valence electronic states is determined by an energy 
cutoff set at -6 Ry. In addition, we chose to set the Fourier expansion parameter Gmax, which corresponds to the 
maximum reciprocal vector of the lattice responsible for accurately describing the charge density, to a value of 14. The 
iteration process is repeated until the total energy reaches stability at 10-5 Ry. The standard Monkhorst and Pack (MP) 
special point approach [44] was analyzed to obtain accurate Brillouin zone (BZ) integrations. For each group of 16 
atoms, the k-mesh for the zinc-blende phase consisted of 7×7×4 K special points (12 K special points located in the 
irreducible corner of the Brillouin zone). To ensure correct convergence of the results, the choice was made on the k-
meshes and basis sets. 
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3.RESULTS AND DISCUSSIONS 
3.1. Structural properties 

The structural stability of the quaternary alloy AgAl(S1-xSex)2 was investigated by optimizing the equilibrium 
lattice parameters (a and c) and the bulk modulus (B) for Se concentrations ranging from x = 0 to 1. A periodically 
repeated 16-atom ordered supercell was employed, where one, two, and three sulfur atoms were replaced by selenium 
for x = 0.25, 0.50, and 0.75, respectively (Fig. 1). This approach, widely used in first-principles studies of 
semiconductor alloys, efficiently captures the main effects of S/Se substitution on the structural, electronic, optical, and 
thermodynamic properties. Although real alloys exhibit substitutional disorder, the present calculations represent 
ordered configurations and should therefore be regarded as describing the general compositional trends. More advanced 
approaches, such as Special Quasirandom Structures (SQS) or the Coherent Potential Approximation (CPA), could 
provide a more realistic description of chemical disorder and are left for future work. 

The equilibrium structure of each composition was determined by total-energy minimization through optimization 
of the internal parameter (u) and the c/a ratio. Here, u is the anion internal displacement parameter, which describes the 
deviation of the anion from its ideal tetrahedral position in the chalcopyrite structure and characterizes the distortion of 
the cation–anion tetrahedra. Since u directly affects the bond lengths and electronic structure, its optimization is 
essential for obtaining reliable structural and electronic properties. 

For the parent compounds AgAlS₂ and AgAlSe₂, the optimized value of u was found to be in good agreement with 
the available experimental data and was therefore adopted in the subsequent calculations. 

 
Figure 1. Cell structure of the five alloys AgAl(S1-xSex)2 

The optimized structural parameters are summarized in Table 1. No theoretical or experimental data for the 
AgAl(S₁₋ₓSeₓ)₂ quaternary alloys are currently available in the literature, making the present results a valuable reference 
for future investigations. For the compounds AgAlS₂ and AgAlSe₂, the calculated lattice constants (a and c) and the 
corresponding c/a ratios are in excellent agreement with the available experimental data, with deviations of only 0.17% 
and 1.02% for AgAlS₂, and 1.56% and 0.50% (or 1.80% and 0.56%, depending on the experimental reference) for 
AgAlSe₂. These small discrepancies confirm the high accuracy of the present computational approach and validate the 
reliability of the predicted structural properties. 
Table 1. The equilibrium constants, calculated as a, c, and the compressibility modulus B for AgAl(S1-xSex)2, are compared with 
existing experimental and theoretical data. 

Compounds Methods a(Å) c(Å) u B(GPa) 𝐸௧௢௧(eV) 

AgAlS2 

Present work 5.60 10.49 0.29 79.22 -50857.60 
Experiment 5.72 a 

5.69b 

5.13e 

10.13 a 
10.26 b 

10.30e 

0.29 a 
0.30 b 

0.30 e 

78, 70 c  

Other work 5.48f 10.90f 0.256f - - 

AgAlS0.25Se0.75 
Present work 5.65 10.72 0.29 73.69 -58980.91 
Experiment - - - - - 
Other work - - - - - 

AgAlS0.5Se0.5 
Present work 5.83 10.45 0.29 70.59 -67104.03 
Experiment - - - - - 
Other work - - - - - 

AgAlS0.75Se0.25 
Present work 5.81 10.96 0.29 67.46 -67104.03 
Experiment - - - - - 
Other work - - - - - 

AgAlSe2 

Present work 5.89 11.07 0.28 64.45 -83350.31 
Experiment 5.95 a 

5.95 b 

5.96 d 

10.75 a 
10.75 b 

10.75 d 

0.27 a 
0.27 b 

78, 70 c  

Other work 5.78f 11.52f 0.263f - - 
Ref: a[24],  b[45],  c[46], d[29], e[47], f[28]. 

Figure 2 presents the variation of the crystal volume as a function of the Se concentration x for the quaternary 
alloy AgAl(S1-xSex)2. For comparison, the volume predicted by Vegard's law [48] is also included in figure. It can be 
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seen that the crystal volume deviates positively or negatively from linearity. For an AgAl(S1-xSex)₂ alloy compound, the 
volume of the crystal lattice is formulated as follows: 

 𝑉஺஻஼భషೣ஽ೣ = 𝑥.𝑉஺஻஼ + ሺ1 − 𝑥ሻ · 𝑉஺஻஽. (1) 

Where VABC and VABD denote the equilibrium crystal volumes of the ternary compounds ABC and ABD, 
respectively. For the AgAl(S1-xSex)₂ alloys, the fitted bowing parameter is found to be only 0.01 (a.u.)³, indicating a 
negligible deviation from the linear behavior predicted Vegard's law. We observe that the alloys analyzed comply with 
Vegard's law. This phenomenon can be explained by the slight modification of the lattice parameters of the parent 
ternary compounds constituting the alloy. 

In the same figure the variation in compressibility coefficient in relation to concentration for AgAl(S1-xSex)2 
systems. A comparison is made between the graphs obtained and those derived from the linear concentration 
dependence (LCD) law. A small divergence is noted in the change in the compressibility modulus in relation to 
concentration compared to the LCD, with a curvature index of 5.72 GPa. This small difference is mainly attributed to 
the slight disparity between the compressibility modulus values of the ternary compounds. It is observed that the 
compressibility modulus decreases as the atomic number of the substitution chalcogenide increases. 

 
Figure 2. Variation in volume and compressibility modulus in relation to concentration, and comparison with Vegard's law for ideal 

ternary compounds. AgAlS₂ and AgAlSe₂ 
 

3.2. Electronic properties 
The band gap is often considered a crucial criterion in the selection of a semiconductor element for optoelectronic 

applications, given its direct link to the wavelength at which the device operates. In this context, the dependence of the 
fundamental band gap on the alloy composition is of paramount importance. Thus, the electronic characteristics of 
AgAl(S1-xSex)₂ quaternary alloys are examined, taking into account the lattice parameters that have been previously 
optimized. 

The band structure was established along the high symmetry directions in the Brillouin zone. To refine the 
accuracy of the band gap values, in addition to the WC-GGA approximation, the mBJ approximation was also used. 
This method is known to provide band gap values that rival those measured experimentally. For the alloys analyzed, the 
valence band peak and the conduction band trough are located at the Γ point (see Figure 3). allows them to be classified 
as direct bandgap semiconductors. Table 2 presents the results for these alloys at concentrations of x = 0, 0.25, 0.50, 
0.75, and 1. It also includes experimental and theoretical data for ternary compounds. 
Table 2. The calculated band gaps of AgAl(S1-xSex)2 

Compounds 
Present work 

Experimental Other work 
WC-GGA mBJ 

AgAlS2 1.787 3.202 3.13a, 3.186b 1.87c, 2.69c, 1.98d 

AgAlSe0.75S0.25 1.616 2.935 - - 

AgAlSe0.50S0.50 1.424 2.766 - - 

AgAlSe0.25S0.75 1.214 2.589 - - 

AgAlSe2 1.038 2.412 2.55a 0.98c 1.8c, 1.59e 

Ref: a[49], b[50],  c[51],  d[45] ,  e[46] 
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This study only compares its results with existing experimental and theoretical data for ternary alloys, due to the 
lack of experimental information for the quaternary system. It should be noted that the band gap energy values 
determined using the WC-GGA method are lower than the expected experimental results. It is well known that DFT is a 
ground state-based technique and is not capable of reproducing excited states. However, the use of the mBJ 
approximation prevents us from accurately determining the band gap value. Figure 4 illustrates how the band gap of 
AgAl(S1-xSex)₂ quaternary alloys varies as a function of concentration x. 

 

 

 
Figure 3. Band Structure of AgAl(SxSe1-x)2 alloys 

The mBJ results indicate that the band gap energy decreases as a function of Se concentration, following a 
nonlinear trend. The curves represent a quadratic fit. It has been proven that the curvature parameter is mainly attributed 
to the difference between the lattice parameters and the ionic elements of the original ternary compounds [52, 53]. For a 
better understanding and explanation of the physical origins of the curvature parameter, the method developed by 
Bernard and Zunger [54] was adopted. This approach comprises three distinct elements that form the disorder parameter 
b: volume deformation (bVD), charge transfer (bCE), and structural relaxation (bSR). 

The calculations were restricted to a concentration of x = 0.5 due to the weak dependence of the curvature 
parameter on chemical composition. The first task is to determine the influence of volume deformation (VD) on the 
disorder parameter. The comparative response of the band structures of the ternary compounds ABC and ABD to 
hydrostatic pressure is illustrated by their corresponding bVD contribution. In this context, this response stems from the 
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adjustment of their specific structural configurations relative to those of the alloy V = V (x) (Vegard's law). The second 
contribution concerns charge transfer (CE), where the contribution bCE summarizes the impact of charge transfer 
attributed to the behavior of atomic bonds on the value of the structural parameter a.The final step involves evaluating 
the variation caused by structural relaxation (SR), from the unrelaxed alloy to the relaxed alloy by bSR. Consequently, 
the total disorder parameter is obtained by combining these three elements. 

 
Figure 4. Variation of gap energy with concentration and comparison with Vegard’s law 

 
3.3. Optical properties 

The complex dielectric function entirely determines the optical properties of materials, which are theoutcome of 
their interactions with electromagnetic waves and given by the following formula [55] 

 𝜀ሺ𝜔ሻ = 𝜀ଵሺ𝜔ሻ + 𝑖𝜀ଶሺ𝜔ሻ. (2) 

Where ε1(ω) and ε2(ω) by using the Kramers–Kronig denote the real and imaginary parts of the dielectric function, 
respectively [55,56]  

 𝜀ଵሺ𝜔ሻ = 1 + ଶగ 𝑃 ׬ ఠᇲఌమ൫ఠᇲ൯ఠᇲమିఠమ 𝑑𝜔ᇱஶ଴ . (3) 

The following relations were used to calculate other optical quantities from ε1(ω) and ε2(ω), including the 
absorption coefficient α(𝜔), the optical conductivity 𝜎(𝜔), the refractive index 𝑛(𝜔), the extinction coefficient K(𝜔), the 
reflection coefficient R (𝜔), and the absorption coefficient α(ω) were calculated from ε1(ω) and ε2(ω) and are given by 
the following relations [57]: 

 𝑛ሺωሻ =  ଵ√ଶ [(𝜀ଵଶ(ω) + 𝜀ଶଶ(ω) )భమ + 𝜀ଵ(𝜔) ]ଵ/ଶ, (4) 

 𝐾(ω) =  ଵ√ଶ [(𝜀ଵଶ(ω) + 𝜀ଶଶ(ω) )భమ −  𝜀ଵ(𝜔) ]ଵ/ଶ, (5) 

 Re σ(𝜔) =  ன ସ஠ Im ε(ω), (6) 

 α(𝜔) ସగ ஛ k(ω), (7) 

 R(𝜔) =  (୬ିଵ)మା୏మ  (୬ାଵ)మା୏మ. (8) 

The physical properties of AgAl(S1-xSex)2 alloys with a tetragonal crystal structure and space group 𝐷ଶௗଵଶ-𝐼42𝑑 
require two shaded tensor components in the subfigures 𝜀xx(𝜔) and 𝜀𝑧𝑧(𝜔) to perform the calculations [57]. 

Figures 5.a and 5.b illustrate the evolution of real and imaginary parts of the dielectric function as a function of 
photon energy in both crystal directions for each alloy. The static dielectric constant 𝜀1(0) increases, independently of 
the alloy composition, in the order of magnitude between 4.31 and 4.85 for εxx (0) and between 4.46 and 5.01 for εzz (0) 
(see Table 3). Consequently, the anisotropy of AgAlSe₂is the most significant. 

The ε1(0) component is different from the other constituent ε1xx(0) for the same compound, which indicates that 
the optical anisotropy in the zz direction is the most significant. The zero crossing of 𝜀1(𝜔)= 0 corresponds to the 
maximum of the imaginary part 𝜀2(𝜔). This is to be expected, since when dispersion is minimal, the absorption is 
maximal. 
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Figure 5. Real part(a) and imaginary part (b) of the dielectric function for AgAl(SxSe1-x)2 alloys 

Table 3. Dielectric constant and refractive index (n) for AgAl(S1-xSex)2 

 ε1// (0) ε1┴ (0) εmoy n 1// (0) n1┴ (0) ∆n 

AgAlS2 4.31 4.46 4.385 2.11 2.07 0.04 
AgAlSe0.75S0.25 4.57 4.49 4.53 2.12 2.13 0.01 
AgAlSe0.50S0.50 4.77 4.51 4.64 2.12 2.17 0.05 
AgAlSe0.25S0.75 4.72 4.83 4.775 2.17 2.20 0.03 

AgAlSe2 4.85 5.02 4.935 2.19 2.23 0.06 

Table 3 presents the static dielectric constants ε1(0), the average dielectric constant εmoy, the static refractive 
indices n(0), and the birefringence Δn of AgAl(S1-xSex)2 alloys. The obtained results reveal a systematic evolution of the 
optical response with increasing Se concentration, reflecting the modification of the electronic polarization induced by 
the substitution of S with Se. 

The static dielectric constant exhibits a gradual increase with increasing Se content in both crystallographic 
directions. Specifically, ε1//(0) increases from 4.31 for AgAlS2 to 4.85 for AgAlSe2, while ε1⊥(0) increases from 4.46 to 
5.02. Consequently, the average dielectric constant rises continuously from 4.385 to 4.935, corresponding to an 
enhancement of approximately 12.5%. This behavior is mainly attributed to the higher electronic polarizability of Se 
atoms compared with S atoms, as well as to the progressive reduction of the electronic band gap. According to the Penn 
model, the static dielectric constant is inversely proportional to the square of the band gap; therefore, the decrease in Eg 
naturally leads to stronger dielectric screening and higher dielectric constants. 

The static dielectric constant was estimated using the Penn model, which relates the dielectric response to the band 
gap and the plasma frequency [58]: 

 𝜀(0) = 1 + ൬ℏఠ೛ா೒ ൰ଶ. (9) 

Where ℏ is the reduced Planck constant, Eg is the fundamental band gap, and ωp is the plasma frequency, which 
characterizes the collective oscillation of the valence electrons in the material. The values of 𝜀1(0) and 𝜀1zz(0) are listed 
in Table 3. 

Figure 6.a illustrates the absorption α(𝜔) of AgAl(S1-xSex)₂alloys. It is clear that the spectra of AgAlSe₂ have the 
highest intensity and the shortest width at half height ∆ω. The optical conductivity curves show the same results (Fig. 6.b), 
with the conductivity threshold beings lightly lower than the band gap value. These results can be explained by the fact that 
optical conductivity is due to inter band transitions on the one hand and intra band transitions on the other. 

The variation of the refractive index n(ω) is illustrated in Figure 6c. It can be seen a variation of n(ω) between the 
three compounds follows the same trend as the spectrum of ε1(ω). This is evident from the static refractive index n(0) 
values of 2.05, 2.12, and 2.23 for AgAl(S1-xSex)2, respectively. This value is located in the static limit and follows the 
relationship: 

 n(ω) = ඥε(0). (10) 

The reflectivity spectra (Fig. 6.e) demonstrate a low reflected intensity in the strong absorption interval, and its 
decrease coincides with the minimum of the real part 𝜀1(𝜔). The spectra of the energy-loss function, shown in 
Figure 6.f, reflect the energy-loss of fast electrons as they pass through the material and the plasma resonance frequency 𝜔𝑝 [59] is also observed in the reflectivity spectrum. 
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Figure 6. Calculated optical properties of AgAl(SxSe1-x)2 alloys: 

(a) absorption coefficient (α), (b) optical conductivity (σ), (c) refractive index (n), (d) extinction coefficient (k), (e) reflectivity (R), 
and (f) energy-loss function (L), as functions of photon energy. 

 
3.4. Thermodynamic properties 

The thermodynamic properties of AgAl(S1-xSex)2 alloys were studied using the Debye quasi-harmonic model 
(QHDM) based on the FP-LAPW method. While density functional theory (DFT) provides an accurate description of 
the ground-state properties at 0 K, the quasi-harmonic Debye approximations can be used to extend these calculations at 
finite temperatures and pressures by incorporating the vibrational contribution to the free energy. 

The properties at specific temperatures and pressures are obtained from the Gibbs energy of non-equilibrium 
systems as follows: [60] 

 G(V, P, T) = E(V) + PV + A୴୧ୠ(V, T). (11) 

Where E(V) is the total energy, P is the external pressure, V is the crystal volume, and Avib is the Helmholtz vibrational 
free energy calculated using the Debye approximation. 
For each temperature and pressure, the equilibrium volume was obtained by minimizing the Gibbs free energy 
according to the condition: [61] 
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 ቀபୋப୚ቁ ୔,୘ = 0. (12) 

The variation in crystal volume as a function of temperature at different pressures for quaternary AgAl(S1-xSex)2 
alloys is illustrated in Figure 7. It is clear that as the temperature increases, the volume also increases, but the rate of this 
increase is moderate as the pressure increases. However, for a given temperature, the volume decreases as the pressure 
increases. Furthermore, it is noted that the volume is almost constant in the temperature range 0-800 K with a setting in 
the range 0-20 GPa. The expansion of volume V (bohr3) is almost negligible above this temperature. 

 
Figure 7. Volume as a function of temperature at various pressures 

The same trend can be observed in the evolution of the compressibility modulus B of AgAl(S1-xSex)₂alloys as a 
function of temperature and pressure variations; see Figure 8. It can be seen that at a given temperature, the 
compressibility modulus increases with pressure, but it decreases at a given pressure. However, the rate of increase in 
the compressibility modulus as a function of temperature is greater at low pressure, because at these pressures, the 
compressibility modulus is higher.  

The Debye temperature 𝜃஽  is a crucial fundamental parameter in solids that is connected to physical 
characteristics, including specifiche at and melting temperature [62]: 

 𝜃஽ = ℏ௞ಳ  ቀ ଺గమ௡௏ ቁଵ ଷ⁄ 𝑓(𝜎)ට஻ೞெ . (13) 

Where n is the number of atoms per formula unit, V is the molecular volume, BS is the adiabatic bulk modulus, M is the 
molecular mass per formula unit, f(σ) is a function of Poisson's ratio σ, ℏ is the reduced Planck constant, and kB is the 
Boltzmann constant. 
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Figure 8. Bulk modulus as a function of temperature at various pressures. 

BS is the static adiabatic bulk modulus determined by the relation [63] and M is the molecular mass per unit cell: 

 𝐵ௌ ≅ 𝐵(𝑉) = 𝑉 ௗమா(௏)ௗ௏మ  (14) 

and 𝑓(𝜎) is a function of the Poisson ratio σ expressed as [64]: 

 |𝑓(𝜎)|ଷ = 3 ቂ2 ቀଶଷ ଵାఙଵିଶఙቁ + ቀଵଷ ଵାఙଵିఙቁቃିଵ (15) 

where σ is taken as 0.25 [65]. 
In the present work, a constant Poisson's ratio (σ = 0.25) was adopted for all alloy compositions within the quasi-

harmonic Debye model. This approximation is commonly used in first-principles thermodynamic studies when the 
complete set of elastic constants is unavailable and provides a reasonable description of the average elastic behavior of 
semiconductor alloys. Although the Debye temperature depends on Poisson's ratio, moderate variations in σ have only a 
minor influence on the calculated thermodynamic properties compared with the effects of the equilibrium volume and 
bulk modulus [66]. Therefore, the use of a constant value of σ = 0.25 is expected to preserve the overall compositional 
trends and the main conclusions of this work.   

The variation of the Debye temperature θD as a function of temperature at different pressures for the materials 
studied is illustrated in Figure 9. When the pressure is constant, the Debye temperature decreases almost linearly with 
increasing temperature, and at a given temperature, the Debye temperature increases with the applied pressure. This 
behavior has been observed in the evolution of the compressibility modulus when temperature and pressure vary. This 
is explained by the fact that a hard material has a high Debye temperature. Research on the heat capacity of crystals is 
well known in the field of condensed matter physics [67]. 

The heat capacity of a substance provides important information about its vibrational characteristics and is 
required in many applications. Figure 10 graphically illustrates how the heat capacityat constant volume CV varies with 
temperature at different pressures for the AgAl(S1-xSex)2 alloys studied. Following the example of the Debye 
temperature parameter, there are two steps observed:  

At high temperatures, the value of CV tends towards the limit of Dulong-Petit, which all solids exhibit when heated 
at high temperatures. From Fig. 10, when the temperature increases, the value of CV increases drastically at low 
temperatures, then the increase becomes slow at high temperatures until reaching the limit of Dulong-Petit as expected 
by theory. The CV values obtainedat T = 300 K and P = 0 GPa are 371.56, 369.39, 373.72, 376.91, and 379.07 J/mol.K 
for AgAlS₂, AgAlS₀.₂₅Se₀.₇₅, AgAlS₀.₅Se₀.₅, AgAlS₀.₇₅Se₀.₂₅, and AgAlSe₂, respectively. 

For the variation of the heat capacity at constant pressure Cp as a function of temperature at different pressures for 
the AgAl(S1-xSex)2systems, as shown in Fig. 11, it can be seen that at low temperature, Cp behaves similarly to CV, i.e., 
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an evolution in T3. But at high temperatures, Cp behaves differently than CV; rather than trending toward a constant 
value, it keeps rising. At 300K and atzero pressure, the obtained values for Cp are 427.63, 466.32, 489.81, 513.58, and 
532.54 J/mol.K for AgAlS₂, AgAlS₀.₂₅Se₀.₇₅, AgAlS₀.₅Se₀.₅, AgAlS₀.₇₅Se₀.₂₅, and AgAlSe₂, respectively. It is noted 
that pressure does not have a significant effect on heat capacity. Where the heat capacity Cv and the Grüneisen 
parameter 𝛾 are calculated with the following relations [60]: 

 𝐶௏ = 3𝑛𝑘஻ ቂ4𝐷 ቀఏವ்ቁ − ଷఏವ ்⁄௘ഇವ ೅⁄ ିଵቃ, (16) 

 𝛾 = ିௗ௟௡ఏವ(௏)ௗ௟௡௏ . (17) 

In the above expressions, D(x) denotes the Debye function, defined as: 

 𝐷(𝑥) = ଷ௫య ׬ ௧య௘೟ିଵ௫଴  𝑑𝑡, (18) 

where = ఏವ், 𝜃஽  is the Debye temperature, and T is the absolute temperature. The Debye function accounts for the 
contribution of lattice vibrations to the thermodynamic properties within the quasi-harmonic Debye approximation. 

 
Figure 9. Debye temperature as a function of temperature at various pressures 

The thermal expansion coefficient α indicates the dependence of volume on temperature at constant pressure: 

 𝛼 = ఊ஼ೇ஻೅௏. (19) 

The variation of the thermal expansion coefficient, α as a function of temperature at different pressures for the 
investigated AgAl(S1-xSex)2 alloys is represented in Fig. 12. It is noted that, at a given pressure, the coefficient of 
thermal expansion α increases sharply for low temperatures (up to 800 K) irrespective of the alloy composition. When 
the temperature is greater than 800 K, the coefficient of thermal expansion α exhibits an approximately linear 
dependence trend and the increase rate becomes moderate, indicating that the temperature dependence of α is negligible 
for high temperatures. At high temperature and pressure, the coefficient of thermal expansion tends to converge towards 
a constant value. 

The entropy S describes the distribution of matter and energy. Entropy is a metric used to quantify the disorder of 
a system. It has the following relation [19, 67]: 

 𝑆 = 𝑛𝑘஻ ቂ4𝐷 ቀఏವ்ቁ − 3𝑙𝑛൫1 − 𝑒ିఏವ ்⁄ ൯ቃ. (20) 
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The variation of the entropy S with respect to temperature and pressure is presented in Fig. 13. The entropy 
increases sharply with increasing temperature but decreases with increasing pressure. The calculated values of entropy 
at T = 800 K and P = 0 GPa are 813.80, 869.26, 897.84, 923.88, and 936.89 J/mol.K for AgAlS2, AgAlS0.25Se0.75, 
AgAlS0.5Se0.5, AgAlS0.75Se0.25, and AgAlSe2, respectively. 

 

 
Figure 10. Heat capacity CV as a function of temperature at various pressures 

 

 
Figure 11. Heat capacity CP as a function of temperature at various pressures. 
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Figure 12. Thermal expansion coefficient as a function of temperature at various pressures 

 

 
Figure 13. Entropy S as a function of temperature at various pressures 

 
4. CONCLUSIONS 

In conclusion, the structural, electronic, optical, and thermodynamic properties of AgAl(S1-xSeₓ)₂ quaternary alloys 
were systematically investigated using the all-electron FP-LAPW method within the framework of density functional 
theory. The calculated structural parameters are in good agreement with available theoretical and experimental data, 
confirming the reliability of the computational approach. The lattice parameters exhibit a nearly linear dependence on 
Se concentration, in accordance with Vegard's law, whereas the bulk modulus shows a noticeable deviation from linear 
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concentration dependence. Electronic structure calculations based on the modified Becke–Johnson (mBJ) potential 
reveal that both the parent compounds and the quaternary alloys are direct-band-gap semiconductors with the valence-
band maximum and conduction-band minimum located at the Γ point. The nonlinear evolution of the band gap with 
composition is well described by the Zunger bowing model.  

The Optical calculations demonstrate strong ultraviolet absorption and pronounced optical anisotropy, while the 
thermodynamic properties exhibit a significant dependence on temperature and pressure, indicating good thermal 
stability under varying operating conditions. Although the alloy compositions were modeled using ordered supercells, 
which do not explicitly account for configurational disorder, this approach successfully captures the essential 
composition-dependent trends. Overall, the present findings provide a comprehensive theoretical understanding of 
AgAl(S1-xSeₓ)₂ alloys and demonstrate their strong potential for ultraviolet optoelectronic applications, while offering a 
reliable foundation for future experimental studies and advanced device design. 
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У цій роботі ми досліджували структурні, оптоелектронні та термодинамічні властивості четвертинної сполуки 
AgAl(SxSe1-x)2. У цьому дослідженні використовувався метод FP-LAPW, реалізований у програмі Wien2k та інтегрований у 
структуру теорії функціоналу густини (DFT). Для обробки обмінного та кореляційного потенціалу використовується 
узагальнене градієнтне наближення (WC-GGA). Ми вивчали вплив складу на міцність утворення, видимий модуль 
пружності та об'єм кристалічної решітки. Згідно із зібраними даними, не спостерігається жодних відхилень у модулі 
стисливості порівняно із законом LCD, а також у постійній решітки порівняно із законом Вегарда. Підхід Цунгера та його 
колег було використано для визначення мікроскопічного джерела просторової кривизни. Порівняно з попередніми 
теоретичними дослідженнями, значення ширини забороненої зони, отримані з розрахунків зонної структури на основі 
модифікованого наближення потенціалу Бекке-Джонсона (mBJ), показують помітні покращення та набагато краще 
узгоджуються з експериментальними результатами для потрійних сполук. Оптичні властивості вказують на те, що статична 
діелектрична проникність ε1(0) зростає зі збільшенням концентрації x, тоді як енергія оптичної щілини одночасно 
зменшується; водночас діелектрична функція демонструє значну анізотропію в напрямку zz. Дослідження впливу теплової 
енергії на певні макроскопічні характеристики було проведено з використанням квазігармонічної моделі Дебая. Тим не 
менш, досліджені сплави показали стабільність при проміжних температурах від 0 до 800 K. 
Ключові слова: AgAl(SxSe1-x)2; FP-LAPW; WC-GGA; mBJ; закон Вегарда; квазігармоніка Дебая 




