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Theoretical exploration of the structure and physical properties of AgAlSe;
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The material AgAlSe,, which adopts a chalcopyrite crystal structure, has attracted
significant attention owing to its promising functional properties. To further explore its
characteristics, theoretical method was conducted to explore its elastic behavior, electronic
structure, dynamic stability, and thermodynamic features. The lattice parameters and
elastic constants obtained through simulation agrees well with the reported data.
Additionally, the mechanical stability of AgAlSe, was assessed through its elastic
constants, confirming its structural integrity. Electronic property analysis reveals that
AgAlSe; exhibits semiconducting behavior, featuring a direct band gap of approximately
1.1377 eV.
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1. Introduction

In recent years, increasing interest has been directed towards materials like ternary
chalcopyrite compounds. Notable examples include AgXY>, where X can be Al, Ga, or In and Y
refers to S, Se, or Te. Another category is ABX,, where A may be Cu or Ag, B can be In, Ga, or Al,
and X stands for Se or S. These materials are regarded as promising candidates for optical
applications [1-8]. Among these compounds, AgAlSe, emerges as a semiconductor with a
chalcopyrite-like structure. It exhibits a distinct point group symmetry and falls under the space
group [-42d [9]. At present, AgAlSe; has garnered considerable scientific attention, prompting
numerous studies into its characteristics. Maeda et al. conducted an extensive investigation into the
physical properties of CulnSe; and other related ABX, materials, where A = Cu or Ag, B =In, Ga,
or Al, and X= Se or S [10]. Utilizing the rigid ion model, A.K. Kushwaha systematically calculated
the phonon frequencies and elastic behaviors of chalcopyrite-type materials [11]. S. Mishra
analyzed the structural and electronic features of AgAIX, (X =S, Se, Te) therotical method [12].
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Ullah et al. explored the physical properties of Ag-based ternary compounds [13]. Sharan et al.
studied the electronic configuration and other properties of oxygen vacancy compounds, along
with their associated physical properties, through theoretical approaches [14]. In this study, we
compute and evaluate the band structure, elastic behavior, dynamic characteristics, and
thermodynamic properties of AgAlSe, primarily by employing first-principles calculations.
Although AgAlSe; holds potential for technological applications, only its structural features have
been experimentally explored to date. Here, we focus on examining its elastic and electronic
properties to better understand its applicability.

2. Calculation methods

All computations were carried out using the Projected Augmented Wave (PAW)
method[15], implemented within the VASP software suite [16]. The exchange-correlation
functional was treated under the Generalized Gradient Approximation, specifically in the
Perdew-Burke-Ernzerhof (PBE) formulation [17]. To investigate the band structure and dynamic
behavior of AgAlSe,, a k-point mesh of 5x5x5 and a energy cutoff of 500 eV was utilized. The
vibrational properties were determined through calculations performed with the Phonopy package
[18]. For enhanced accuracy in the phonon computations, a 2x2x1 supercell comprising 64 atoms
in total was created before conducting the dynamic analysis.

3. Results and discussion

3.1. Structural properties of AgAlSe;

AgAlSe; exhibits a specific point group symmetry and is assigned to the space group
1-42d and adopts a chalcopyrite-type crystal structure. The atomic arrangement of AgAlSe; is
plotted in Fig. 1. The lattice constants of AgAlSe; is presented in Table 1. By comparison, it is
found that they are highly consistent with the previous experimental measurement results [19] as
well as the previous reported theoretical results [12, 13]. While minor discrepancies are present in
some parameter values, the differences remain within 2%. These small deviations may be
attributed to the use of the GGA approximation during structural relaxation.

(@

Fig. 1. Crystal model of AgAISe:.



Table 1. The equilibrium structural parameters (a, c) (A), c/a of AgAlSe;.

a(A) c(A) cla
Present 6.0416 11.1233 1.8411
Theor.[12] 5.78 11.92 2.0622
Theor.[13] 5.935 10.991 1.8519
Exp.[19] 5.956 10.75 1.8049

3.2. Electronic properties
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As demonstrated in Figs. 2 and 3, AgInSe; behaves as a direct band gap semiconductor,
with a bandgap of 1.1377 eV. The band gap of AgAlSe, was obtained through first-principles
computations, with the results presented in Table 2. Although the calculated value is lower than the

experimentally reported band gap of 2.55 eV [20], it shows good agreement with previously
published theoretical findings [12, 13].

Table 2. Band gap E, (eV) of AgAlSe:.
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Fig. 2. Band structure of AgAlSe:.
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Fig. 3. Density of states of AgAISe>.

To gain deeper insights into the electronic structure and orbital contributions in AgAlSe..
As shown in Fig. 3 (density of states), the valence band of AglnSe; is clearly separated into two
different regions: photon energies (-15 eV and -10 eV) and (-10 and 0 eV). In energies between
-15 eV and -10 eV, strong electron localization arises from the hybridization of Al-s and Se-s
orbitals.Within the energy range of -10 to 0 eV, notable electron localization occurs as a result of
the hybridization among Ag-d, Al-s, Al-p, and Se-p orbitals. As demonstrated in Figs. 2 and 3,
AglnSe; behaves as a direct band gap semiconductor.

3.3. Elastic properties

AgAlSe; crystallizes in the chalcopyrite structure. The material's elastic behavior is
described by six independent elastic constants, which are conventionally labeled using Young’s
notation as Ci1, C33, Cas, Ces, C12, and C)3. Base on the Born stability conditions [21], these elastic
constants must satisfy specific criteria.

Table 3. The calculated elastic constants Cy (GPa) of AgAlSe:.

This work | Theor.[11] | Theor.[22]
Cu 70.43 95.6 84.9
Cs; 63.25 102.4 98.0
Cyy 22.95 36.1 35.9
Ces 25.62 31.5 32.7
Ch 44.17 55.7 53.1
Cis 44.60 76.3 62.1
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As presented in Table 3, the findings of this study closely align with the theoretical
values[11, 22]. Furthermore, the fact that the Cj satisfy Born conditions, confirms the structural
stability of the compound.

Using these elastic constants Cj;, we are able to obtain the elastic anisotropy factor:

a, = 2C44 /(Cll - C12) (1)

a,=C,/C, )

Table 4 clearly shows a considerable difference between the values of a; and a», indicating
that AgAlSe; possesses pronounced elastic anisotropy.

Furthermore, using the elastic constants Cj;, we can also calculatethe linear compressibility
in the direction of the a-axis and c-axis, as well as the overall volumetric compressibility, based on
the following expressions. These computed values are also summarized in Table 4 [23].

_ _l@ _ C33 _C13 3)
‘ a op =0 C;; (G, +C12)_2C123
1 oc C,+C, -2C
. :__5_ =S, +2S, = 11 12 13 . @)
C P, Cy (G, +C,) —2C
10V
=T :2Za +Zc (5)
Vop|,,

In Table 4, it can be concluded that when pressure is applied to the g-axis and c-axis of
AgAlSe,, the compression effects are comparable.

Table 4. Calculated oy, 02, Y, Y., X (GPa), B (GPa), G (GPa), E (GPa), o of AgAlSe:.

ay o X B G E o
Xa Xe

This work 1.7479 1.1163 0.0057 0.0078 | 0.0192 | 52.24 17.89 | 48.17 | 0.3463

Theor.[11] 140.25 | 30.74 | 85.94 | 0.3979

In addition, the bulk modulus B, shear modulus G, Poisson's ratio ¢ and Young's modulus
E can be obtained from the Voigt and Reuss approximation [24-26]. In Table 4, the values of B, G,
E, and o are in good agreement with theoretical data [11]. The B/G ratio can serve as an indicator
to identify whether a material demonstrates brittle/ductile characteristics [27]. In the case of
AgAlSe,, the computed B/G value is 2.92, significantly exceeding 1.75. This suggests that the
crystal possesses excellent ductility.
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Fig. 4. The projections of the f (in TPa™), the G (GPa), and G (GPa) of AgAlSe:.
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Analysis of elastic anisotropy allows for the assessment of a material’s mechanical
properties. To quantify the elastic anisotropy index, we use the following equations [28, 29]. Here,
AY represents the overall anisotropy index, while Ap and A correspond to the compressibility and
shear anisotropy percentages, respectively. Table 5 lists the computed values of 4V, 4g, and Ag for
AgAlSe;. For a perfectly isotropic crystal, these anisotropy indices would all be zero. However,
the non-zero values of 4Y, 4p, and 4G confirm that the material displays notable elastic anisotropy
in its single crystal form.

A comprehensive understanding of elastic anisotropy in crystalline materials can be
achieved by visually analyzing key mechanical properties such as linear compressibility (5), £, and
G in both two-dimensional(2D) planar projections and three-dimensional(3D) spatial
representations. To visualize these properties for AgAlSe,, the matrix of elastic constants was fed
into the ELATE software package [30-31], which generates graphical illustrations of the
directional variations in E, f, and G. This visualization significantly enhances comprehension of
the material's elastic characteristics. The planar and spherical graphical outputs highlight
deviations from isotropy, offering clear visual evidence of anisotropic behavior. As shown in Figs.
3 and 4, the directional dependence of f, G, and E across the different planes, along with their full
three-dimensional representations, is clearly depicted. To quantitatively assess the degree of elastic
anisotropy, we calculated the ratios Pmax/Bmin, Gmax/Gmin, and Emax/Emin. Higher values of these
ratios indicate stronger anisotropy. For AgAlSe,, the computed values are: fmax/fmin = 1.362,
Ginax/Gmin = 2.332, and Emax/Emin = 2.177. Based on both planar and 3D graphical analyses, the
anisotropy strength follows the order: f < E < G, indicating that shear modulus exhibits the highest
degree of directional dependence among the studied properties.

The thermal conductivity ¥ was computed by means of Clarke's model[32]. The Debye
temperature 0, v, v, vm 1s expressed through the formula [33, 34]. Moreover, the Griineisen y, can
be characterized in terms of the acoustic constant[35]

_ 3.3 -4 ©
7 2 v 4207

The v, Vi, Vm, 0, kmin and y, for AgAlSe; are summarized in Table 5, along with the results
reported in Ref. [11]. By comparison, our results are in agreement with those of others, indicating
the correctness of our calculations.

Table 5. Calculated v (km/s), v, (km/s), v (km/s), 0 (K), k (Wm ' K") and y, of AgAlSes.

AY Ap Ag Vi W Vi 0 k Ya

This work 0.6773 0.1551 6.3163 3987 1933 2173 220.4 0.4410 2.1017

Theo.[11] 4659 | 2151 | 2401 258
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3.4. Dynamical properties

The unit cell of AgAlSe, contains 8 atoms. As a result, the phonon dispersion comprises
24 vibrational branches, which are composed of 3 acoustic modes and 21 optical modes. The
optical phonon modes can be described using the following irreducible representations [36]:

I'=6E+3B,+3B,+24,+ 4 (7)

Fig. 5 displays the phonon dispersion curve and phonon density of states for AgAlSe,. The
observation of exclusively no imaginary frequencies verifies the dynamic stability of the
compound. The phonon dispersion reveals clear frequency gaps and can be categorized into three
main groups. The high-frequency modes, located between 9 and 12 THz, are predominantly
attributed to the contributions of Ag and Al atoms. In the mid-frequency region (3-6 THz), the
phonon modes are also influenced by the combined of Ag and Al atoms. The low-frequency modes,
within the range of 0 to 3 THz, arise from the collective contributions of Ag, Al, and Se atoms. For
comparison, Table 6 presents the phonon frequencies at the I” point for AgAlSe, alongside
previously reported theoretical values from Ref. [11].
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Fig. 5. Phonon dispersion curve and phonon density of states of AgAlSe:.
Table 6. The phonon frequencies (THz) at the I point.

6E 3B2 3Bi 2A0 1A

E E E E E E B2 B2 B2 B1 Bl Bl A2 A2 Al

PresTllltl] 1028 9.54 438 423 266 091 943 441 1.76 10.15 475 1.62 6.07 432 4.96
Exp 8.90/9.62 7.43/8.78 5.45/5.60 5.15/5.27 2.97/2.88 0.84/0.78  7.82/7.82 4.86/4.86 1.83/2.079.02 495 2.195.63 435 554
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3.5. Thermodynamic properties

Among these, Gibbs free energy (F), internal energy (E), entropy (S), and heat capacity
(Cv) are particularly significant. These thermodynamic quantities can be precisely determined
using phonon dispersion calculations combined with the density of states (DOS) approach. Under
the harmonic approximation model, analytical expressions at a given temperature T are utilized to
describe F, E, S, and Cv with high accuracy, as outlined in Ref. [37]. For the AgAlSe,, Fig. 6
illustrates the phonon contributions to these thermodynamic functions. In Fig. 6(a), the Cv curve
follows the expected 7° dependence at low temperatures, consistent with theoretical predictions. As
seen in Fig. 6(b), the S increases steadily with rising temperature across all materials considered.
To further explore the thermal behavior of AgAlSe,, Table 7 provides a detailed summary of its F,
E, S, and Cy values at various temperature points.

Table 7. The calculated F (KJ/mol), E (J/molK), S (J/mol.K) and Cy (J/mol.K) of AgAlSe:.

Temperature(K) F E N Cv
0 46.66 46.66 0 0
100 -2.24 92.16 471.99 34541
200 35.06 60.98 259.21 261.45
300 -57.14 128.27 618.05 37242
400 -124.63 166.14 726.91 383.45
500 -201.78 204.78 813.12 388.88
600 -286.75 243.83 884.31 391.92
700 -378.29 283.13 944.88 393.79
800 -475.47 322.57 997.55 395.01
900 -577.60 362.12 1044.13 395.86
1000 -684.13 401.74 1085.87 396.47
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Fig. 6. Thermodynamic properties (E, F, S, Cv) for AgAlSe>.
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4. Conclusions

To conclude, a thorough study of AgAlSe, was conducted employing a reliable DFT
method, with emphasis on its band structure, elastic characteristics, and thermodynamic properties.
The material is confirmed to be a direct bandgap semiconductor. From the calculated Cj, various
mechanical parameters including B, G, and E were derived, providing a detailed description of the
compound's mechanical response. The B/G ratio of 2.92 further supports the conclusion that
AgAlSe; possesses ductile mechanical behavior. Moreover, the thermodynamic properties of
AgAlSe; were also examined, offering deeper insight into its thermal stability and performance
under varying temperature conditions.
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