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Physical properties of XM (X = Ga, In; M = As, N) were studied under hydrostatic pressure based on DFT 
simulation. The phonon calculations reveal the dynamical stability of all compounds by demonstrating 
no imaginary lines. Stiffness constants preserved the Born’s constancy and assured the mechanical 
steady nature. However, the significant variations of elastic parameters under pressure indicate 
possible phase change for InN at 6 GPa, GaN 6 ± 2 GPa and InAs at 8 GPa, respectively. The analysis of 
electronic band structures reveal semiconducting attitude of the materials investigated in the range 
of 0.4 eV to 3.2 eV which are suitable for optoelectronic device applications. According to Pugh’s and 
Pettifor’s condition, GaAs exhibits brittle to ductile at 4 GPa wherever the other phases display ductile 
activities at 0 GPa to high pressure. Apart from the material GaN, the other phases show very soft 
manner according to Vickers hardness exploration. The refractive index and static dielectric function 
of the compounds show excellent alignment with previously reported available data. High values in 
dielectric function ensure the probable applications for manufacturing high value capacitors. Among 
the materials analyzed GaN shows the lowest thermal expansion coefficient at equilibrium conditions, 
representing the maximum stiffness to deformation. The increase trend of Debye temperature with 
pressure ensures the materials converted to more thermal conductive.

Keywords  Zinc blende semiconducting structure, Phonon dynamics, Mechanical features, Electronic 
properties, Optical and thermal properties

 The III–V group compounds, specifically XM (X = Ga, In and M = N, As), have garnered significant attention 
due to their pivotal role in advanced scientific applications. These binary octet compounds, classified as ANB8 
− N types, are instrumental in the fabrication of heterostructures and tunable devices operating within the 
visible spectrum. They are extensively utilized in optoelectronic technologies, particularly in high-frequency 
applications, owing to their remarkable combination of properties, including wide band gaps, exceptional 
charge carrier mobility, and band gap versatility, which are crucial for innovations in LEDs, lasers, and other 
cutting-edge devices1–6. The operating characteristics of electronic and optoelectronic devices extend beyond 
practical materials engineering, offering deeper insights into the intrinsic properties of materials and the 
fundamental science underlying them. Both theoretical and experimental investigations are indispensable for 
advancing research in this field, as they provide critical frameworks for understanding the behavior of complex 
systems. These systems, encompassing diverse compound semiconductors, have garnered immense interest in 
both fundamental and applied physics. Such research not only enriches our theoretical comprehension of these 
materials but also underpins their practical integration into cutting-edge technologies, bridging the gap between 
fundamental science and transformative applications7–18.
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The exploration of these semiconductor materials under high-pressure conditions has become a highly active 
area of research. Pressure exerts a profound influence on the chemical and physical properties of matter, often 
inducing the emergence of novel crystal phases and unique behaviors. Additionally, the capability to investigate 
structural stability as a function of volume introduces a fresh perspective to the fundamental relationship 
between atomic and electronic structures. This progress has unlocked new frontiers in solid-state physics and 
crystallography, enabling deeper insights into material behavior at extreme conditions19–21. These advancements 
have unveiled numerous fascinating possibilities in the field of condensed matter physics. The investigation of 
transformations in crystallographic phases alongside the mechanical and electronic properties of materials under 
pressure, has garnered growing interest from both experimentalists and theoreticians alike. The semiconductors 
(GaAs, InAs, GaN, and InN) are vital in shaping the evolution of microwave, optoelectronic, and electronic 
devices. They form the foundation spanning numerous types of both established commercial applications and 
emerging technologies, including light-emitting diodes, integrated circuits, photo detectors, lasers, filters, and 
modulators. Belonging to the family of common-anion III-V semiconductors, III-arsenide compounds are 
notable for their extensive energy gap range, surpassed only by III-nitrides. Under standard conditions, the 
studied III-V semiconductors—GaAs, InAs, GaN, and InN—crystallize in the zinc blende22–24.

As these semiconductors of both arsenide and nitride materials are direct band gap semiconductors, they’re 
used for the construction of infrared detectors, for the wavelength range of 1–3.8 μm. The detectors are usually 
photovoltaic photodiodes25. In 1994, a first-order phase transition was observed from the zinc blende (B3) 
structure to the NiAs (B8) structure at an equilibrium transformation pressure of 7 ± 5 GPa.(26) Greene et 
al.26 reported that AlAs undergoes a transformation from the zinc-blende to the NiAs structure at 7.5 GPa. In 
contrast, Weir et al.27 observed that GaAs exhibits complex phase behavior under pressure, transitioning from 
the zinc-blende (GaAs-I, space group F

−
4 3m) structure to an orthorhombic (GaAs-II) phase, with a proposed 

space group of Pmm227. This orthorhombic phase is considered a distortion of the B1 (space group Fm-3 
m) phase28–30. The transition pressure was initially found to be around 17 GPa26, but recent results suggest a 
transition pressure of approximately 12 ± 1.5 GPa31. The high-pressure phases of InAs have been experimentally 
determined by Vohra et al.32, who observed a transformation from the zinc-blende (InAs-I) structure to the 
rock-salt (InAs-II) phase at 7 ± 0.2 GPa, followed by a further transition to the InAs-III phase at 17 ± 0.4 GPa. 
InAs-III is recognized as the tetragonal phase of the β-tin type. In 2016, the structural, elastic, thermodynamic, 
electronic, and optical properties of four predicted novels (Pmn21-AlN, Pbam-AlN, Pbca-AlN and cmcm-
AlN)—were calculated in detail using first-principles methods33. In 2017 H. Qin et al.. studied the mechanical, 
thermal as well as electronic features of GaN34. A. F. Wright investigated the elastic properties of AlN, GaN 
and InN at ambient condition35. Dinesh Chandra Gupta and Subhra Kulshrestha examined the high pressure 
effect on polymorphic phase transition and electronic structure of XAs (X = Al, Ga, In) in 20101. Z. Zhang et 
al.. studied the physical properties of III–V compounds AlN, GaN, AlP, and GaP in the P3121 phase36. The 
phonon dispersion curves of AlN, GaN, and InN have been carried out by Bungaro et al.. through the ab-initio 
method37. Although numerous theoretical studies on the physical properties of GaAs, InAs, GaN, and InN exist 
in the literature, the effects of pressure on various properties of these materials remain insufficiently explored. 
Therefore. The main focus of this research is to explore the pressure effect on the physical properties of XM (X 
= Ga, In; M = As, N) through hypothetical ab-initio method. Theoretical studies of III-arsenide compounds 
have employed a diverse array of methods, spanning from phenomenological approaches like k·p theory, where 
the symbol k represents the electron wave vector in reciprocal space, p denotes the momentum operator and 
empirical pseudopotential techniques38 to more advanced atomistic ab initio methods. This study employs a 
combination of advanced first-principles approaches, including the full-potential linearized augmented plane 
wave (FP-LAPW) method commonly implemented within the frameworks generalized gradient approximation 
(GGA) alongside pseudopotential techniques39. In this research, we explore the structural characteristics, 
pressure-induced mechanical stability, electronic band configurations, optical as well as thermal responses of 
cubic XM (X = Ga, In; M = N, As) compounds. Building on this foundation, the work delivers a systematic, 
cross-validated assessment of pressure effects reducing methodological bias in derived properties. It quantifies 
how hydrostatic compression alters electronic structure, effective masses and optical spectra, offering predictive 
guidance for strain-engineered optoelectronic devices and high-pressure sensor applications. Finally, by 
correlating mechanical stability with changes in electronic and thermal behavior, the study provides a unified 
framework that informs both fundamental understanding and practical materials selection under extreme 
conditions.

Computational methods
In this work, we have employed both CASTEP and WIEN2k two state-of-the-art first-principles simulation 
packages based on distinct DFT methodologies to ensure methodological robustness and computational 
accuracy. The structural, elastic, electronic, optical and thermal properties of XM (X = Ga, In; M = N, As) 
were analyzed using the Cambridge Serial Total Energy Package (CASTEP)40–43. For electronic exchange-
correlation, the generalized gradient approximation (GGA) was employed, following the PW-91 scheme43. 
Ultrasoft pseudopotentials were utilized to model all ion-electron interactions in these calculations. The total 
energies computed within the DFT framework often exhibit sufficient accuracy to reliably predict structural 
stability44. The accuracy of calculated properties largely depends on two critical parameters: the cutoff energy 
and the k-point grid used in the computations. An energy cut-off of 520 eV was consistently employed across 
all studied compounds to ensure reliable plane-wave expansion of the wavefunctions. For precise Brillouin zone 
integration and uniform sampling across the reciprocal space directions, the Monkhorst-Pack scheme45 was 
implemented. A meticulously optimized k-point mesh of 12 × 12 × 12 was utilized, as it demonstrated excellent 
convergence behavior and yielded the minimum total energy, thereby ensuring an accurate representation of the 
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electronic structure within the Brillouin zone. Total-energy changes between ionic steps were required to be ≤ 
5 × 10⁻⁵ eV/atom, with maximum residual forces ≤ 0.10 eV·Å⁻¹, pressure tolerance ≤ 0.20 GPa, and maximum 
atomic displacements ≤ 0.005 Å; electronic self-consistency was enforced to 1.0 × 10⁻⁵ eV/atom for all SCF 
cycles. The ground-state structural parameters were obtained using the Broyden–Fletcher–Goldfarb–Shanno 
(BFGS) minimizer46,47. Elastic constants (Cij) for these compunds were derived via the stress–strain method 
with a maximum strain amplitude of 0.003. Convergence criteria for the elastic-constant calculations were set 
to a total-energy tolerance of 1 × 10− 6 eV/atom, a maximum force threshold of 0.002 eV·Å⁻¹, and a maximum 
atomic displacement of 1 × 10− 4 Å. For each applied strain state, four incremental steps were used to evaluate 
the resulting stresses. Hydrostatic pressure was applied by imposing an external pressure, performing variable-
cell relaxations at discrete pressure increments up to the maximum investigated pressure. We have employed 
Density Functional Perturbation Theory (DFPT) within the plane-wave pseudopotential framework of CASTEP 
to model phonon behavior and material responses to electric fields40,48. This approach leverages norm-
conserving pseudopotentials (NCPs) and utilizes Fast Fourier Transform (FFT) grids to ensure a consistent 
treatment of incommensurate lattice perturbations. Central to our method is the calculation of the first-order 
exchange-correlation potential in the GGA, meticulously adapted for FFT grid compatibility. We further 
enhanced efficiency by integrating a conjugate-gradient solver, preconditioned to include all electronic bands, 
for the self-consistent variational minimization of the second-order total energy49. To strengthen the reliability 
of our electronic structure analysis, the total density of states (TDOS) was computed using both CASTEP and 
WIEN2k, enabling a comparative assessment across different DFT implementations. In contrast, electronic band 
structure and band gap evaluations were carried out solely within the WIEN2k framework. These WIEN2k-
based calculations were initially computed FP-LAPW + lo method as implemented in the WIEN2k code50, 
which is known for its high precision in electronic structure calculations, particularly near the Fermi level. To 
enhance the accuracy of the band gap predictions, we subsequently repeated the same calculations employing 
the modified Becke–Johnson exchange potential combined with local density approximation (mBJ-LDA)51, as 
incorporated in the WIEN2K 2011 code. The mBJ-LDA functional is specifically designed to yield improved 
band gap estimations for semiconductors and insulators, making it highly suitable for this study. Numerical 
parameters were set to ensure robust convergence where RKmax = 8, the energy convergence criterion (EC) = 
0.0001 Ry, and the charge convergence (CC) = 0.01 e. SCF cycles were considered converged when the change 
in total energy between successive iterations fell below 0.01 mRy. The purpose of selecting the muffin tin radii 
(RMT) was to minimize the interstitial gap and ensure nearly touching spheres. The expansion of the wave 
functions was set to lmax = 8 inside the muffin tin spheres, and the charge density was Fourier expanded up to 
Gmax = 12 (a.u.)-1, where Gmax is the parameter that, in charge density Fourier expansion, sets the magnitude 
of largest vector to 14. The number of plane waves was calculated using RMT×Kmax = 8. Final RMT adjustments 
(reductions from initial estimates) were: GaAs 8.2%, InAs 10.0%, GaN 5.3%, and InN 4.3% to ensure numerical 
stability and consistent basis completeness Band structures were computed along high-symmetry directions of 
the cubic Brillouin zone sampled with sufficiently dense k-paths to resolve band extrema.

Results and discussion
Structural properties
 Gallium arsenide (GaAs), indium arsenide (InAs), gallium nitride (GaN) and indium nitride (InN), are 
considered in the zinc-blende structure, crystallizing in the cubic F

−
4 3m space group (216). In this structure, 

the materials consist of two face-centered cubic (FCC) sub-lattices offset by half the diagonal of the unit cell. Each 
cation (Ga³⁺ or In³⁺) is tetrahedrally bonded to four anions (As³⁻ or N³⁻), forming corner-sharing tetrahedra, 
while each anion is similarly bonded to four cations, creating corresponding corner-sharing tetrahedra. For 
GaAs, the Ga-As bond length is uniformly 2.46 Å at 0 pressure. The equilibrium lattice parameter with geometry 
optimization has a value of 5.67641 Å. The lattice constant of InAs is 6.120687Å, slightly larger than that of GaAs 
due to the larger ionic radius of indium, and the In-As bond length reflects this increased lattice parameter. 
Gallium nitride (GaN) and indium nitride (InN) are typically found in the hexagonal P6₃mc space group, which 
is more common for these materials. However, in this study, the zinc-blende structure has been considered for 
both compounds. The lattice parameters used in the calculations are 4.515 Å and 5.0359 Å, for GaN and InN 
respectively, which correspond to a relatively compact crystal structure. For GaN, Ga-N bond length is uniformly 
1.955 Å, shortest among all four compounds whereas for InN, In-N bond of 2.18 Å is observed. The bond lengths 
also suggest slight deviations from perfect tetrahedral coordination, which is typical in this material. The position 
of Ga and In atoms are at (0, 0, 0), and As and N atoms are at (1/4, 1/4, 1/4). The optimized crystal structure 
of the GaAs compound is illustrated in Fig. 1, with its two-dimensional and three-dimensional representations 
depicted in panels (a) and (b), respectively. In these cubic crystal structures, the lattice parameters follow a = b = c 
and α = β = γ = 90°. The calculated lattice parameter, a0, unit cell volume V0, and bond length​ for GaAs, InAs, 
GaN, and InN are presented in Table S1, alongside existing experimental and theoretical values.

Figure 2(a) shows that the unit cell volume, V of GaAs, InAs, GaN, and InN systematically decreases under 
pressure. This reduction in volume arises because external pressure strengthens atomic bonding, leading to a 
contraction in lattice dimensions. As shown in Fig. 2(b), the lattice parameters also decrease with increasing 
hydrostatic pressure, reflecting enhanced atomic interactions that reduce interatomic spacing.

Similarly, Fig. 2(c) demonstrates a smooth decrease in bond length for all four compounds. These structural 
compressions directly influence the mechanical response, shorter bonds and reduced volume increase the 
stiffness of the crystal, which is reflected in the rising elastic constants and moduli with pressure. The strong 
correlation between structural contraction and mechanical strengthening highlights how pressure not only 
stabilizes the lattice but also governs its elastic behavior.
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Phonon dynamics
The characteristics of phonons play a pivotal role in solid-state physics, as they significantly affect both thermal 
and electronic transport phenomena. Phonon behavior directly determines a crystal’s dynamical and structural 
stability. The nature of phonon modes is essential for understanding how atoms interact and vibrate within the 
lattice. A wide range of material properties thermal, mechanical, and electronic can be assessed either directly or 
indirectly through phonon dispersion spectra (PDS) and phonon density of states (PHDOS)53. These dispersion 
curves serve as crucial indicators of a material’s dynamical robustness, potential structural phase transitions, 

Fig. 2.  Variation of (a) Volume, V(b) Lattice parameter a0, and (c) Bond length d with pressure for GaAs, 
InAs, GaN and InN.

 

Fig. 1.  2D and 3D view of the crystal structure of Ga-As cubic cell.
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and the extent to which atomic vibrations contribute to thermal conductivity and related properties54. In the 
present study, to evaluate dynamical stability, the phonon dispersion relations for GaAs, InAs, GaN, and InN 
were computed at absolute zero temperature.

The resulting phonon spectra are interpreted via the harmonic approximation, which hinges on the force-
constant matrix as the primary descriptor of lattice vibrations. The defining equation for this tensor, denoted 
Dνµ​, reads:

	
Dνµ = ∂ 2E

∂ uv∂ uµ

� (1)

 ​
where E is the total crystal energy and uν​, uµ​ are atomic displacements evaluated at the equilibrium 

positions55,56.
From Fig. 3 (a-d), the phonon dispersion spectra for GaAs, InAs, GaN, and InN, exhibit no imaginary 

(negative) frequencies across the entire Brillouin zone, unequivocally demonstrating the dynamical stability of 
all four compounds at equilibrium. The three acoustic branches (two transverse and one longitudinal) emanate 
linearly from zero frequency at the Γ point and reach on the order of around 3, 2, 9 and 4 THz for GaAs, 
InAs, GaN, and InN respectively at the Brillouin-zone edges. Above the acoustic bands lie twenty-one optical 
branches: longitudinal optic (LO) and transverse optic (TO). The highest phonon optical modes occur around 8 
THz for GaAs and InAs, in contrast, GaN and InN extend up to approximately 20 THz, reflecting the presence 
of lighter nitrogen atoms and stronger atomic bonds. The phonon dispersion curve at 6 GPa and 14 GPa for 
all four compounds are shown in Fig. 1S which have no negative value confirming their dynamical stability 
throughout the pressures. From the PDOS analysis in Fig. 3 (c, d), a clear separation is observed between the 
atomic contributions in both GaN and InN. The heavier Ga and In atoms predominantly influence the low-
frequency modes, while the lighter N atoms are primarily responsible for the high-frequency optical modes. This 
results in Ga and In dominating the acoustic region, whereas N contributions are concentrated in the optical 
domain. Notably, some optical modes overlap with the acoustic range, but the higher-frequency optical modes 
are distinctly isolated by a gap between the lower-frequency vibrations.

Now, considering the PDOS profiles shown in Fig. 3(a, b), GaAs shows comparable contributions from Ga 
and As across both low- and high-frequency optical modes due to their similar atomic masses, while in InAs, 
In contributes more to the lower-frequency modes and As to the higher ones. This behavior has meaningful 

Fig. 3.  The Phonon dispersion curve and phonon density of states for the (a) GaAs, (b) InAs (c) GaN and (d) 
InN at 0 GPa.
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implications for thermal and mechanical properties: the high-frequency optical phonons in GaN and InN 
suggest more resilient lattice dynamics. Conversely, the lower-frequency optical modes in GaAs and InAs are 
characteristic of III–V semiconductors commonly employed in optoelectronic devices, where phonon scattering 
particularly LO phonons plays a significant role in carrier mobility and thermal performance.

Mechanical properties
The elastic stiffness of a material is intricately connected to its physical properties, including 
brittle Type equation here.ness, ductility, mechanical stability, and overall stiffness. These fundamental 
attributes play a crucial role in defining the material’s mechanical behavior57. Understanding the elastic 
properties is essential to elucidate the material response under external stresses. Furthermore, the interatomic 
connectivity and its implications for their neighbors, as well as the material’s cohesive forces, can be inferred 
from the study of elastic stiffness58. Thus, investigating the elastic constants is of paramount importance to gain 
deeper insights into the material’s structural and mechanical integrity. The calculated elastic constants for GaAs, 
InAs, GaN, and InN under varying pressure conditions are listed in Table 1. To assess the mechanical stability of 
these cubic materials under isotropic pressure, the Born’s criteria59 are applied:

Compounds P  C 11  C 12  C 44  B  G v  G  E  ʋ  B/G  G v/B Ref

GaAs

0
108.3 49.5 57.6 69.1 46.3 44 108.8 0.237 1.57 0.670 a*

106.5 53.3 60.2 75.5 ---- 32.6 85.5 ---- 2.32 ---- 62

2 117.6 58.1 64.0 77.9 50.3 47.1 117.5 0.248 1.65 0.645

a*

3 122.5 62.8 65.8 82.7 51.4 47.9 120.4 0.257 1.73 0.622

4 127.3 67.5 67.4 87.4 52.4 48.6 123.1 0.265 1.80 0.599

6 136.3 76.7 69.9 96.6 53.8 49.7 127.2 0.280 1.94 0.558

8 144.6 85.3 72.0 105 55.1 50.4 130.4 0.293 2.09 0.524

10 152.3 93.5 74.1 113 56.2 51.1 133.3 0.303 2.21 0.497

12 160.1 102 75.3 121 56.8 51.4 135.1 0.314 2.36 0.468

14 167.5 110.2 76.2 129 57.1 51.5 136.3 0.324 2.51 0.442

InAs

0
80.3 46.1 46.3 57.5 34.7 31.1 79.1 0.271 1.85 0.603 a*

83 45 40 48.8 ---- 29.6 73.4 ---- 1.65 ---- 34

2 88.8 55.8 48.3 66.8 35.6 31.4 81.5 0.297 2.13 0.532

a*

4 96.9 65.5 48.9 76.0 35.7 31.1 82.1 0.320 2.44 0.469

6 104.0 74.3 49.5 84.2 35.7 30.7 82 0.338 2.74 0.423

8 110.8 82.9 48.2 92.2 34.5 29.4 79.8 0.356 3.14 0.375

10 117.8 91.8 47.4 100 33.7 28.4 77.7 0.371 3.54 0.335

12 124.5 100.5 43.2 108 30.7 26.0 72.2 0.389 4.17 0.283

14 130.8 108.8 42.4 116 29.9 24.8 69.6 0.400 4.69 0.257

GaN

0
260.7 143.4 155.6 182 116.9 105.3 264.9 0.258 1.73 0.640 a*

286.91,2492 152, 127 165, 151 199, 168 ---- 113,105 285.3,260 0.26,0.242 1.76,1.60 ---- 351362

1 264.7 148 157.4 186 117.8 105.8 267.0 0.262 1.77 0.630

a*

2 269.8 152.6 158.7 191 118.7 106.5 269.5 0.266 1.80 0.619

4 334.0 167.8 160.3 222 129.4 123.2 312.1 0.267 1.81 0.580

6 330.5 177.4 162.0 228 127.9 120.0 306.3 0.277 1.90 0.560

8 289.6 178.4 164.9 215 121.2 106.8 274.9 0.287 2.02 0.562

10 296.4 186.5 162.1 223 119.3 105.2 272.7 0.296 2.12 0.534

12 303.7 195.5 163.9 231 120.0 105.2 274.1 0.303 2.20 0.518

14 310.5 204 164.8 239 120.2 105 274.8 0.309 2.28 0.502

InN

0
156.1 102.9 88.1 120 63.5 54.7 142.5 0.303 2.21 0.527 a*

187 125 86 137 ---- ----- 162.158 ---- 2.11 ---- 35

2 163.8 112.6 89.5 129 64.0 54.4 143.2 0.316 2.38 0.494

a*

4 171.3 122.1 90.4 138 64.1 53.9 143.1 0.328 2.57 0.463

6 178.1 131.3 89.5 146 63.1 52.6 140.9 0.340 2.79 0.429

8 185.6 140.7 88.6 156 62.2 51.5 139.1 0.351 3.02 0.399

10 192.3 149.8 88.6 164 61.7 50.4 137.2 0.361 3.25 0.376

12 199.0 158.6 88.4 172 61.2 49.4 139.2 0.369 3.48 0.355

14 205.6 167.6 88.3 180 60.6 48.3 132.9 0.377 3.73 0.336

Table 1.  Calculated elastic constants, Cij (GPa), polycrystalline bulk modulus B (GPa), shear modulus G 
(GPa), young’s modulus E (GPa), poisson’s ratio ν , pugh’s ratio (B/G), pettifor criterion (Gv/B) for XM at 
different pressures. a* represents present work .
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	 C11 > 0, C44 > 0, C11 − C12 > 0 and C11 + 2C12 > 0� (2)

And also at higher pressure mechanical stability is ensured by60,61:

	
∼
C11 −

∼
C12> 0,

∼
C11 + 2

∼
C12 > 0, and

∼
C44 > 0� (3)

Where,

	
∼
C11 = C11 − P,

∼
C12 = C12 + P,

∼
C44 = C44 − P � (4)

From Table 1, it is evident that the computed elastic constants conform to the requisite stability conditions 
across all pressures, confirming the mechanical stability of the materials. Elastic constants serve as fundamental 
indicators of the mechanical behavior of these materials. The C11 ​measures the resistance to longitudinal 
deformation under hydrostatic pressure, C44​ reflects shear deformation resistance, and C12​ corresponds to strain 
response along perpendicular axes.

The values of C11​, as observed in Fig. 4 (a-d), are increasd linearly with pressure for GaAs, InAs, and InN, 
reflecting enhanced bonding strength under compression. However, for GaN, C11 increases linearly up to 2 GPa, 
after which it exhibits anomalous behavior at 4 GPa, marked by a sudden and significant rise to an unusually 
high value, and then shows a noticeable drop at 6 GPa. This drop in C11​ suggests a weakening of longitudinal 
bonding strength in GaN, potentially indicating the onset of structural instability or a phase transformation.

Figure 5(a) and (b) illustrate the pressure-dependent behavior of the elastic constants C₁₂ and C₄₄, respectively, 
for GaAs, InAs, GaN, and InN. As depicted in Fig. 5(a), C₁₂ exhibits an almost linear increase with pressure for 
GaAs, InAs, and InN, indicating a consistent stiffening of the interatomic bonding under compression. GaN, 

Fig. 5.  Pressure dependence elastic constant C12 for (a) GaAs, InAs, GaN and InN and C44(b) for GaAs, InAs, 
GaN and InN.

 

Fig. 4.  Pressure dependence elastic constant C11 for (a) GaAs, (b) InAs, (c) GaN (inside the figure), and (d) 
InN.
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however, demonstrates slight anomalies at 4 GPa and 6 GPa, suggesting subtle structural or bonding irregularities 
under these specific pressure conditions.

Meanwhile, in Fig. 5(b), InN displays indications a disruption in the steady rise of C₄₄ near 4 GPa, while 
InAs shows a similar anomaly around 6 GPa. Although the increment is relatively modest, minor discontinuities 
are observed in InAs, GaN, and InN, which may be attributed to subtle changes in shear resistance or phase 
behavior. Nevertheless, these deviations remain minimal and do not significantly alter overall trend.

In order to elucidate the underlying mechanical characteristics, we calculate the bulk modulus (B), shear 
modulus (G), Young’s modulus (E), and Poisson’s ratio (ν) using the Voigt, Reuss, and Hill approximations65 and 
the bulk modulus (BR) and shear modulus (GR) in the Reuss (R)66-67 approximation. The results are presented 
in Table 1. The mechanical properties of GaAs, InAs, GaN, and InN under hydrostatic pressure exhibit distinct 
trends, as illustrated in Fig. 6(a-d).

For GaAs, the bulk modulus (B), Young’s modulus (E) and shear modulus (G) are increased with pressure, 
indicating that the material becomes stiffer and more resistant to both axial and shear deformations. This 
suggests a strong bond-strengthening effect under compression. In contrast, as observed in Fig. 6(b), InAs and 
InN exhibit a different trend—while their Young’s modulus initially increases and then decreases, in Fig. 6(c) 
their shear modulus consistently decreases with pressure. This implies that although these materials initially 
become stiffer in terms of elastic deformation, beyond a certain pressure threshold, structural modifications or 
bond weakening reduce their ability to resist deformation.

The Zener anisotropy factor is a key parameter to quantify the extent of elastic anisotropy exhibited by 
solid materials68. A perfectly isotropic material has an anisotropy factor of unity, while deviations from this 
value indicate the presence of anisotropy. The calculated values of A for GaAs, InAs, GaN, and InN under 0–14 
GPa pressure are presented in Fig. 6(d). Notably, the anisotropy factor (A) increases for GaAs, InAs, and InN, 
regardless of their initial anisotropic nature. This suggests that pressure enhances the directional dependence of 
their elastic properties, making them structurally more anisotropic over time.

Among all the compounds, GaN exhibits highly anomalous and discontinuous behavior across all properties, 
which strongly suggests pressure-induced phase transitions or structural instabilities. Alternatively, such behavior 
may arise from electronic and bonding rearrangements that lead to significant mechanical property fluctuations. 

Fig. 6.  (a) Bulk modulus, B(b) Young’s Modulus, E(c) Shear modulus, G and (d) Anisotropic factor, A of 
GaAs, InAs, GaN, InN under pressure.
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The presence of these discontinuities highlights the complexity of GaN’s response to pressure, distinguishing it 
from the other three compounds.

Additionally, the bonding nature of the materials can be inferred from Poisson’s ratio. A value of ν ≈ 0.1 
corresponds to covalent bonding, while ν = 0.25 indicates ionic bonding. For ionic crystals, central force crystals 
exhibit ν between 0.25 and 0.50, while non-central force crystals fall outside this range68. In this study, the 
calculated ν values for all materials under pressure (0.23–0.38) suggest central force bonding.

The brittle or ductile nature of the materials was analyzed using Poisson’s ratio (ν) and Pugh’s criterion (B/G). 
Poisson’s ratio ν < 0.26 indicates brittleness, while ν > 0.26 suggests ductility69. Figure 7, indicates that at 0 GPa, 
GaAs exhibits brittle behavior but transition to ductile nature at 4GPa, consistent with the B/G > 1.75 threshold 
of Pugh’s criterion70. GaN is positioned just below ductile-brittle borderline at 0 GPa. InAs and InN remain 
ductile throughout the pressure range, as both ν and B/G exceed the respective thresholds.

These transitions are further evidenced by the conditions C11 – C12 > 0 and Gv
B

> 0.6, which are based on 
Pettifor’s criterion. Pettifor’s criterion is used to predict the likelihood of phase transformations in materials. It 
suggests that when C11 – C12 ​ becomes negative, mechanical instability is signaled. Additionally, the ratio Gv

B is 
also crucial in this analysis. When Gv

B
> 0.6, the material tends to behave in a brittle manner, whereas a ratio 

of Gv
B

< 0.6, typically indicates ductile behavior.
From the data in Table 2; Fig. 8, GaAs approaches C11 – C12 = 0 and Gv

B values are above 0.6 at 4 GPa, 
indicating brittle behavior below these pressures, while materials such as InAs and InN remain ductile with Gv

B
values below 0.6. These findings provide valuable insights into the pressure-dependent mechanical stability and 
bonding characteristics of these materials.

Vickers hardness is a crucial mechanical property that provides insight into the plastic deformation resistance 
of a material under pressure. It serves as a key indicator of a material’s mechanical strength, where lower hardness 
values correspond to softer materials, while higher values signify harder materials. The hardness of a compound 
can be estimated using its Bulk modulus (B), Shear modulus (G), and Young’s modulus (E). According to Teter70, 
the Vickers hardness can be estimated, while alternative empirical relationships have also been proposed by Jiang 
et al.71-72. The calculated hardness values for GaAs, InAs, GaN, and InN under varying pressures are presented in 
Table 2; Fig. 9 (b). GaAs exhibits a moderate increase in hardness with pressure due to its rising bulk and shear 

Compounds P (GPa) β HG
V (GPa) HB

V (GPa) HE
V (GPa) Anisotropic factor, A

GaAs
0 0.014 4.88 6.65 6.60 0.562

14 0.008 6.20 12.45 8.27 1.244

InAs
0 0.017 2.60 5.54 4.80 1.291

14 0.009 1.49 11.19 4.22 2.529

GaN
0 0.005 15.73 17.58 16.08 1.234

14 0.004 15.67 23.07 16.68 1.699

InN
0 0.008 6.77 11.62 8.65 1.938

14 0.006 5.64 17.36 8.07 3.439

Table 2.  Calculated compressibility β, Vickers hardness and anisotropic factor, A of GaAs, InAs, GaN, and inn 
at 0 and 14 GPa pressures.

 

Fig. 7.  Pugh’s ratio and Poisson’s ratio under pressure for GaAs, InAs, GaN, InN.
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modulus. InAs and InN, however, show non-monotonic hardness trends, reflecting their fluctuating Young’s 
modulus and declining shear modulus. The material GaN, known for its exceptional hardness among these 
materials exhibits anomalous and discontinuous behaviors under pressure, potentially indicating structural 
transformations or electronic transitions. These variations highlight the diverse mechanical responses of III-V 
semiconductors under compression, emphasizing the role of bonding characteristics in determining hardness.

These mechanical insights have significant implications for device engineering in high-pressure or high-
stress environments. The pressure-induced stiffening of GaAs enhances its suitability for pressure sensors, high-
frequency devices, and components operating under harsh mechanical conditions. Meanwhile, the evolving 
ductility of InAs and InN beyond certain pressure thresholds points to their potential in flexible electronics, 
thermoelectric modules, and micro-/optoelectronic systems requiring both mechanical adaptability and 
durability. The central-force bonding nature and maintained ductility of GaN and InN under compression make 
them promising candidates for power electronics, LEDs, and aerospace applications. Overall, understanding 
these pressure-dependent elastic, anisotropic, and ductility behaviors informs optimal material selection, 
structural design, and future strategies for robust, adaptive semiconductor-based technologies under extreme 
mechanical conditions.

Anisotropic insight
The anisotropic character of a crystal provides important insight into its likely performance in different 
applications. Many material responses, for example fracture behavior, plastic deformation, phonon dispersion, 
and changes in chemical reactivity upon introduction of impurities are governed by the degree of mechanical 
anisotropy. We quantify anisotropy using several established indices and visualize it with two-dimensional maps 
of the elastic moduli. Figure 2S(a)–(d) presents 2D representations of Young’s modulus, compressibility and 
shear modulus for GaAs, InAs, GaN and InN at 0, 6 and 14 GPa, generated using the ELATE code73. In an 
ideally isotropic material, three-dimensional representations of these moduli would appear perfectly spherical; 
deviations from this ideal shape indicate the degree of elastic anisotropy. As pressure increases, the materials 
deviate further from their ideal spherical shape, indicating that elastic properties become more direction-

Fig. 9.  (a) Compressibility and (b) hardness of GaAs, InAs, GaN, and InN under pressure.

 

Fig. 8.  Correlation between C” = (C12–C44) and Gv/B of XM (X = Ga, In; M = N, As) under pressure.
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dependent under compression, which may lead to uneven stress distribution and localized mechanical 
vulnerability along specific crystallographic directions.

Electronic properties
 The classification of materials such as metallic, semiconducting, or insulation fundamentally relies on their 
electronic band structure, along with insights from the TDOS and PDOS74, . These electronic characteristics 
are critical for comprehending the intrinsic physical and chemical nature of the compounds. To investigate the 
electronic behavior of GaAs, InAs, GaN, and InN, their band structures were computed along high-symmetry 
directions (W–L–Γ–X–W–K) within the first Brillouin zone under varying pressure, as summarized in Table S2. 
All four compounds band gaps progressively widen with increasing pressure illustrated in Fig. 10. This behavior 
may arise from pressure-enhanced orbital hybridization, which lowers the valence-band maximum and raises 
the conduction-band minimum, thereby driving a systematic band-gap expansion. The corresponding band 
structures of GaAs, InAs, GaN and InN at 0, 6, and 14 GPa are illustrated in Fig. 11(a-d), with the Fermi level 
fixed at 0 eV for consistency. The compounds preserved a direct band gap at the Γ-point across all applied 
pressures. However, pressure altered the relative dispersion of the conduction band, leading to subtle shifts in 
the positions of competing k-point minima. Although the Γ valley consistently remained the lowest-energy state, 
the neighboring conduction-band valleys moved closer in energy with increasing pressure, reflecting enhanced 
band reordering under compression. For GaAs as shown in Fig. 11(a), the direct band gap increases from 1.538 
eV at ambient pressure to 2.0147 eV at 6 GPa, ultimately reaching 2.9682 eV at 14 GPa. In Fig. 11(b), InAs 
exhibits a narrower gap of 0.544 eV at 0 GPa that grows steadily, attaining 1.958 eV at 14 GPa. However, as shown 
in Fig. 11(c), GaN consistently retains a wide bandgap across all applied pressures, highlighting its potential for 
high-power and high-frequency device applications. At 0 GPa, the direct bandgap is 2.7493 eV, which further 
increases to 3.1937 eV at 14 GPa. Meanwhile the band structure of InN as depicted in Fig. 11(d) displays an 
initial gap of 0.458 eV, which increases to 0.8255 eV at 14 GPa, a range highly favorable for optoelectronic 
absorption and emission processes [The Expt. values of band gap are shown in Ref. 52, 63, 64]. The systematic 
widening of band gaps under compression highlights the tunability of these materials for pressure- or strain-
engineered applications. Such control over the electronic structure is vital for optimizing semiconductors in 
next-generation photonic, sensing, and high-efficiency electronic devices.

The systematic widening of band gaps under compression highlights the tunability of these materials for 
pressure- or strain-engineered applications. Such control over the electronic structure is vital for optimizing 
semiconductors in next-generation photonic, sensing, and high-efficiency electronic devices. The electronic 
properties of GaAs, InAs, GaN, and InN were investigated through TDOS and PDOS, providing insights into 
the redistribution of electronic states under varying pressures. The TDOS was evaluated as shown in Fig. 12 at 0 
to 14 GPa using both WIEN2k with the mbjLDA potential CASTEP. While CASTEP-based TDOS plots indicate 
some spurious states near the Fermi level, particularly under pressure, these are effectively eliminated in the 
WIEN2k results, affirming the clean semiconducting nature of the materials and reflecting consistency with 
the band structure calculations. As illustrated in Fig. 12(a-d), the value of TDOS for all four compounds vary 
smoothly with pressure.

Figure 13 (a–d) presents the PDOS for GaAs, InAs, GaN, and InN at selected pressures. There is rarely any 
change between 0 GPa and chosen pressure. As observed in Fig. 13(a), GaAs at 4 GPa, which is the pressure it 
has transitioned from brittle to ductile, the valence band is predominantly composed of As 4p states, while the 
conduction region is characterized by Ga 4p and minor 4s contributions. The orbital separation remains clear 
under pressure, with only mild redistribution across the band edges. In Fig. 13 (b-d) the PDOS graphs have 
been shown at 0 GPa and at the pressure of their possible phase transition to investigate if there is any visible 
change. In InAs from Fig. 13(b) at 8 GPa, As 4p and In 5p orbitals increasingly overlap, resulting in a denser 
conduction band region and subtle hybridization, which corresponds with the TDOS trends observed under 
pressure. According to Fig. 13(c), for GaN, evaluated at 6 GPa, the PDOS reveals strong N 2p participation in 
the valence band and Ga 4p states forming the conduction band. The clarity and spacing of these states support 

Fig. 10.  Bandgap of GaAs, InAs, GaN and InN at various pressures.
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GaN’s direct gap and its resistance to electronic distortion under strain. As depicted in Fig. 13(d), InN at 6 GPa, a 
noticeable redistribution of states is evident. The N 2p valence states remain dominant, but the conduction band 
shows a pronounced buildup of In 5p states, leading to band edge convergence and hinting at increased pressure 
sensitivity, consistent with TDOS observations.

Optical properties
The interaction of electromagnetic radiation with materials determines their optical behavior, which varies 
depending on the material’s intrinsic properties. The evolution of optical properties under varying pressure 
conditions in these compounds is directly linked to their electronic structure. The dielectric function as a 
function of photon energy is expressed as,

ε(ω)= ε1(ω) + iε2(ω) (3).
The complex dielectric function comprises ε₁(ω), the real part, and ε₂(ω), the imaginary part. The latter, 

ε₂(ω), arises from interbrand optical transitions and is computed using the momentum matrix elements, 
incorporating all possible electronic excitations from occupied to unoccupied states75–78. Using the Kramers-
Kronig relationship79–84, the real part ε1(ω) of the dielectric function can be derived and from the complex 
dielectric function ε(ω), one can extract several fundamental optical parameters, including the absorption 
coefficient α(ω), reflectivity R(ω), optical conductivity σ(ω), energy loss spectrum L(ω), refractive index n₁(ω), 
and extinction coefficient n₂(ω)76,77.

The optical properties of GaAs, InAs, GaN, and InN at 0, 6 and 14 GPa, covering photon energies up to 25 eV 
for polarization along the [100] direction, are presented in Fig. 14(a)–(d) and Fig. 15(a)–(d).

The optical absorption coefficient of XM (X = Ga, In; M = As, N), depicted in Fig. 14 (a), provides critical 
insights into the solar energy conversion efficiency of these materials by illustrating the penetration depth of 
specific light energies before absorption. As observed, all compounds exhibit zero absorption at low photon 
energy, indicating the absence of significant optical transitions in this range. This is followed by a small increase 
in absorption attributed to free carrier absorption, commonly referred to as Urbach absorption. For GaAs and 
InAs, the onset of significant absorption is observed near 4–5 eV, which is above their bandgap at 0 GPa. This 
behavior results from photon-induced electronic transitions from the valence band (VB) to the conduction 
band (CB). Notably, they both demonstrate a broader absorption spectrum at higher photon energies, with a 
pronounced absorption peak occurring around 6.3 eV. For GaN and InN, the absorption onset shifts significantly 

Fig. 11.  The electronic band structure of (a) GaAs, (b) InAs, (c) GaN, (d) InN along with high symmetry 
direction in the Brillouin Zone at P = 0 GPa.

 

Scientific Reports |         (2026) 16:3135 12| https://doi.org/10.1038/s41598-025-33576-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 12.  Total density of state of (a) GaAs, (b) InAs, (c) GaN and (d) InN in WIEN2K and CASTEP under 
pressure.
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Fig. 13.  The partial density of states of (a) GaAs at 0 and 4 GPa (b) InAs at 0 and 8 GPa (c) GaN at 0 and 6 
GPa (d) InN at 0 and 6 GPa.
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higher, peaking at around 10–12 eV, reflecting their potential utility in high-energy optical applications. For all 
the compounds the peak shifted higher as the pressures increased.

The energy loss function, as depicted in Fig. 14 (b), characterizes the energy dissipated by fast electrons 
traversing through GaAs, InAs, GaN, and InN. This function is directly linked to the material’s dielectric 
properties and highlights the plasma resonance, identified by the plasma frequency ωp​, where the maximum 
energy loss occurs. For GaAs, the plasma frequency is observed at 16.46 eV at 0 GPa, indicating the characteristic 
energy at which collective oscillations of the electron cloud occur while InAs exhibits a slightly lower plasma 
frequency of 14.49 eV. On the other hand, GaN, displays the highest plasma frequency at 20.09 eV, while InN 
shows a plasma frequency of 15.40 eV, these variations in the plasma frequencies are pivotal for applications in 
plasmonic and high-frequency technologies. However, the peak of the loss function exhibited an inverse trend 
to that of absorption shifting to lower energies with increasing pressure.

The reflectivity spectra R(ω) of GaAs, InAs, GaN, and InN, as illustrated in Fig. 14 (c), reveal distinct optical 
behaviors. For GaAs and InAs, the reflectivity initially lies in the range of 0.31–0.32 and peaks at 0.58 under 
ambient pressure (0 GPa), indicating strong reflectance in the corresponding energy region. In contrast, GaN 
and InN exhibit slightly lower initial reflectivity values of 0.19 and 0.31, respectively, with peak values ranging 
between 0.53 and 0.58. At elevated pressures of 6 and 14 GPa, the reflectivity peaks for all compounds exhibit 
a slight upward shift, suggesting pressure-enhanced optical response. These high reflectivity peaks suggest 
potential applications in optical coatings, mirrors, and photonic devices operating within the relevant energy 
range.

The photoconductivity of these compounds reveals how effectively they generate charge carriers 
under photon excitation, highlighting their optoelectronic potential. As shown in Fig. 14 (d), for GaAs, 
photoconductivity begins at 1.1 eV, and peaks at 4.4 eV, where carrier generation is most efficient. InAs, with its 
narrower band gap, exhibits photoconductivity starting at 0.4 eV and reaching a maximum at 2.0 eV. GaN, shows 
photoconductivity onset at 2.0 eV and a peak at 9.6 eV, ideal for high-energy optical applications. In contrast, 
InN begins photoconductivity at 0.3 eV, with a maximum at 8.2 eV, demonstrating its broad energy range of 
carrier excitation. With increasing pressure (6 and 14 GPa), the photoconductivity peaks for all compounds shift 
more noticeably toward higher energies compared to reflectivity, indicating that pressure enhances interband 
transition thresholds. This upward shift implies improved tolerance to high-energy photon excitation, which is 
highly desirable for advanced optoelectronic and photonic devices operating under extreme conditions.

As observed in Fig. 15 (a) and (b), the dielectric properties of GaAs, InAs, GaN, and InN exhibit distinct trends 
in their real (ε1) and imaginary (ε2​) parts, reflecting their unique electronic structures and optical transitions. 
Regarding GaAs, the real part increases smoothly up to 2.14 eV before sharply decreasing at 6.17 eV, followed 

Fig. 14.  At 0, 6 and 14 GPa (a) absorption (b) loss function, (c) reflectivity, and (d) conductivity of GaAs, 
InAs, GaN, and InN.
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by a steady rise to 30 eV. The imaginary part begins at 0.6 eV, reaches a well-defined peak at 4.03 eV, and then 
gradually decreases, indicating a relatively simple and stable electronic transition process. Similarly, InAs shows 
comparable behavior, with the real part increasing to 1.77 eV, dropping to 6.01 eV, and then rising consistently. 
The imaginary part starts at 0.22 eV, peaks at 4.50 eV, and then diminishes gradually. These smooth variations in 
GaAs and InAs suggest fewer and more direct electronic transitions, resulting in a predictable optical response.

In contrast, GaN and InN display significantly more irregular dielectric behavior, characterized by frequent 
fluctuations. Concerning GaN, the real part increases up to 5.56 eV, decreases at 7.8 eV, rises again at 8.8 eV, and 
drops to its lowest point at 12.37 eV before showing a slight increase up to 30 eV. Similarly, the imaginary part 
shows sharp peaks and troughs, with a maximum at 6.87 eV and fluctuations persisting until 11.27 eV. InN also 
exhibits a similar pattern, with the real part starting high, decreasing sharply at 2.3 eV, fluctuating up to 10.7 eV, 
and then rising steadily. Its imaginary part peaks at 5.1 eV, shows discontinuities up to 12.5 eV, and decreases 
steadily afterward.

The dielectric behavior of GaAs and InAs reflects their stable and predictable electronic transitions, making 
them suitable for optoelectronic devices requiring consistent dielectric performance, such as modulators and 
waveguides. In contrast, the more complex transitions in GaN and InN suggest stronger interband interactions 
and higher-frequency dielectric responses, making them advantageous for high-frequency photonic and UV 
optoelectronic applications.

The refractive index n1(ω) and extinction coefficient n2(ω) provide key insights into the optical response of 
GaAs, InAs, GaN, and InN. High refractive indices in the ultraviolet region play a vital role in determining the 
efficiency of materials for applications such as photodetectors, solar cells, and other optoelectronic devices. A 
higher refractive index in this range signifies enhanced light-matter interaction, which is crucial for optimizing 
energy absorption and conversion. The refractive index spectra reveal that n1(ω) exhibits an upward trend with 
increasing photon energy, particularly in the lower energy regime of the ultraviolet spectrum78.

From Fig. 15 (c) and (d), it is apparent that, in the case of GaAs, n1(ω) reaches a peak of 4.18 at 2.27 eV, while 
n2(ω) attains a maximum value of 3.2 at 4.75 eV. Similarly, for InAs, n1(ω) peaks at 3.85 at 1.96 eV, and n2(ω) 
reaches 2.8 at 4.5 eV. Both materials exhibit smooth and predictable curves, indicating fewer complex transitions 
between energy states. This behavior is characteristic of their relatively simpler band structures, resulting in 
stable and efficient light propagation. In contrast, GaN and InN display more irregular patterns. For GaN, n1(ω) 
peaks at 2.97 at 5.82 eV, while n2(ω) reaches 2.01 at 11.99 eV. Similarly, for InN, n1(ω) exhibits a sharp peak of 
3.81 at 0.01 eV, with n2(ω) achieving 1.9 at 10.53 eV.

Fig. 15.  The dielectric function (a)ε1, (b)ε2 and refractive index (c)n1, and (d)n2 for GaAs, InAs, GaN, and InN 
at 0, 6 and 14 GPa.
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At elevated pressures of 6 and 14 GPa, all compounds display a slight upward shift in the peaks of ε₁, ε₂, 
n₁, and n₂, reflecting the pressure-induced widening of the band gap and the consequent modification of 
interband transition energies. This enhancement implies improved dielectric strength and stronger light–matter 
interactions under compression, which is advantageous for tailoring these materials in high-performance 
optoelectronic and photonic applications operating under extreme conditions.

The graphs clearly reveal the unique optical properties of GaAs and InAs exhibit smoother profiles compared 
to the more fluctuating and irregular patterns observed for GaN and InN. This difference arises due to the nature 
of their electronic structures and optical transitions. For GaAs and InAs, smoother variations suggest fewer and 
more direct electronic transitions between energy bands, leading to less complexity in their optical responses. 
Their predictable loss and reflectivity minimize noise in devices. Conversely, GaN and InN display sharp and 
irregular peaks, indicating multiple overlapping transitions between energy bands, which can occur due to 
stronger excitonic effects in these materials. These fluctuations highlight the intricate interaction of photons with 
the electronic states of GaN and InN, resulting in more dynamic optical behavior. This distinction emphasizes 
the impact of electronic band structure on the optical properties of materials. Their sharp, fluctuating optical 
behavior suits high-energy applications like blue/UV LEDs, laser diodes, and high-frequency transistors. Their 
dynamic optical response is advantageous for wide-bandgap and high-power uses. Table 3 presents the static 
dielectric constants and static refractive index (real part), compared with previous studies to ensure reliability.

Thermal properties
In the present work, the Debye quasi-harmonic model is implemented to explore several thermodynamic 
properties of GaAs, InAs, GaN, and InN as a function of temperature and pressure. Using the given energy 
of these compounds as a function of molecular volume, the bulk modulus, Debye temperature, specific heats, 
volume thermal expansion coefficients, internal energy, and entropy are calculated with the help of the Gibbs 
program based on the Debye quasi-harmonic approximation90. The bulk modulus and Debye temperature of 
the given compounds in the temperature range from 0 to 1200 K at ambient pressure are shown in Fig. 16 (a 
and c) and at different pressures up to 20 GPa at 300 K in Fig. 13 (b and d). The bulk modulus (B) is a crucial 
parameter that quantifies the resistance of a material to uniform compression. As observed in Fig. 16(a), the bulk 
modulus at 0 GPa does not exhibit significant variation in the low-temperature regime (T < 100 K) but shows 
a linear decrease with increasing temperature, which is a characteristic behavior of semiconductors due to the 
anharmonic effects in the lattice vibrations. On the other hand, in Fig. 16(b), at a constant temperature of 300 K, 
the bulk modulus increases with rising pressure, indicating enhanced rigidity of the lattice under compression.

Similarly in Fig. 16(c), the Debye temperature (θD), which provides insight into the vibrational properties of 
a material, follows a comparable trend. The Debye temperature remains relatively stable at low temperatures but 
decreases with increasing temperature due to the thermal softening of the lattice vibrations. Conversely in Fig. 
16(d), at a constant temperature of 300 K, θD increases monotonically with pressure, signifying an enhancement 
in the phonon frequencies, which can be attributed to the reduced interatomic spacing under compression. 
For GaAs and InN, θD increases from around 420.7 and 470 K respectively at 0 GPa to about 600 K at 20 GPa, 
whereas for InAs the value ranges from around from 320 K at 0 GPa to 490 K at 20 GPa. In contrast, GaN, the 
values range from about 763.7 K at 0 GPa to 906.0 K at 20 GPa. The higher θD values for GaN indicate stronger 
bonding and higher phonon frequencies, which contribute to its superior thermal conductivity.

The Grüneisen parameter (γ), which describes the anharmonic effects in lattice vibrations, is also shown in Fig. 
17 (a & b). It is observed that γ decreases with increasing pressure, which is a typical behavior of semiconductors 
as compression reduces anharmonicity. For instance, in GaAs and InN, γ decreases from around 2.08 at 0 GPa to 
1.62 and 1.88 respectively at 20 GPa, whereas in InAs and GaN, it declines from 2.20 to 2.02 and 1.71 respectively 
over the same pressure range. As observed in Fig. 17 (c), the thermal expansion coefficient (α), which quantifies 
the change in volume with temperature, exhibits an increasing trend with temperature up to a certain point, after 
which it saturates. It exhibits saturation around 300 K due to the anharmonic nature of lattice vibrations. At lower 
temperatures, phonon-phonon interactions are relatively weak, leading to a sharp increase in αv. However, as 
the temperature rises beyond 300 K, the phonon population increases, and the material approaches the classical 
limit where thermal expansion is governed by the Dulong-Petit law90. However, with increasing pressure in Fig. 
17 (d), α decreases, suggesting that compressive forces restrict the thermal expansion of the lattice.

Finally, the specific heat capacities at constant volume (Cv) and constant pressure (Cp) for GaAs, InAs, 
GaN, and InN are displayed in Fig. 18 (a-d) as functions of temperature and pressure. The variations of Cv and 

Compounds ε1 n1(ω) Reference

GaAs
12.39 3.52 This work.

12.40 3.26 85

InAs
13.59 3.69 This work.

13.60 3.71 86

GaN
5.92 2.43 This work.

8.9 2.30 87,88

InN
17.47 3.81 This work.

15.30 3.05 89

Table 3.  The static dielectric functions and static refractive indices of GaAs, InAs, GaN, and inn at 0 GPa.
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Cp with temperature as observed in Fig. 18 (a and b) follow the expected trends based on the Debye model. 
At low temperatures (T < 200 K), Cv and Cp exhibit a cubic dependence on temperature (T³ law), which is 
characteristic of phonon-dominated heat capacity92. However, at higher temperatures (T > 300 K), both specific 
heats approach a constant value, following the Dulong–Petit law, which states that the molar heat capacity of a 
solid at high temperatures converges to 3nNkB91. For instance, Cv and Cp for GaAs increase initially but stabilize 
at around 45.3 J/mol·K and 45.7 J/mol·K, respectively, at higher temperatures. A similar behavior is observed for 
the other compounds, with GaN exhibiting slightly lower values due to its stronger bonding and higher Debye 
temperature.

The impact of pressure on Cv and Cp is relatively minor as we can see in Fig. 18 (c and d). As pressure increases, 
specific heat capacities decrease slightly, indicating reduced anharmonicity and restricted lattice vibrations. For 
example, in InAs, Cv and Cp at 0 GPa are 47.1 J/mol·K and 47.5 J/mol·K, respectively, but they decrease slightly 
to 43.9 J/mol·K and 44.0 J/mol·K at 20 GPa. This suggests that applying pressure stiffens the lattice, reducing the 
contribution of thermal vibrations to the heat capacity.

 The melting temperature (Tm), and minimum thermal conductivity (Kmin) of GaAs, InAs, GaN, and InN at 
0–14 GPa are given in Table. S3. Among the four compound GaN has high melting point, 1528 K)and relatively 
large minimum thermal conductivity, 1.71 W·m⁻¹·K⁻¹, together with InN’s robust, 1057 K at 0 GPa make them 
excellent choices for high-temperature, high-power and harsh-environment optoelectronic and RF devices 
where thermal durability and effective heat removal are critical. In contrast, the lower melting points of GaAs, 
841 K and InAs, 716 K recommend them for moderate-temperature photonic and infrared applications or for 
thermoelectric/photonic devices that require careful thermal management or exploitation of lower thermal 
conductivity.

From the thermal property data, it is evident that materials like GaN and InN, characterized by high Debye 
temperatures and low thermal expansion coefficients, are well-suited for high-power and high-temperature 
electronic devices, where thermal stability and efficient heat dissipation are essential. The observed increase in 
bulk modulus and Debye temperature with pressure highlights their potential for high-pressure environments, 
such as space and deep-earth sensing applications. Additionally, the predictable variation of specific heat 
with temperature—and its slight decrease under pressure—makes these materials promising candidates for 
thermoelectric and thermal management systems. These thermal characteristics reflect strong lattice bonding 
and underscore the materials’ robustness and reliability under extreme operating conditions.

Fig. 16.  The bulk modulus, B(a) temperature dependence, (b) pressure dependence and the Debye 
temperature, θD(c) variation with temperature, (d) and pressure for GaAs, InAs, GaN, and InN.
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Conclusions
A comprehensive study about physical characteristics of Zinc blende materials XM (X = Ga, In and M = N, As) 
was explored via DFT CASTEP and WIEN2K approaches. This work’s novelty stems from the systematic, cross-
validated application of plane-wave and all-electron formalisms under hydrostatic compression, which yields a 
internally consistent dataset linking structural, vibrational, mechanical and electronic responses across multiple 
pressures. Dynamical constancy of these materials was assured from phonon calculations while the mechanical 
steadiness is ensured from stiffness constants. By correlating pressure-dependent phonon shifts with changes 
in elastic tensors and electronic structure, the study identifies mechanistic that underpin the observed property 
evolution. A consistent decrease in lattice parameters and volume with pressure reveals the increase in atomic 
bonding strength. Depending on pressure variations Pugh’s ratio and Pettifor’s values have changed which 
leads to brittle-to-ductile transition for GaAs. In contrast GaN was just below the ductile-brittle borderline and 
demonstrated anomalous elastic behavior under pressure for mechanical properties. Remarkably, the elastic 
constants experience pronounced shifts for In-based nitride and arsenide at in InN at 6 GPa, GaN 6 ± 2 GPa and 
InAs at 8 GPa, respectively. This behavior may lead possible pressure-driven phase transformation in crystal 
structure. Such pressure-triggered mechanical anomalies and transitions provide actionable design rules for 
strain- or pressure-engineered materials and motivate experimental high-pressure studies to validate predicted 
instabilities. The simulated bandgaps within the range of 0.4–3.1 eV, along with high dielectric constants make 
them ideal candidates for optoelectronic devices. Moreover, the demonstrated pressure-tunability of band 
gaps suggests practical pathways to tailor optical absorption and emission for adaptive photonic and sensing 
applications. Thermal property analysis revealed that specific heat capacities increase with temperature, 
following expected Debye behavior and approaching the Dulong–Petit limit at high temperatures. The low 
thermal expansion, mechanical strength, and pressure resilience of GaN, GaAs, InN and InAs, make them ideal 
for high power and harsh environment electronics, from electric vehicle power modules and RF amplifiers to 
aerospace and nuclear sensors. The combination of thermal durability and stable electronic performance under 
extreme conditions underscores their promise for next generation optoelectronic, thermoelectric, and power 
conversion platforms. Collectively, this integrated computational assessment supplies a rigorous materials-
selection framework and predictive guidance for future device prototyping under non-ambient conditions.

Fig. 17.  The Grüneisen parameter γ, (a) temperature dependence, (b) pressure dependence and the thermal 
expansion coefficient, α (c) variation with temperature, (d) and pressure for GaAs, InAs, GaN and InN.
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