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Abstract 

The effects of pressure on the crystal structure, elastic properties, and electronic 

characteristics of Al4In2N6 are systematically studied using first-principles density functional 

theory. The lattice constants of Al4In2N6 decrease with the increase of pressure, exhibiting 

anisotropic compression with greater compressibility along the c-axis. In terms of mechanical 

properties, the bulk modulus increases with the increase of pressure, indicating enhanced 

compressive resistance. Notably, the Vickers hardness decreases with the increase of pressure, 

indicating that high pressure can induce plastic deformation in Al4In2N6. The calculations of 

elastic constants and phonon spectra confirm that Al4In2N6 retains mechanical and dynamical 

stability in the pressure range of 0–30 GPa. Electronic structure calculations reveal that 

Al4In2N6 possesses a direct band gap, and non-overlapping conduction and valence bands at 

the Fermi level. The conduction band has a higher carrier mobility than the valence band. The 

band gap increases almost linearly with pressure rising from 3.35 eV at 0 GPa to 4.24 eV at 

30 GPa, demonstrating significant pressure-induced modulation of the electronic structure. 

Furthermore, the analysis of differential charge densities reveals that increasing pressure can 
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strengthen the Al-N and In-N bonds in Al4In2N6 through shortened interatomic distances and 

stronger atomic interactions, increasing its compression resistance. In summary, this study not 

only deepens our understanding of the high-pressure properties of Al4In2N6 but also provides 

theoretical guidance for its application in UV optoelectronics. Pressure-driven modulation of 

its mechanical and electronic characteristics highlights its potential in efficient high-pressure 

optoelectronic devices and materials. 

The effects of pressure on the crystal structure, elastic properties, and electronic 

characteristics of Al4In2N6 are systematically studied using first-principles density functional 

theory. The lattice constants of Al4In2N6 decrease with the increase of pressure, exhibiting 

anisotropic compression with greater compressibility along the c-axis. In terms of mechanical 

properties, the bulk modulus increases with the increase of pressure, indicating enhanced 

compressive resistance. Notably, the Vickers hardness decreases with the increase of pressure, 

indicating that high pressure can induce plastic deformation in Al4In2N6. The calculations of 

elastic constants and phonon spectra confirm that Al4In2N6 retains mechanical and dynamical 

stability in the pressure range of 0–30 GPa. Electronic structure calculations reveal that 

Al4In2N6 possesses a direct band gap, and non-overlapping conduction and valence bands at 

the Fermi level. The conduction band has a higher carrier mobility than the valence band. The 

band gap increases almost linearly with pressure rising from 3.35 eV at 0 GPa to 4.24 eV at 

30 GPa, demonstrating significant pressure-induced modulation of the electronic structure. 

Furthermore, the analysis of differential charge densities reveals that increasing pressure can 

strengthen the Al-N and In-N bonds in Al4In2N6 through shortened interatomic distances and 

stronger atomic interactions, increasing its compression resistance. In summary, this study not 

only deepens our understanding of the high-pressure properties of Al4In2N6 but also provides 

theoretical guidance for its application in UV optoelectronics. Pressure-driven modulation of 

its mechanical and electronic characteristics highlights its potential in efficient high-pressure 

optoelectronic devices and materials. 
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1. Introduction 

III-V nitride semiconductor materials have attracted much attention due to their wide 

applications in light emitting diodes (LEDs), laser diodes (LDs), photodetectors, and 

distributed Bragg reflectors (DBRs)
[1-5]

. Among them, AlN has shown significant advantages 



in ultraviolet optoelectronic devices and high temperature environment due to its wide band 

gap (6. 2 eV), high thermal conductivity and excellent chemical stability
[6-8]

. In contrast, InN 

has unique advantages in infrared optoelectronic devices and high-speed electronic devices 

due to its narrow band gap (0. 7 eV) and high carrier mobility
[9,10]

. However, the 

thermodynamic stability of InN is poor, and it is easy to decompose in high temperature 

environment. Its chemical stability and mechanical properties are also weak, which limits its 

application in extreme conditions
[11,12]

. 

The complementary characteristics of AlN and InN provide a potential for the regulation of 

the properties of III-V nitride semiconductor materials. Researchers aim to obtain better 

material properties by introducing In atoms into AlN to construct a ternary compound 

Al1–xInxN system. The advantage of Al1–xInxN material is that the incorporation of In atoms 

can not only adjust the lattice constant of the material, but also significantly change the size of 

its band gap and the
[13]

 of its photoelectric properties, thus achieving a wide band gap 

coverage from infrared to ultraviolet
[14-17]

. For example, Chen et al.
[18]

 successfully prepared 

Al1–xInxN thin films by RF magnetron sputtering, and found that the band gap of Al1–x InxN 

decreased from 2. 95 eV to 2. 20 eV with the increase of In content. Moussa et al.
[19]

studied 

the crystal structure, electronic structure and optical properties of Al1–xInxN by first principles, 

and found that the lattice constant decreased and the bulk modulus increased with the increase 

of Al content. In addition, Al1–xInxN combines the high thermal stability of AlN with the high 

carrier mobility of InN. More importantly, the excellent performance of Al1–xInxN further 

expands its potential in different application scenarios
[20-24]

. For example, Dong et al.
[25]

 have 

shown that Al0.83In0.17N/GaN devices have higher sensitivity, faster response time, lower 

degradation and better stability than traditional AlGaN/GaN devices in aqueous solution, 

showing their great advantages in the field of sensors. In addition, the research of Li et 

al.
[26]

 shows that the sheet resistance of high electron mobility transistors (HEMTs) composed 

of AlInN/GaN heterostructure is significantly reduced by 51.2% compared with that of 

AlGaN/GaN heterostructure, which greatly improves the current driving capability and output 

performance of the device. Robin Chang et al.
[27]

 showed that Al1–xInxN exhibited excellent 

absorption properties and high refractive index in the ultraviolet spectral range, which is 

suitable for photoelectric detection devices. In addition, Borovac et al.
[28]

 reported that AlInN 

materials also have excellent high temperature stability (up to 950-1050 ℃), indicating that 

Al-In-N materials have broad application prospects in the field of high-performance 

electronic devices, further broadening their application scope under extreme conditions. 

Mechanical properties play an important role in material design and optimization, especially 

under stress and pressure. The mechanical response of materials determines their stability and 

application prospects. It has been shown that the mechanical properties of nitride 

semiconductors, such as elastic modulus and hardness, play a vital role in the optimization of 



material properties. For example, Yonenaga et al.
[29]

 measured indium nitride (InN) thin films 

grown on sapphire substrates by nanoindentation. The Young's modulus is (184±5) GPa, and 

the bulk modulus and shear modulus are (99±3) GPa and (77±2) GPa, respectively. The 

mechanical properties of InN thin films are closely related to their crystal structure, which 

provides an important basis for understanding the mechanical behavior of nitride 

semiconductor materials. Tan et al.
[30]

studied the mechanical properties of AlN by 

first-principles calculations, and found that the WZ structure of AlN is superior to the ZB 

structure in compression resistance, shear resistance and elastic anisotropy, and both of them 

show brittleness. 

Pressure, as an important external regulatory means, can alter atomic spacing, chemical 

bonding characteristics, and electron cloud distribution 
[31]

, thereby modifying the crystal 

structure 
[32]

, electronic properties
 [33]

, and optical properties
 [34]

 of materials. Although Al-In-N 

system materials exhibit broad application potential 
[35]

, current research primarily focuses on 

optimizing performance by adjusting the composition ratio of Al and In, making pressure 

regulation a topic worthy of further exploration. Robin Chang et al.
 [36]

 used USPEX structure 

searching and VASP (Vienna ab initio simulation package) calculations in 2016 to discover 

that among various Al-In-N systems, the orthorhombic phase Al₄ In₂ N₆  is the 

thermodynamically most stable structure under ambient pressure, with a formation enthalpy 

of -0.0114 eV/block. Therefore, based on this finding, the crystal structure, mechanical 

properties and electronic properties of Al4In2N6 under different pressures were systematically 

studied in this paper. The effects of pressure on the lattice constants and elastic constants of 

Al4In2N6 are analyzed, and their anisotropy is discussed. The dynamic stability of Al4In2N6 in 

the pressure range of 0–30 GPa is verified by phonon spectrum calculation. The change of 

band gap of Al4In2N6 under pressure was explored, and its variation was systematically 

analyzed. This study not only provides a theoretical basis for optimizing the properties of 

Al4In2N6 materials, but also points out the direction for the design and development of new 

and efficient devices. 

2. Details of calculation 

Density functional theory (DFT) calculations were performed using the VASP code, corrected 

for the interaction and correlation potential between electrons by the Perdew-Burke-Ernzerhof 

(PBE) method in the generalized gradient approximation (GGA)
[42,43]

. The total energy 

convergence criterion during optimization was 1 × 10
–6

 eV/atom, and the convergence 

criterion for force was 1 × 10
–4

 eV/Å. The plane-wave cutoff energy was set to 520 eV, and a 

5 × 9 × 10 Monkhorst Pack grid
[44]

 was used to sample the k points in the Brillouin zone. 

Phonon spectra were calculated using the PHONOPY
[45,46]

 package with a supercell setting of 

2 × 2 × 2. In this study, the band structure of the Al4In2N6 primitive cell was calculated using 

the HSE06 hybrid functional (mixing parameter α = 0.25)
[47]

, and self-consistent iterative 



calculations were performed on a 7 × 7 × 8 k point grid. This method combines the exchange 

conditions of Hartree-Fock and DFT, which can effectively describe the electronic structure 

and dynamic behavior of materials, and improve the accuracy of band gap calculation
[48-50]

. 

3. Results and Discussion 

3.1 Crystal structure 

The optimized unit cell structure of Al4In2N6 at 0 GPa is shown in Fig. 1. The crystal structure 

of Al4In2N6 is orthorhombic phase, belonging to the space group Cmc21 (No.36). The unit cell 

of Al4In2N6 contains 24 atoms, including 8 equivalent Al atoms with Wyckoff positions of 

8b (0.329, 0.664, 0.560) and 4 equivalent In atoms with Wyckoff positions of 4a (0, 0.678, 

0.556); 8 equivalent N1 atoms 8b (0.815, 0.852, 0.424) and 4 equivalent N2 atoms 4a (0, 0.298, 

0.475). 

 

Figure 1.  Crystal structure of Al4In2N6. 

In order to study the effect of pressure on the crystal structure of Al4In2N6, the lattice 

constants a,b,c of Al4In2N6 at 0–30 GPa were calculated, and the results are listed in Tab. 1. It 

can be seen from the Tab. 1 that the lattice constant of Al4In2N6 decreases along the a,b and c 

axes with the increase of pressure. 



 

Fig. 2 gives the calculated relative lattice constants (a/a0,b/b0,c/c0) and relative volumes (V/V0) 

of Al4In2N6 as a function of pressure. In the given pressure range (0–30 GPa), the change of 

the lattice constant c of Al4In2N6 is more significant than that of a and b, which indicates that 

the material. This phenomenon may be related to the weaker bonding along the c axis, making 

the compression more pronounced in this direction. The relative volume (V/V0) of Al4In2N6 

decreases by 12.6% in the pressure range of 0–30 GPa, which indicates that the external 

pressure has a significant effect on its crystal structure. In addition, with the increase of 

pressure, the change of V/V/0 tends to be stable, which may be related to the strength of 

crystal chemical bond under high pressure. 

 

Figure 2.  Pressure dependence of relative lattice parameters and relative unit cell volume for 

Al4In2N6. 

In order to analyze the bonding characteristics and charge transfer under high pressure, we 

calculated the differential charge density of Al4In2N6 at 0, 15 and 30 GPa Fig. 3. In the Fig. 3, 



yellow means gain of electrons and cyan means loss of electrons. From the Fig. 3(a), it can be 

seen that N atom has a strong ability to get electrons, Al atom has a strong ability to lose 

electrons, and In atom is relatively isolated. Al atom and N atom form a strong chemical bond, 

while In atom and N atom form a relatively weak chemical bond. With the increase of 

pressure, the strength of Al-N bond increases gradually, and the strength of In-N bond also 

increases to a certain extent. When the pressure reaches 30 GPa, both Al-N and In-N bonds 

increase significantly. At the same time, the charge distribution gradually transits from 

irregular anisotropy to ellipsoidal distribution, and the polarity decreases. This is because 

under high pressure, the distance between atoms is shortened and the interaction force 

between atoms is enhanced, which makes it more difficult for the crystal to be further 

compressed. 

 

Figure 3.  Differential charge density of Al4In2N6 under different pressures: (a) 0 GPa; (b) 15 

GPa; (c) 30 GPa. 

In order to determine the dynamical stability of Al4In2N6 under pressure, we calculated the 

phonon dispersion curves (e.g., Fig. 4) at 0, 10, 20 and 30 GPa. From the Fig. 4, it can be seen 

that there is no imaginary frequency in the whole Brillouin zone, and the curve gradually 

spreads and becomes looser with the increase of pressure, indicating that the Al4In2N6 phase is 

dynamically stable at both normal and high pressures. This is consistent with the kinetic 

stability of Al-In-N system with different ratios in all metastable phases studied by Robin 

Chang et al.
[51]

. 



 

Figure 4.  Phonon dispersion curves for Al4In2N6 at different pressures: (a) 0 GPa; (b) 10 GPa; 

(c) 20 GPa; (d) 30 GPa. 

3.2 Mechanical property 

The elastic constants of materials are the key physical parameters to describe the mechanical 

response of crystals under external stress, which are essential for further understanding and 

predicting the mechanical properties of solid materials. The systematic study of elastic 

constants of materials can provide scientific basis and theoretical support for the design and 

optimization of materials and the development of new materials. In the orthorhombic system, 

the material has significant anisotropic characteristics due to its different elastic properties in 

three mutually perpendicular axes. The elastic constant matrix of the orthorhombic system is a 

diagonally symmetric 6 × 6 matrix containing nine independent elastic 

constants:C11,C22,C33,C44,C55,C66,C12,C13, and C23. The calculated elastic constants of 

Al4In2N6 in the pressure range of 0–30 GPa are listed in Tab. 2. 

 

 

According to the mechanical stability criterion
[52]

 proposed by Born for the orthorhombic 

system, the following conditions should be satisfied: 



 

According to the mechanical stability criterion of orthorhombic system, the of 

Al4In2N6 satisfies the mechanical stability criterion. 

The elastic constants C11,C22, and C33 correspond to the tensile or compressive stiffness in the 

three orthogonal directions of the a,b, and c axes of the lattice, respectively. It can be seen 

from Fig. 5(a) that C11,C22,C33 increase gradually with the increase of pressure, indicating that 

the stiffness of the material in these directions increases with the increase of pressure. In the 

pressure range of 0–30 GPa, the increase of C11 is larger than that of C22 and C33. The results 

show that the ability of Al4In2N6 to resist tension or compression in the direction of a axis is 

more obvious. This phenomenon is usually associated with the densification of crystal 

structures at high pressure, that is, at higher pressures, the atomic spacing decreases, resulting 

in an increase in the stiffness of the material. C12, C13 and C23 represent the coupling effect 

between the two orthogonal axis directions. Fig. 5(a) shows that they also increase with the 

increase of pressure. The value of C12 is significantly higher than that of C13 and C23, 

indicating that the coupling effect of x and y directions is stronger. In addition,C44,C55,C66 

represent the shear stiffness of the material in the xy, yz, and zx planes, respectively. It can be 

seen from Fig. 5(a) that C44, C55, C66 have very similar change trends with the increase of 

pressure, and the change range is relatively small. This means that the shear stiffness of the 

material is less sensitive to pressure, indicating that the mechanical properties of Al4In2N6 in 

these directions remain stable. 

 

Figure 5.  The elastic constants (a) and elastic modulus (b) of Al4In2N6 change with pressure. 

Bulk modulus (B), shear modulus (G) and Young's modulus (E) can measure the resistance to 

fracture, plastic deformation and stiffness of materials, which is of great significance for 

understanding the solid state properties of materials. The elastic moduli (B,E,G) of Al4In2N6 



ternary compounds were calculated by the Voigt-Reuss-Hill (VRH) approximation method 

for
[53-55]

: 

 

Among 

 

Where BV and BR are the maximum and minimum values of the bulk modulus B of Al4In2N6, 

respectively, and GV and GR are the maximum and minimum values of the shear modulus G 

of Al4In2N6, respectively. 

Taking the arithmetic average of the two methods, one obtains 

 

According to the calculated bulk modulus B and shear modulus G, we can also calculate the 

Young's modulus E, Poisson's ratio μ
[56]

, Vickers hardness HV
[57]

 calculation formula, and the 

results are listed in Tab. 3. 



 

 

According to the above formula, we calculate the elastic modulus (B,G,E), Poisson's ratio μ, 

Vickers hardness HV of Al4In2N6 as listed in Tab. 3. It can be seen from Fig. 5(b) that the bulk 

modulus B increases linearly with the increase of pressure, from about 169 GPa to nearly 220 

GPa. This indicates that Al4In2N6 exhibits greater resistance to compression at higher 

pressures. The shear modulus G changes gently in the whole pressure range, indicating that 

the shear stiffness of Al4In2N6 material is almost unchanged under different pressures. Young's 

modulus E fluctuates slightly with the increase of pressure and remains in the range of 

240–250 GPa, indicating that the axial stiffness of Al4In2N6 material increases slightly under 

high pressure, but the overall change is small. 

Poisson's ratio μ is the ratio of transverse strain to longitudinal strain under stress, which is 

generally used to measure the stability of crystal against shear strain. Frantsevich et 

al.
[56]

proposed a criterion to judge the toughness and brittleness of materials by Poisson's ratio, 

that is, when the Poisson's ratio of a material is greater than 0.26, the material is considered to 

be tough, otherwise it is brittle. Poisson's ratio can also be used to emphasize the strength of 

covalent bonds. If the Poisson's ratio of the alloy is less than 0.26, it has a covalent bond. 

From the Tab. 3, it can be observed that the Poisson's ratio of Al4In2N6 is greater than 0.26, 

which indicates that Al4In2N6 materials are ductile and increase with the increase of pressure. 

It is generally believed that materials can produce larger transverse deformation when 

subjected to tension, show better stress dispersion ability, and can undergo greater plastic 

deformation before fracture, thus absorbing more energy. Therefore, Al4In2N6 material has 

better fracture resistance. 

Hardness is one of the key mechanical properties of materials, especially in evaluating the 

deformation resistance and stability of materials under different external conditions. Under 

high pressure environment, the change of hardness can reveal the deformation mechanism, 



potential transformation behavior, plastic and elastic characteristics of materials. From the 

Tab. 3, it can be observed that the Vickers hardness of Al4In2N6 material decreases gradually 

with the increase of pressure, and the Vickers hardness decreases from 11. 998 GPa to 7. 123 

GPa in the range of 0–30 GPa, which indicates that Al4In2N6 material becomes soft gradually 

during the compression process. When the pressure increases to 30 GPa, the hardness of the 

material decreases significantly, which may indicate that the Al4In2N6 material has entered the 

plastic deformation stage. 

Understanding elastic anisotropy is a necessary condition for improving mechanical durability. 

As mentioned earlier, the Al4In2N6 compound exhibits significant elastic anisotropy. In order 

to further understand the effect of pressure on the anisotropy of Al4In2N6, the 

three-dimensional surface plots of bulk modulus, shear modulus and Young's modulus of 

Al4In2N6 at 0, 10, 20 and 30 GPa are plotted, and the results are shown in Fig. 6. In Fig. 6, the 

different color areas represent the modulus, [001], [100], [010] indicate the direction of the 

crystal axis, and the degree of deviation of the three-dimensional curved surface from the 

sphere reflects the degree of anisotropy of the material. For the convenience of observation 

and analysis, the Fig. 6(a) color scale of bulk modulus is 160–210 GPa, the Fig. 6(b)–(d) 

color scale is 160–280 GPa, the shear modulus color scale is 85-100 GPa, and the Young's 

modulus color scale is 230–280 GPa, which can more intuitively reveal the trend and 

anisotropy evolution characteristics of modulus with pressure. 



 

Figure 6.  The 3D plot of bulk modulus ((a)–(d)), shear modulus ((e)–(h)), and Young’s 

modulus ((i)–(l)) of Al4In2N6 under pressures of 0, 10, 20, and 30 GPa. 

From the Fig. 6(a)–(d), it can be observed that the bulk modulus of Al4In2N6 changes from 

dark blue to yellow in [001] crystal direction, from cyan to dark red in [100] direction, and 

from light blue to red in [010] direction with the increase of applied pressure. It can be 

concluded that the color change and growth rate are different in each direction, but the overall 

compression resistance of the material is significantly enhanced under high pressure. The bulk 

modulus distribution of Fig. 6(a)–(d) is almost spherical, indicating that the bulk modulus 

anisotropy of Al4In2N6 changes little in the pressure range of 0–30 GPa. 

In contrast, the shear modulus Fig. 6(e)–(h) shows a significant directional difference. At 0 

GPa Fig. 6(e), the [001] direction is the weakest shear modulus region, showing a blue low 

band. With the increase of pressure, this direction still maintains a relatively low value, but 

the difference between the shear modulus of this direction and that of [100] and [010] 

directions gradually decreases, indicating that the anisotropy of Al4In2N6 is slightly weakened. 

Young's modulus Fig. 6(i)–(l), it is clear that Young's modulus increases with pressure in the 

[100] direction. At 0 GPa Fig. 6(i), the [001] direction corresponds to the highest Young's 



modulus and changes little with the increase of pressure, while the [100] and [010] directions 

are relatively low, and the [010] direction increases first and then decreases with the increase 

of pressure. Fig. 6(i)–(l) From the degree of spherical deviation, it can be seen that the 

anisotropy of Al4In2N6 material changes little with the increase of pressure. 

On the whole, the bulk modulus of Al4In2N6 increases gradually with the increase of pressure, 

while the shear modulus and Young's modulus show more significant directional evolution. 

The shear modulus and Young's modulus of Al4In2N6.With the increase of pressure, the 

anisotropy of the material changes little as a whole, but the difference is obvious in different 

crystal directions, which indicates that the mechanical properties of Al4In2N6 have strong 

directional changes. This provides an important theoretical basis for the potential of Al4In2N6 

in high pressure applications, especially in areas requiring high elastic modulus and 

deformation resistance (such as high pressure equipment or semiconductor applications), 

Al4In2N6 may show more excellent performance. 

3.3 Electronic properties 

Band structure is essential for understanding the physical properties of materials. In order to 

explore the effect of pressure on the electronic properties of Al4In2N6, the band structures of 

Al4In2N6 at 0, 5, 10, 15, 20, 25 and 30 GPa were calculated and discussed, and the results are 

shown in Fig. 7. 

 

Figure 7.  The band structures of Al4In2N6 at (a) 0 GPa, (b) 5 GPa, (c) 10 GPa, (d) 15 GPa, (e) 

20 GPa, (f) 25 GPa, (g) 30 GPa, and (h) the variation trend of the band gap with pressure. 



From the Fig. 7(a)–(g), it can be observed that in the given pressure range, there is no overlap 

between the conduction band and the valence band of Al4In2N6 at the Fermi level, and there is 

a band gap near the Fermi level. The minimum of the conduction band and the maximum of 

the valence band are located at the same k point (Γ point in the Brillouin zone, that is, k = 0), 

which indicates that Al4In2N6 is a semiconductor material with a direct band gap. In addition, 

the curvature of the dispersion curve at the bottom of the conduction band is always greater 

than that at the top of the valence band, which means that the mobility of electrons is higher 

than that of holes, and the effective mass of electrons is smaller. These characteristics have an 

important impact on the migration behavior of electrons and holes in Al4In2N6 materials. 

Fig. 7(h) gives the relationship between the band gap of Al4In2N6 and pressure. It can be 

observed that the band gap of Al4In2N6 increases linearly with the increase of pressure, from 3. 

35 eV at 0 GPa to 4. 24 eV at 30 GPa, and the corresponding absorption photon wavelength 

decreases from 370 nm (near ultraviolet region of ultraviolet spectrum) to 292 nm (middle 

ultraviolet region of ultraviolet spectrum). At low pressure (0 GPa), the material has a small 

band gap and a relatively small energy difference between the bottom of the conduction band 

and the top of the valence band, which is more suitable for absorbing or emitting low-energy 

photons, so that the material can effectively absorb or emit near-ultraviolet light. This 

property indicates that it is suitable for emitters or detectors of low energy ultraviolet light. At 

higher pressure (30 GPa), the band gap increases to 4. 24 eV, and the optical absorption range 

of the material enters the mid-ultraviolet region
[58]

. Therefore, under high pressure, Al4In2N6 

can absorb higher energy photons, and the absorption wavelength gradually shortens from the 

near-ultraviolet region to the mid-ultraviolet region. 

The study of the density of States (DOS) is essential for understanding the bonding 

characteristics and electrical behavior of crystals. We further calculated the density of States 

of Al4In2N6 under different pressures. The results are shown in the Fig. 8. The horizontal axis 

in the Fig. 8 represents the energy (unit: eV), and the vertical axis represents the density of 

States (unit: States/eV). The range of density of States near the Fermi level is selected from 

–6 to 16 eV, and the E = 0 eV marked by the dotted line is the Fermi level. At the Fermi level, 

the value of the density of States is zero, indicating that Al4In2N6 has semiconductor 

characteristics. By analyzing the total density of States (TDOS), it is found that the total 

density of States of the material is mainly contributed by Al-p, In-p and N-p orbitals. Further 

study shows that the conduction near the Fermi level is mainly contributed by the p orbital 

electrons of Al and In atoms, and Al-p and In-p are the main factors affecting the electronic 

conduction behavior of Al4In2N6. Al-s, In-s and N-s also contribute to the density of States 

near the Fermi level, but the overall effect is small. 

 



 

Figure 8.  The total density of states and partial density of states of Al4In2N6 at (a) 0, (b) 20, 

and (c) 30 GPa. 

With the increase of pressure, the conduction band gradually shifts away from the Fermi level, 

and the density of States in the energy range of 4–10 eV decreases significantly. It can be seen 

from the Fig. 8(a) and Fig. 8(b) that in the pressure range of 0–20 GPa, the density of States 

decreases significantly, compared with the pressure range of 20–30 GPa, the change of 

density of States is not obvious, because at lower pressures, the compression of interatomic 

distance is more significant, which leads to a greater change in bonding state, thus causing a 

significant change in the density of States. However, when the pressure is further increased to 

20–30 GPa, the interatomic force increases, the material becomes difficult to compress, and 

the change of bonding state tends to be flat, so the change of density of States is relatively 

small. In addition, with the continuous increase of pressure, the distance between atoms is 

further reduced, and the charge distribution is gradually delocalized. This phenomenon 

indicates the redistribution of electronic structure and the tendency of interaction 

enhancement under high pressure. 

4. Conclusion 

In this study, the structural, mechanical and electronic properties of Al4In2N6 under different 

pressures were systematically analyzed by first-principles calculations, and the significant 

control effect of pressure on its properties was revealed. The lattice compression and the 

change of elastic constants show that the material has good mechanical stability and 

resistance to deformation under high pressure. Electronic structure calculations show that 

Al4In2N6 is a direct band gap semiconductor, and its band gap increases linearly with pressure, 

which makes it have the tunable optical response characteristics required by ultraviolet 

optoelectronic devices. In addition, the change of density of States under high pressure further 

reveals the regulation mechanism of chemical bond properties. This study not only deepens 

the understanding of the high-pressure physical properties of Al4In2N6, but also provides 

theoretical guidance for its practical application in the field of ultraviolet optoelectronics. 



Future research can be combined with experiments to verify the stability and functional 

properties of the material under extreme conditions, and provide support for the development 

of new optoelectronic devices. 
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