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A B S T R A C T

Inorganic perovskite-based substances have become a major attraction to solar technology. Inorganic cubic 
Mg3NI3 perovskites have generated a heap of fascination owing to their distinctive optical, electrical, and 
structural features. The photovoltaic and optoelectronic industries prioritize lead-free, atomically tailored metal 
halide perovskites due to the need to address lead (Pb) toxicity and instability. This study assessed the optical, 
structural, and electrical parameters of Pb-free inorganic halide perovskites Mg3NI3 as a function of biaxial 
compressive and tensile strain, leveraging first-principles density-functional theory (FP-DFT). Refractive index, 
absorption coefficient, reflectivity, dielectric function, and tolerance factor are a few additional optical param
eters that are computed and processed. The bandgap of the planar Mg3NI3 molecule is 0.412 eV (PBE) when SOC 
is not applied. The bandgap reduces to 0.363 eV (PBE) at its Γ(gamma) and R-point when the subjective SOC 
effect is taken into consideration. This compound’s bandgap will narrow under tensile strain and expand under 
compressive strain, depending on whether the SOC effect is applied or not. Several elastic factors are anticipated, 
including the bulk modulus, Pugh’s ratio, elastic constants, anisotropic factors, and Poisson’s ratio. Electronic 
property calculations using band mechanism and density of states (DOS) suggest that Mg3NI3 have a bandgap 
that is indirect and semiconductive. The elastic properties of this material were found to be mechanically stable, 
anisotropic, and ductile. In the photon energy range suitable for solar cells, the spikes in the dielectric constant of 
Mg3NI3 are seen. Our findings point to the prospect of Mg3NI3 as a non-toxic, high-performance, low-cost ma
terial for implementation in solar cells and different semiconductor devices.

1. Introduction

The field of photovoltaics has seen astounding developments with 
perovskite materials, which are considered possible substitutes for high- 
efficiency solar cell technologies [1–5]. Many individuals are still 
captivated by inorganic perovskites due to their distinctive and capti
vating optical, electrical, and structural features. Different perovskites 
from the A3MX3 group have emerged as promising new additions to this 
class of materials. Hybrid organic-inorganic perovskite solar cells (PSCs) 
have superior photovoltaic (PV) efficiency compared to conventional 
cells [6–11], due to their reduced trap density, increased optical ab
sorption, decreased exciton binding energy, improved charge-carrier 
mobility, and longer charge-carrier lifespan [12–14]. Solar cell 

materials such as CdTe, CIGS, Sb2Se3, CMTS, and FeSi2 have achieved 
great progress in the PV area [15–23], however, due to the customized 
traits that they possess, perovskites have recently garnered the interest 
of researchers [5,12,14]. In spite of their thin layer thickness, perov
skites are more efficient in photon capture than other semiconductors 
[21,24–26]. The power conversion efficiency (PCE) of perovskite solar 
cells has escalated from 2.9 % in its early stages to over 19 % in recent 
years, drawing a lot of interest in these cells [27,28]. A collaboration 
with organic-inorganic perovskites (OILHP) allowed solar cells to ach
ieve a PCE of 26.1 % in 2023 [29].

Although they have these advantages, their instability keeps them 
from being widely applied [25]. In real-world situations, the stability of 
these perovskites is highly unstable due to their extreme sensitivity to 

* Corresponding author.
E-mail address: rasidul@bsfmstu.ac.bd (M.R. Islam). 

Contents lists available at ScienceDirect

Journal of Physics and Chemistry of Solids

journal homepage: www.elsevier.com/locate/jpcs

https://doi.org/10.1016/j.jpcs.2024.112435
Received 17 August 2024; Received in revised form 15 October 2024; Accepted 2 November 2024  

Journal of Physics and Chemistry of Solids 197 (2025) 112435 

Available online 4 November 2024 
0022-3697/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:rasidul@bsfmstu.ac.bd
www.sciencedirect.com/science/journal/00223697
https://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2024.112435
https://doi.org/10.1016/j.jpcs.2024.112435


variations in temperature, humidity, light, and air [26]. Therefore, 
research into commercially viable, high-efficiency inorganic halide 
perovskite (IHP) materials must be given top priority by the solar cell 
industry. Strain engineering is a powerful tool for tailoring perovskite 
materials to solar applications by altering their physical properties and 
crystal structure. New studies show that perovskite material’s structural 
properties are influenced by the amount of strain applied to them 
[30–36]. There have been attempts to create a lead-free perovskite, but 
the levels are still much lower than the levels of lead-based perovskites 
[37–41]. Commercializing photovoltaic materials with zero lead content 
and outstanding productivity has thus become the principal goal of the 
solar cell industry [42]. As a material belonging to the A3MX3 family, it 
contains the following elements: M = P3-/As3− /N3− /Sb3− , X =

F− /Cl− /Br− /I− , and A = Mg2+/Ca2+/Sr2+/Ba2+. It resembles cubic 
halide perovskites in structure and conveys superior parallelism with the 
Pm-3m (no. 221) space group [6–8,10,11,43]. Because of its photovol
taic uses, this material’s parity allows for band-edge state changes [44]. 
Solar cells are one possible future optoelectronic and electrical products 
that could make use of this material. According to A. K. Hossain et al. the 
inorganic perovskite CsSnCl3 exhibits remarkable optoelectronic prop
erties and transforms dramatically from a semiconductor to a metal 
architecture [39]. Furthermore, it was discovered by D. Liu et al. [40] 
that compressive or tensile strain can dramatically change the CsGeI3 
perovskite’s bandgap characteristics and dielectric function.

Numerous advantageous characteristics of Ca3PI3 and Ca3AsI3 were 
noted in earlier research [11,41,42], making them materials with 
promising potential for use in solar cell technology. These materials can 
compete with other materials used in photovoltaic applications. In a 
similar vein, we find that Mg3NI3 exhibits the expected bandgap at an 
energy concentration suitable for solar reception and that the compound 
is effectively converting photons to electrons. Because of this quality, 
Mg3NI3 can absorb more light across a wider range of wavelengths than 
other materials, enabling it to harness more of the sun’s energy than 
other options. The crystal structure of Mg3NI3 is stable, and it has a 
substantial tolerance aspect and dynamic equilibrium, both of which 
contribute to its excellent transport ability and stronger carrier transit 
and collection. Therefore, solar cells and other electronic and opto
electronic devices will soon be able to utilize this material. As far as we 
know, no investigation has reported the electrical as well as optical 
characteristics of Mg3NI3 following contemporaneous exposure to strain 
and spin-orbit coupling (SOC). This investigation extensively finds the 
electrical and optical traits of Mg3NI3 to evaluate the influence of 
external strain.

The DFT technique is employed to achieve this objective. The study 
focused on the customization of the bandgap, band structure, electron 

charge density, and stability in Mg3NI3. A thorough investigation of the 
electronic properties of Mg3NI3 is performed as it pertains to the im
plications of the outer strain on the structural features and energy gap. 
The investigation also finds the characteristics of Mg3NI3’s absorption 
spectra, with a particular focus on the shift of the dielectric’s most severe 
points in the red and blue domains because of variable strain conditions. 
Thus, this investigation verified the stability of Mg3NI3 perovskite, 
bandgap, optical properties, and investigate its mechanical properties. 
In a nutshell, the results indicate that Mg3NI3 could be customized for 
use in solar energy and optoelectronics by modifying its photonic 
properties.

2. Computational details

A norm-conserving (NC) pseudopotential and the Perdew-Burke- 
Ernzerhof (PBE) exchange-correlation function was implemented to 
assess the Mg3NI3 material employing the FP-DFT [43,44]. The Quan
tum Espresso (QE) simulation tool is used to perform the first-principles 
computations [43,44]. By setting the kinetic energy and charge density 
cut-off at 50 Rydberg (Ry) and 440 Rydberg (Ry), enhancements in 
structure and execution have been exceeded. The self-consistency 
functional was calculated using a convergence threshold of about 10− 6 

a. u. And the greatest strength tolerance of below 0.01 eV/ A◦. Addi
tionally, relaxation calculations for ionic minimization used a force 
convergence threshold of about 10− 4 a. u. According to Ref. [45], the 
band structure and PDOS were computed in the Brillion zone using the 
Monkhorst-Pack k-grid at 6 × 6 × 6. In AIMD calculation we use 60,000 
is the total number of steps at 300 K temperature. Using functionals such 
as local density approximation (LDA) and generalized gradient 
approximation (GGA), certain organic halides were calculated, and it 
was demonstrated that the absolute mean error exceeds 10 p.m. [46]. In 
our most current investigations, we have refrained from using corrected 
PBE functions for metals, even though there are methods to mitigate this 
problem [47,48]. The Heyd-Scusena Ernzerhof (HSE-06) hybrid func
tion was employed as well to provide more precise bandgap estimations 
for these perovskites. The optical characteristics of the perovskite 
structure were studied by evaluating their complicated dielectric func
tions that rely on photon energy (eV) once dynamical stability had been 
achieved. The spectral features were computed using Quantum Espresso 
and the first-order time-dependent perturbation theory [49].

The biaxial compressive and tensile strains can be determined by 
adjusting the lattice parameter astrained, as shown in equation (1) below 
[10]: 

ε= astrained − arelaxed

arelaxed
× 100% (1) 

Fig. 1. (a) The optimal structure of Mg3NI3 and (b) the k-path of the first Brillouin zone to determine its electronic band configuration.
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We remark that the lattice constant is arelaxed when no pressure ex
ists. The value of ε is between − 6% and +6 %, with each unit repre
senting 2 %. While compressive strain is indicated when ε is negative, 
tensile strain is indicated when ε is positive. Using first-order time- 
dependent perturbation modelling, the aesthetic qualities and dynamic 
sustainability of the material configurations were examined [46,47]. We 
have retained a gamma-centered 8 × 8 × 8 Monkhorst-Pack k-mesh 
patterns for evaluating the optical traits. The complex dielectric equa
tion was then studied to determine the range of photon energy (eV) in 
which its absorption maxima were detected.

3. Results and discussion

3.1. Structural properties

The periodic pattern of Mg3NI3 is the Pm3 m cubic basis. The single 
cell of the arrangement shown in Fig. 1(a) divides into seven compo
nents. This material contains a configuration of Mg and N atoms in a 
cubic lattice, with the face-centered and I atoms occupying an octahe
dral space. The bond distances of Mg3NI3 for Mg–N and Mg–I are 

surveyed at 2.8059 A◦ and 2.8059 A◦. To form NMg6 octahedra that 
share corners, six similar Mg2+ atoms are connected to N3− . The octa
hedra, without a corner, share a common space. Mg, N, and I are frac
tional coordinates of (0.5,0.5,0), (0.5,0.5,0.5), and (0.5,0,0), 
respectively; to find these coordinates, use the 1a, 3c, and 3d Wyckoff 
sites. The k-path linked to the first Brillouin zone appears in Fig. 1(b). 
Understanding the structural features of Mg3NI3 perovskite is significant 
before determining its different properties. By employing PBE, the 
structural features, involving the lattice constant (A◦), were evaluated; 
the findings appear in Table 1. The lattice constant with the highest 
reliability of Mg3NI3 is found by evaluating the total energy while 
considering the lattice parameter.

An independent variable, the lattice parameter, is utilized for 
obtaining a projection of the total energy with the aim of picking out the 
optimum lattice constant for the Mg3NI3 material. The total energy may 
have been driven by a change in the lattice constant, as depicted in Fig. 2
(b). The relaxed Mg3NI3 structure has the smallest total energy of 5.60 
A◦, which is in reasonably good agreement with the findings of the 
previous quantitative and practical studies listed in Table 1 [50]. The 
parameters that determine the optimal structure are the lattice constant, 

Table 1 
Mg3NI3 material lattice constant and energy bandgap were determined using investigational data using DFT calculations.

Structure Lattice Constant (A) This work Bandgap Energy (eV) Previous work Bandgap Energy (eV) Tolerance Factor Effective Mass (m0 = 9.1093 10− 31) Kg

Electrons Holes

Mg3NI3 5.60 0.412 (PBE) 0.869 (HSE) 1.03 (HSE) [88] 0.995 0.9514m0 0.4124m0

Fig. 2. Variation of Mg3NI3 per unit cell total energy concerning (a) k-points, (b) lattice constant, and (c) cut-off energy.

Fig. 3. Mg3NI3 perovskite structure without SOC (a) the electronic band formation and (b) PDOS.
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the kinetic cut-off energy, and the variety of k-point items in the circular 
loop in the Brillouin zone (BZ). We also investigated the total energy by 
adjusting the plane wave’s k-values and cut-off energies in the context of 
the PBE pseudopotential of the standardized valley assumption. Fig. 2(c) 
shows that the total energy converges, implying that a kinetic cut-off of 
50–80 Ry is effective for delineating the Mg3NI3 material. Establishing 
relative stability necessitates enough k-point sampling, and as can be 
presented in Fig. 2(a)–a k-point mesh of 6 × 6 × 6 is acceptable for this 
compound.

A computed lattice value of 5.60 A◦ indicated that the optimum 
compound of Mg3NI3 is one popular metric for gauging progress in 
perovskite structure development, which is the Goldschmidt tolerance 
factor. The solution manifests as equation (2): 

tG =
rMg + rI
̅̅̅
2

√
(rN + rI)

(2) 

Scientists [50] observe that material will have structural stability if 
the tolerance factor exists throughout the spectrum. of 0.8 < tG < 1.0. 
The Shannon ionic radii of these ions are represented by rMg, rN and rI. 
We may anticipate that this compound will crystallize in the cubic 
perovskite phase since their tolerance factors for Mg3PI3 is 0.995, in 
where rMg is 150 p.m., rN is 65 p.m., and rI is 140 p.m. [51]. within the 
range that allows the development of the perovskite structure, which is 
defined as 0.8< tG <1.0. Thus, it is a highly stable substance.

3.2. Electronic properties

Band structure, density of states (DOS), and the density of charges 
are the primary predictors of the electrical properties of a material [64]. 
For Mg3NI3 perovskite structures, the electronic band attributes, and 
high equipoise directions have been approximated. An electronic band 
arrangement of the Mg3NI3 framework is apparent in Fig. 3(a). The 
bandgap value can be conveniently evaluated with the Fermi levels set 
to zero. The cubic structure’s Γ-M-X-R-Γ is aligned with the k-axis. The 
conduction band minimum (CBM) and valence band maximum (VBM), 
located around the Γ (Gamma) and R-points, appear in Fig. 3(a). Pre
dictions for the Mg3NI3 perovskite’s bandgap structures using the 
PBE/HSE function predict values of around 0.412 eV/0.869 eV. This 
result is generally consistent with previously reported results [50,51]. 
When the bandgap is measured using the GGA approach, it is common 
for the bandgap value to be clearly understated. Additional evidence of 
bandgap undervaluation is found in the (LDA) + U and LDA local density 
approximation addresses [52]. The GW tackle hybrid functional repre
sents one of the many techniques proposed by experts [53] for avoiding 
bandgap estimations of this kind.

All things considered, the PDOS reveals that distinct molecular to
pologies alter the bandgap energy of the Mg3NI3 composition. Fig. 3(b) 
shows the spatial distribution of PDOS in Mg3NI3 from − 5 to 5 eV. It has 

been found that the bandgap is conserved across the whole spectrum of 
energy in the Mg3NI3 hybridized Mg and N forms. This confirms that 
covalent bonds are the most basic type of bond between Mg–I and N–I. 
The movement of electrons across Mg and N to I in Mg3NI3 is also 
implicated, as shown in Fig. 3(b), which may have been caused by the 
substantial disparity in atomic states. Beyond the Fermi level, the Mg 
atom involvement is simply nonexistent. The density of states around 
the I-2p orbital-dominated valence band of Mg3NI3 is the main topic of 
our cubic phase article. Also important in the conduction band are the N- 
2p and, to a lesser degree, the Mg-3s orbitals.

For the determination of the effective mass of electrons and holes 
from the band diagram we use the formula, m∗(k) =

h23
(

∂2 E(k)/∂
(

k2
)))− 1

, where m*(k), E(k), k, and h, are the effective 

mass, energy, wave vector, and reduced Planck’s constant, respectively 
Our calculated effective mass for the holes in Mg3NI3 is 0.412m0 at R- 
point. For the complex Mg3NI3 the effective mass of the electrons is 
0.951m0 at Γ point, respectively, where m0 = 9.1093 × 10− 31 Kg. Pre
vious research found that the range of (0< m∗

h <m∗
e <1) where the 

electron’s effective mass is me and holes effective mass mh [54].

3.3. Structural stability

The association between momentum and phonon energy is described 
by using the term “phonon dispersion” when addressing phonons in a 
crystal lattice. As they traverse a material, phonons, which are quantized 
vibrations of its lattice, influence its mechanical and thermal attributes. 
During the phonon estimation, the lattice volume and atomic positions 
are entirely relaxed [55,56]. The initial Brillouin zone, along the 
high-symmetry domains Γ-M-X-R-Γ, shapes the phonon band of the 
Mg3NI3 molecule. Fig. 4(a), the dispersion mapping, must be analyzed to 
figure out the ongoing stability of the substance. This map validates that 
the evolving matrix excludes any negative frequencies for proximity.

Ab initio molecular dynamics (AIMD) simulations have been exten
sively studied in solid electrolyte materials [55–57]. The substantially 
occupied component of the well-known solid electrolyte material 
Li6PS5Cl (argyrodite) [57–65] presents arrangement difficulties when 
creating the input model framework for use in DFT and AIMD compu
tations. Through AIMD models, we can explore how electronic band 
gaps fluctuate based on structural traits and the relevance of long-range 
dispersion interactions. For the sole purpose of assessing AIMD functions 
at ambient temperature (300 K), Fig. 4(b, c) shows the outcomes of the 
AIMD simulations, revealing further evidence that Mg3NI3 is thermally 
stable. It appears that the energy and temperature metrics disclose 
extremely slight changes as time increases, and there is no large struc
tural shift nearer the end. Fig. 4(b) depicts the total energy opposed to 
time interactions, while Fig. 4(c) shows the temperature versus time 
intimacy.

Fig. 4. (a) The Phonon band structure of Mg3NI3 Compound. Variation of Total energy (b) and Temperature (c) with respect to time for Mg3NI3 material during 
AIMD simulation.

I.K.G.G. Apurba et al.                                                                                                                                                                                                                         Journal of Physics and Chemistry of Solids 197 (2025) 112435 

4 



3.4. Charge density

The charge density of Mg3NI3 in two dimensions correlated to the 
(200) crystalline plane, portrayed in Fig. 5(a). When seen in this light, 
the intense distribution of charges around the atoms is clearly visible. 
Fig. 5(b) provides a three-dimensional representation. The primary site 
of charge clustering is typically the magnesium atom. Furthermore, the 
charges are consistently ordered. The I atom had a smaller array of 
charges surrounding it. Because the charges of the Mg and N ions 
overlapped, it was not possible to examine the N atom in the individual 
charge distribution that was envisioned, leading to the formation of a 
covalent bond between the two ions [48,67,68]. Additionally, the fact 
that the charge contours of Mg and I do not coincide [66–68] suggests 
that, concerning the charge distribution, the ions establish an ionic 
connection. To reinforce its bonding nature, the structure relies on the 
ionic bond; to create a weaker link, the covalent linkage of Mg and N 
ions is used. N and I both have anti-bonding inclinations.

3.5. The effect of SOC on electronic structure

We used the SOC-containing Hamiltonian equation to study its ef
fects on the Mg3NI3 perovskite’s electrical characteristics. Equation (3)
is utilized to Hsoc 

Hsoc =
ħ

4m0c2

(
F→× p→

)
⋅ s→. (3) 

The Hamiltonian operator that considers SOC is marked by Hsoc, 
where ℏ is the reduced Plank’s constant, p→ stands for orbital angular 
momentum, F→ is the force or potential energy, m0 is the mass of un
bound electrons, and s→ is the spin angular momentum. Using relativ
istic investigations centered on the PBE functional approach, we were 
required to identify the translational influence scale to explain how 
heavy elements Mg and N alter the electrical properties of Mg3NI3 pe
rovskites having SOC. According to Fig. 6, the CBM and VBM positions 
were drastically altered because of SOC’s effect on the areas of the 
conduction and valence bands. The VBM underwent notable modifica
tions as it rose, whereas the CBM dropped towards the Fermi level. At 
0.363 eV, Mg3NI3 has a bandgap energy value due to the SOC effect. As 
shown in Fig. 6(a), the SOC consequence also leads to a fall in bandgap 

Fig. 5. An analysis of the electronic charge distribution in Mg3NI3 (a) A two-dimensional depiction of the (200) plane and (b) A three-dimensional viewpoint.

Fig. 6. Mg3NI3 perovskite structure with SOC (a) the electronic band formation and (b) PDOS.

Table 2 
The calculated bandgap of cubic Mg3NI3 perovskite under different compressive 
and tensile strains.

Applied Strain (%) Mg3NI3

Compressive Tensile

Without SOC With SOC Without SOC With SOC

0 0.412 0.363 0.412 0.363
2 0.604 0.530 0.299 0.226
4 0.774 0.709 0.180 0.122
6 0.985 0.946 0.079 0.048
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value in the Mg3NI3 perovskite formations. Bearing into consideration or 
ignoring the SOC effect, the bandgap energies of the Mg3NI3 materials 
are shown in Table 2.

The cubic Mg3NI3 band arrangement and its changes in bandgap 
were more evident when we took into account the impact of SOC while 
examining the relevant PDOS. When SOC is present, the PDOS, as seen in 
Fig. 6(b), has no discernible pattern in how it affects the magnesium 

atoms. At regions with great symmetry, the band edge separation caused 
by the SOC effect does not manifest as I-5p into p (j = 1/2) and I-5p into 
p (j = 3/2) splitting apart. In the VB, the energy spectrum of − 5 to 0 eV is 
mostly influenced by the I-5p (j = 1/2) and I-5p (j = 3/2) atoms, as seen 
in Fig. 6(b). Contrarily, N-3p (j = 1/2) and N-3p (j = 3/2) are mostly 
responsible for the energy on the CB portion, which spans from 0.5 to 
4.5 eV.

3.6. Strain-dependent electronic properties

Using strain as a percentage, we evaluated the implications of surface 
area ratio (SOC) on compressive and tensile stresses on the arrangement 
of Mg3NI3, both with and without SOC. The range of planned 
compressive to tensile strain covers a pressure that is between − 6% and 
+6 %, with 2 % increments throughout. Fig. 7(a) shows that the VBM 
and CBM for perovskites with concentrations of Mg3NI3 reach the Fermi 
zone when compressive and tension strain are employed. Fig. 7(b) shows 
the band structures of Mg3NI3 that handle the SOC impact while 
simultaneously experiencing tension and compression strain, corre
spondingly. The compressive strain increases the bond width between 
the Mg3NI3 atoms, causing orbits to become more crowded (not 
considering the SOC effect).

The positions of the VBM and CBM between the R and Γ-point for 
Mg3NI3 appear to be of considerable significance under the imposed 
compressive strain, spanning from − 6% to 0 %. The linear bandgap for 
Mg3NI3 is obtained at the R to Γ-point, irrespective of whether the SOC 
effect is utilized or not. The bandgap is shown to have been formed by an 
increase in compressive strain, demonstrating this both inside and 
outside of the SOC impact. A tensile strain applied in a range of 0 % to 
+6 % additionally affects the electrical band’s composition. The VBM 

Fig. 7. Mg3NI3 electronic band structure with biaxial strain (a) without SOC and (b) with SOC effect.

Fig. 8. The variation of Mg3NI3 electronic band structure bandgap with biaxial 
strain for both with and without SOC effect.

Fig. 9. The TDOS values of Mg3NI3 are almost at Fermi levels in various strains without (a) and with SOC consequence (b).
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and CBM for these cases have diverged from the Fermi level due to the 
incorporation of tensile strain. The band gap in the structures of Mg3NI3 

narrows under tensile strain. Upon careful investigation of the SOC ef
fect in the Mg3NI3, it is worth noting that a linear bandgap has been 
discovered between the R and Γ-point. An indirect bandgap in the 
electronic band arrangement is seen in the Mg3NI3 compound because of 
compressive and tensile strain. The bandgap deviations for the Mg3NI3 

materials during compressive and tensile consumption, with and 
without the SOC effect, appear in Table 2 and Fig. 8, correspondingly. 
The bandgaps of Mg3NI3 varied from 0.985 to 0.079 eV (not using SOC) 
and 0.946 to 0.048 eV (with SOC) in the used strain range of − 6% to +6 
%. Across the whole applied strain limit, the indirect bandgap properties 
for Mg3NI3 remain surprisingly unmodified. This means that these 
structures could be able to use the ideas provided in Shockley-Queisser’s 
theory [69] to boost solar cell productivity.

Fig. 9 displays the TDOS for Mg3NI3 in multiple combinations 
without and with the interplay between SOC and biaxial strain. Un
derstanding the configuration of the electronic band’s dynamics in 
Mg3NI3 can be substantially improved with the assistance of TDOS 
analysis. The existence of SOC has no bearing on the valence band, 
which agrees with the Fermi level in the unstrained Mg3NI3 in TDOS, 
which is mostly governed by the orbitals of the I atom. The Mg-3p and N- 
3p orbitals carry minimal influence. Additionally, the N atomic orbitals 
still have little effect on the TDOS of the conduction band even when 
SOC is present, but the Fermi level and the Mg-3p and -5p orbitals 
produce an enormous difference. According to the outcomes of Nayak 
et al. the absence of a DOS proximity line to the Fermi level reveals the 
material’s bandgap and semiconductor characteristics. No link between 
this effect and the functional exchange coefficient used [70] has been 
discovered.

Because compressive stresses within 0 % and − 6% drive the emer
gence of the TDOS line near the Fermi level. The conductivity of Mg3NI3 
materials diminish as an outcome of the TDOS line, which exceeds the 
Fermi level at tensile strain spanning 0 % to +6 %, even when the SOC 
effect is intact. After taking an in-depth look at the band arrangement 
and DOS of the Mg3NI3 materials, it is to be anticipated that the bandgap 
will fluctuate.

3.7. Optical properties

This item delves into the optical characteristics of Mg3NI3, including 
optical loss, optical absorption, and both the imaginary and real ele
ments of the dielectric function. An assortment of strains, ranging from 
− 6% to +6 %, were employed to conduct this study. 

ε(ω)= ε1(ω) + iε2(ω) (4) 

Based on equation (4), the dielectric parameter ε(ω) is composed of 

two parts: the real part, ε1 (ω) and the imaginary part, ε2 (ω) [71]. Parts 
of the momentum matrix are implemented for identifying the imaginary 
section of the dielectric property, while the Kramers-Kronig revision is 
used to gain the real part [74,75].

The real components of the unstrained and strained Mg3NI3 dielec
tric constants for photon energies up to 14 eV are shown in Fig. 10(a). 
Making use of the dielectric function’s actual aspect has shed light on the 
connection between polarization and scatter consequences. To under
stand the ocular features of a material, one must consider the electronic 
component of its dielectric function, indicated as ε1 (0), that occurs at 
zero frequency. A value of 9.71 is assigned to ε1 (0) for cubic Mg3NI3. As 
it increases from ε1 (0) to its highest possible value, the real part of the 
dielectric function ε1(ω) shows a progression. Remarkably, in the true 
part ε1 (0) of the dielectric function, discrete peaks of absorption appear 
around photon energies is about 3.68 eV for Mg3PI3. Thereafter, it set
tles out and produces several peaks. Modifying the biaxial strain has 
altered the dielectric constant peaks of Mg3NI3. As the tensile strain 
boosted the Mg3NI3 the structure showed a redshift regarding lower 
photon energy owing to a lower bandgap and a higher peak dielectric 
constant [72]. On the other side, Mg3NI3 observed a blueshift towards 
larger photon energy resulting from a decreasing peak dielectric con
stant as compressive strain increased.

The movement of the unreal dielectric constants ε2(ω) during both 
unstrained and strained situations may be noticed in Fig. 10(b). The 
imaginary dielectric constant ε2(ω) has offered us information regarding 
the electronic bandgap. An extensive range of absorption spectra can be 
identified by the values of ε2(ω) for Mg3NI3. Fig. 10(b) shows that at the 
optical maxima level of 9.55, the main peak for ε2(ω) is observed at a 
photon energy of 2.18 eV when there is no strain applied. The peak of 
the dielectric function’s imaginary portion moves into the low-energy 
area owing to strain, which causes it to sharply climb. At photon en
ergies greater than 12 eV, in the case of all strain-modulated Mg3NI3 

samples, the imaginary portion of the dielectric characteristic is zero. In 
this region, the strain-modulated samples have superb optical trans
parency and very low optical absorption, as there is no ε2(ω) greater than 
12 eV. A transition from the valence to the conduction spectrum is 
characterized by peaks in the imaginary region of the dielectric con
stant, resulting in changes to the peak locations. A redshift transpired at 
higher photon energies (blueshift) when resulting compressive, and a 
tensile strain shift occurred at lower photon energies (redshift) when 
tensile strains increased, respectively. Biaxial tensile and compression 
over a wide spectrum of energies greatly impact the absorption spectra 
of Mg3NI3, as indicated by this research [72].

A material’s light-absorbing potential is assessed by its optical ab
sorption coefficient. A solar cell’s PCE can be upgraded with the help of 
the information it delivers. For this scenario, the coefficient of optical 
absorption maintains the identical rhythm as the imaginary part of the 

Fig. 10. (a) The real and (b) imaginary dielectric constant with respect to different biaxial strains.
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dielectric function. The optical absorption patterns of Mg3NI3 reveal 
their greatest peak in the visible region. Under both unstrained and 
distinct biaxial strains, Fig. 11(a) shows the Mg3NI3 absorption coeffi
cient as a function of the energy of photons. Its absorption pattern shows 
that the edge reveals a significant redshift under compressive strain and 
a major blueshift under tensile tension. Compared to their unstrained 
counterparts, structures subjected to compressive strain have superior 
visible light absorption properties. The schemes differ from the previous 
instance under tensile strains. The anticipated bandgap is commensurate 
with Mg3NI3’s strain-modulated absorption change. An elevation of 
compressive strain is a crucial property for utilization in solar cells, 
which causes the apparent absorption coefficient of the Mg3NI3 struc
ture to go up. Raising tensile strain drives Mg3NI3 apparent absorption 
coefficient to drop. When electrons travel via a dielectric, their energy 
can be determined by the electron loss function. A representation of it is 
given by equation (5) [73], 

L(ω)=
ε2(ω)

ε2
1(ω) + ε2

2(ω)
(5) 

One essential tool to investigate a material’s light-dependent 
response is the energy loss mechanism, or L(ω). It calculates the en
ergy passage loss within the barrier or substance. Energy loss takes place 
when the incoming photon energy approaches the material’s bandgap, 
as seen by the peaks in the L(ω) graphs for Mg3NI3. The L(ω) peaks for 
the cubic configuration of Mg3NI3 are seen between 8.83 eV and 11.63 
eV, when strain is not present, which is displayed in Fig. 11(b). It is 
difficult to see dispersions at energies lower than the bandgap. For 

photon energies up to 13.46 eV, the loss function of strain-induced 
Mg3NI3 is identified. In Fig. 11(b), we can see the optical loss of 
Mg3NI3 under different tensile and compressive strain situations. In all 
structures, tensile strain results in a redshift, or a shift in optical loss 
towards lower photon energies. Nevertheless, there is a discernible 
blueshift in the optical loss towards higher photon energies when 
compressive strain appears. The optical losses for Mg3NI3 become 
greater in the visible light region when put through tensile strains 
instead of compressive forces [72,74].

A perovskite’s reflectivity refers to how much light it reflects, either 
visible light or electromagnetic radiation. Composition, crystal struc
ture, and surface form are three of the many parameters that can dras
tically affect the total reflectivity of perovskites. Perovskites made of 
Mg3NI3 may have distinct reflectances based on the wavelength and 
angle of reflection of the light that hits them. The reflectance of the 
Mg3NI3 perovskite substance may be used to estimate photon energy, as 
depicted in Fig. 12(a). The intensity of the reflectivity shift is most 
pronounced between 0 and 20 eV. At an energy of 14 eV, the reflectivity 
is at its highest.

Consistent with previous research, our outcomes on the visible 
properties of Mg3NI3 are presented here [79]. For visible light devices, 
materials exhibiting bandgaps below 3.1 eV are preferable [76]. The 
peculiar spectral characteristics of Mg3NI3 perovskite makes it an 
attractive material for employment in solar cells, optoelectronics, and 
optical sensors, among several other prospective applications.

The refractive index is an indication of a substance’s permeability to 
received photons; it is a dimensionless integer that quantifies the 

Fig. 11. (a) Absorption coefficient and (b)loss function as a function of photon energy with respect to both compressive and tensile strains.

Fig. 12. Reflectivity (a) and reflective index [n] of Mg3NI3 for both compressive and tensile strain.
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velocity of light streaming throughout a material. equation (6) specifies 
the real part of a material’s complex refractive index n (ω). 

n(ω )=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2
+ ε2(ω)2

2

√√
√
√
√

(6) 

To calculate the light-transmission capacity of the Mg3NI3 materials. 
The n(ω) refraction spectra are shown in Fig. 12(b). These materials are 
optically persistent, as evidenced by the photon energies appearing to 
hang unchanged above the band gap energy calculated by the refractive 
index, n. For semiconductors, the static refractive index, n (0), is an 
important physical trait. In comparison to Mg3NI3 the static refractive 
index has a maximum n (0) that is close to 3.16 eV. As energy levels rise, 
Mg3NI3’s refractive index drops. Still, the refractive index drops to its 
minimum value, n = 0.313, when the incident photon’s energy reaches 
E = 14.52 eV. This Mg3NI3 appeared to have separate refraction indices, 
corresponding to the refraction spectrum study. As expected, these 
findings corroborate the experience.

3.8. Mechanical properties

Many mechanical features of materials are defined by their elastic 
constants. These features include machinability, stiffness, hardness, 
ductile-brittle behavior, and stability. Table 3 shows the findings of the 
elastic constant calculations (C11, C12, and C44) conducted assuming 
density functional theory (DFT) in our investigation of Mg3NI3. The 
researchers used the popular Born stability metrics, described as follows 
[75,76], to evaluate the mechanical stability of Mg3NI3: 

C11 > 0, C44 > 0, C11 + 2C12 > 0, C11–C12 > 0                                    

Apart from that, we estimated a few mechanical characteristics, 
which involve Young’s modulus (E), bulk modulus (B), Poisson’s ratio 
(ϑ), Pugh’s ratio (B/G), shear modulus (G), and the Cauchy pressure (Cʺ) 
[77]. A material’s ductility and brittleness can be established by looking 
at its Cauchy pressure, Poisson’s ratio, and Pugh’s ratio. A material’s 
ductility or brittleness is significantly impacted by the Cauchy pressure, 
which has been defined as Cʺ = C12–C44. A ductile material exhibits a 
positive Cauchy pressure; when it is negative, it means it is brittle [78]. 
Any material with a Poisson’s ratio over 0.26 and a Pugh’s ratio above 
1.75 qualifies as ductile. Materials are regarded as brittle when their 
Poisson’s ratio is beneath 0.26 and their Pugh’s ratio is under 1.75 [79]. 
The mechanical stability of Mg3NI3 is shown in Table 3, which displays 
the values for Mg3NI3’s Young modulus (E), Shear modulus (G), Bulk 
modulus (B), Poisson ratio (ϑ), and Pugh’s ratio (B/G). The Pugh’s ratio 
is higher than 1.75, and the Poisson’s ratio is higher than 0.26. Hence, 
the ductileness is revealed by Mg3NI3 material.

A system’s directionally dependent features can be characterized 
using knowledge of several anisotropy indices. Due to the inherent 
symmetry and orientational preferences of individual molecules, solids 
exhibit anisotropy. In particular, researching elastic anisotropy has a lot 
of practical consequences in engineering and crystal physics for systems 
exposed to numerous levels of external stress, which contributes to 
enhanced mechanical durability [80–82]. The following equation (7)
[83]: 

AU =5
GV

GR
+

BV

BR
− 6 ≥ 0 (7) 

Where stood for the AU, or universal anisotropic index, which was put up 
by Ranganathan et al. and Shiva Kumar. An isotropic state of a material 
can be found by analyzing its universal anisotropy (AU) value. The 
Mg3NI3 computed AU value demonstrates its anisotropic behavior, 
which is different from the isotropic behavior of a substance when AU =

0. From these materials we evaluated, Mg3NI3 deviates the greatest from 
zero.

The proportion of anisotropy under shear (AG) and bulk (AB) con
ditions is amenable to computation by use of the subsequent formula (8, 
9): 

AG =
GV − GR

GV + GR
(8) 

AB =
BV − BR

BV + BR
(9) 

The bulk modulus (B) and the shear modulus (G), with the Voigt and 
Reuss approximations (V and R, respectively) are subscripted. According 
to Ref. [87], the material’s elastic anisotropy is at its maximum when AB 
= AG = 1, and it’s at its lowest when AB = AG = 0. For the substance in 
issue, the bulk modulus is isotropic, as indicated by the observed value 
of AG, which in turn reveals the currently present shear anisotropy. More 
precise insights into elastic anisotropy have been uncovered by studying 
and evaluating shear anisotropy across multiple orientations at distinct 
crystallographic planes. The shear anisotropic factors Ai, where i ranges 
from 1 to 3, are defined by A1, A2, and A3 in the following equations 
(10)–(12) [84,85]:

For {100} shear plane, 

A1 =
4C44

C11 + C33 − 2C13
(10) 

For {010} shear plane, 

A2 =
4C55

C22 + C33 − 2C23
(11) 

For {001} shear plane, 

A3 =
4C66

C11 + C22 − 2C12
(12) 

Gaining accurate anisotropy requires finding the Zener anisotropy 
index (A) and its corresponding value, the Zener anisotropy (Aeq). We 
can estimate their worth by plugging them into this equations 13 and 14
[86]: 

A=
4C44

C11 − C12
(13) 

Aeq =

(

1+
5
12

AU
)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1 +
5
12

AU
)2

− 1

√

(14) 

The isotropic character of a cubic structure is shown by an A = 1 and 
an equation: A1 = A2 = A3 = A. In addition, the distribution from this 

Table 3 
Mechanical and elastic properties of cubic Mg3NI3 perovskite as estimated under different compressive and tensile strains.

Strain (%) C11 C12 C44 Cʺ = C12–C44 B (GPa) G (GPa) E (GPa) B/G ϑ

− 6 138.1 53.9 30.0 23.9 84.4 38.4 96.1 2.20 0.290
− 4 105.3 47.6 27.2 20.4 70.4 32.3 79.6 2.18 0.282
− 2 74.2 40.6 23.0 17.6 57.0 27.3 66.0 2.09 0.279
0 72.2 39.9 22.8 17.1 50.1 25.6 61.4 1.96 0.275
+2 65.7 38.5 22.1 16.4 47.6 24.7 61.7 1.93 0.271
+4 57.2 36.8 21.2 15.6 42.3 22.4 52.6 1.89 0.268
+6 41.7 34.2 19.8 14.4 33.1 18.2 42.1 1.82 0.266
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Table 4 
Shear anisotropic factors Ai (i = 1–3), Zener’s anisotropy index (A), anisotropy in shear (AG), anisotropy in bulk modulus (AB), universal anisotropy index (AU), and 
equivalent Zener anisotropy (Aeq) of Mg3NI3 material.

Mg3NI3 Compound A1 A2 A3 A AG AB AU Aeq

Without SOC 0.8350 0.8350 0.8350 1.6672 0.0070 0 0.0392 1.1975
With SOC 0.8551 0.8551 0.8551 1.7103 0.0039 0 0.0190 1.1339

Fig. 13. The isotropy in the Young’s modulus, E (GPa); Share modulus, G (GPa); Poisson’s ratio, ϑ, of Mg3NI3 material (a) the 2D plots and (b) displays the 3D plots.

Fig. 14. (a) The heat capacity against temperature and (b) The Entropy versus temperature of Mg3NI3 material.
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value denotes the anisotropy degree. The material is anisotropic, as seen 
in Table 4, the most pronounced anisotropic performance is exhibited, 
with the largest deviation. The Aeq adds more confirmation of its nature.

Fig. 13(a, b, c) depicts the two-dimensional (2D) framework, Fig. 13
(d, e, f) the three-dimensional (3D) for the direction dependency of the 
Young modulus (E) concept of the shear modulus (G), and the Poisson 
ratio (ϑ), respectively, for demonstrating the anisotropy. Compared to 
an isotropic crystal, which preserves its spherical shape, this one de
viates from it, exhibiting a degree of anisotropy in numerous directions. 
These findings also follow the preceding discussion using different 
anisotropy indicators, and it is evident from Fig. 13(a, b, c) that the 
material superconductor exhibits an anisotropy nature.

3.9. Thermal properties

Evaluating thermal properties under extreme circumstances of heat 
and pressure demands the use of a quasi-harmonic Debye approxima
tion. This static approximation distinguishes the structural parameters 
at T = 0 and P = 0, beginning with the projection of the total energy 
regarding the primitive cell volume (E-V). In this way, the macroscopic 
attributes can be determined by fitting them to T (temperature) using 
standard thermodynamic formulas. For the range of 0 K–800 K, thermal 
parameters can also be effectively estimated through the quasi- 
harmonic approach. Fig. 14(a) depicts the thermal effect, which is 
analogous to Cv, the heat capacity. The Cv convergence occurs at the 

volume at which Dulong and Petit’s limits are reached, which is 132 J 
mol− 1K− 1. Directly proportional to T3 is the Cv at low temperatures. For 
the measurement of the heat potential, which is determined by the dy
namics of the atomic initiatives at intermediate temperatures [87], 
however, long-term inspection is important. Fig. 14(a) depicts the 
behavior of the Cv at a specific temperature in conjunction with strain in 
the Mg3NI3 mechanism. Also seen in Fig. 14(b) is the temperature 
modulation of the Mg3NI3 material from 0 K to 800 K. In the structure of 
Mg3NI3 the thermal entropy approaches its maximum at 800 K. We 
remark on the temperature sensitivity of entropy and study its vari
ability in the existence of strain oscillations. In Fig. 14(b), we can see 
that as compressive strain grows, entropy falls, and tensile strain in
creases. At 800 K, the maximum entropy is noted, and the entropy of 
Mg3NI3 is 322 J mol− 1K− 1. At +6 % strain, the thermal entropy obtains 
its maximum value of 343 J mol− 1K− 1 because of the strain and the 
value of 298 J mol− 1K− 1 is the minimum at a strain of − 6%.

Debye temperature υD varies due to the applied strain displayed in 
Fig. 15, when the compressive strain grows the Debye temperature rises, 
and due to the increasing tensile strain, the Debye temperature υD de
creases. At − 6% strain, Debye temperature υD is maximum, and at +6 % 
strain, Debye temperature υD is minimum.

Finally, we noticed that the Debye temperature υD of Mg3NI3 is 
influenced by both temperature and pressure, as shown in Fig. 16. By far 
the most frequently occurring cause of lattice vibration at temperatures 
lower than the material’s Debye temperature is acoustic excitation. 
Right away, as the temperature rises above the Debye temperature, 
however, this effect becomes negligible. 

υD =
←
KB

(

62V
1
2n
)1

3
f(δ)

̅̅̅̅̅
Bs

M

√

(15) 

Equation (15) requires the following variables and constants: 
Boltzmann constant (kB), adiabatic bulk modulus (Bs), volume (V), 
Molecular mass (M), number of atoms per primitive cell (n), and f(σ), 
which is a function of Poisson’s ratio. Fig. 16(a) shows that υD approx
imately constant as temperature rises from 0 K to 800 K when the 
pressure is constant, this characteristic is also maintained in different 
pressures. We also find that the Debye temperature grows when the 
pressure increases. The association between the applied pressure and the 
fluctuation of the Debye temperature appears in Fig. 16(b). We conclude 
that when the pressure goes up, so does the Debye temperature. This 
characteristic is also maintained in different temperatures.

4. Conclusion

In this study, Mg3NI3 is explored with regard to its structural, optical, 

Fig. 15. At a fixed temperature 0 K, the Debye temperature varies with strain 
Mg3NI3 compound.

Fig. 16. At a different temperature and pressure, the Debye temperature varies with respect to pressure and temperature for Mg3NI3 compound.
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electronic, and thermodynamical properties by using density-functional 
theory computations based on first principles. We have determined that 
the compounds of interest are stable by AIMD computation and phonon 
analysis. The implied lattice value of 5.60 A◦ points out that Mg3NI3 has 
the optimal structure. For the Mg3NI3 structure, a magnitude of 0.412 
eV for the indirect bandgap (between Γ and R point) has been identified. 
Incorporating the SOC effect causes a decrease in the electrical bandgap 
of Mg3NI3 to 0.363 eV. Even if allowing for the SOC impact is removed, 
the fact that bandgap decreases with increasing tensile strain percentage 
remains unchanged. In fact, the bandgap widens as the produced 
compressive strain increases. Our newest findings ought to encourage 
more research into creating cutting-edge optoelectronic devices with 
Mg3NI3 characteristics and we couldn’t be more eager regarding it. The 
results suggest that Mg3NI3 could be beneficial for optoelectronic 
devices.
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