
Tuning the optoelectronic, mechanical, and thermodynamic properties of 
lead-free Mg3NF3 perovskite with tunable strain through DFT study

I.K. Gusral Ghosh Apurba a , Md. Rasidul Islam a,* , Md Masud Rana b, Jehan Y. Al-Humaidi c,  
A.M. Quraishi d, Parvez Ali e, Md. Shizer Rahman a,**

a Department of Electrical and Electronic Engineering, Bangamata Sheikh Fojilatunnesa Mujib Science & Technology University, Jamalpur, 2012, Bangladesh
b Department of Electrical and Computer Engineering, The University of Texas at Tyler, Tyler, 75799, TX, USA
c Department of Chemistry, College of Science, Princess Nourah bint Abdulrahman University, P.O. BOX 84428, Riyadh, 11671, Saudi Arabia
d Department of Electrical Engineering, College of Engineering, Qassim University, Buraydah, 51452, Saudi Arabia
e .Department of Mechanical Engineering, College of Engineering, Qassim University, Buraydah, 51452, Saudi Arabia

A R T I C L E  I N F O

Keywords:
Perovskite
Spin-orbital coupling effect
First-principles analysis
Optical properties

A B S T R A C T

Inorganic halide perovskite solar cells have been an enormous breakthrough in the solar energy industry because 
of their low production costs, high efficiency, and practicality. Structural, electrical, mechanical, and optical 
traits of Mg3NF3 cubic halide perovskites subjected to strain are investigated in this study using first-principle 
calculation. As a consequence of strain, the electrical energy band gap widens, forcing more electrons to tran
sition from the valence band (VB) to the conduction band (CB) and the visible to the ultraviolet segments of the 
spectrum. Based on the electrical band structures, the semiconductor substances Mg3NF3 molecules have a direct 
bandgap of 2.98 eV at the location of Γ(gamma). In consideration of the quantum effect of spin-orbital coupling 
(SOC), the bandgap of the Mg3NF3 perovskite is 3.24 eV, correspondingly. Optical features such as dielectric 
functions, reflectivity, photon absorptions, and loss functions have all been investigated. Some of the predicted 
factors include elastic constants, Poisson’s ratio, Pugh’s ratio, and bulk modulus. Studies of this material’s elastic 
attributes reveal that it is anisotropic, ductile, and mechanically stable. The results reveal that when the 
compressive strain increases, the dielectric constant maxima of Mg3NF3 move towards higher photon energy 
levels. In contrast, when tensile, they engage in red shifting, a transition to lower photon energy levels. The 
combined effect of these features makes Mg3NF3 perovskites a fantastic option for solar power optimization 
equipment and gadgets that use semiconductors.

1. Introduction

The remarkable optical absorption capabilities and integration of 
direct bandgaps in cubic inorganic A3BX3 structure perovskites are 
currently being evaluated, making them an intriguing option for use in 
solar energy, LED, and semiconductor applications [1–3]. A study car
ried out by L. Zhang et al. proved that perovskite solar cells composed of 
nonliving halides might deliver large open-circuit voltages on a regular 
basis [4]. sThe logical conclusion is that perovskite compounds made of 
inorganic halides and linked solar cells might be the key to unlocking the 
limitations of ornanicinorganic lead halide perovskite (OILHP) mate
rials. Solar technology companies have expressed a lot of interest in 
Sr3AsI3, Ca3PI3, and Ca3AsI3 perovskites, which are recognized as A3BX3 

structure perovskites, because of their uncommon optical, structural, 
and electrical features [5–7]. Its bandgap was found in an earlier sci
entific publication, thus it is considered a novel chemical [5,8–10]. The 
remarkable optical attributes of this perovskite include a high absorp
tion of light, long carrier diffusion intervals, and efficient charge 
transfer.

Photovoltaic cells convert light into electricity with minimal energy 
loss [11]. The development of more appealing perovskite material at
tributes in the last decade has accelerated this trend. A lot of people are 
interested in inorganic metallic halide perovskites. Perovskites formed 
from organic-inorganic lead halide are well-known photovoltaic mate
rials due to their economical manufacturing cost, suitable bandgap and 
broad light absorption spectrum for use in semiconductor device 
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manufacture [12–17]. The astonishing features of organic-inorganic 
perovskites (OILHP) have recently sparked a great deal of experi
mental enthusiasm in solar technology [7,18–23]. Low reflectivity, a 
wide availability, a fair bandgap, an impressive optical absorption 
ability, and a reasonable production cost are the attracive features for 
optoelecronic device applications. Making semiconductor devices with 
the right bandgap allows them to absorb light from a broad spectrum 
[12–17]. The power conversion efficiency (PCE) rose from 3.8 % to 26.1 
% throughout the preceding thirteen years [24–26].

Wonderful for solar applications, strain technology allows for the 
modification of perovskite materials’ atomic framework and physical 
properties. There is a considerable effect of the element utilized on the 
framework properties of the material, new studies on strain-induced 
material traits have revealed [27–32]. CsPbI3 measurement under 
strain, according to Jing et al.’s study [38], allows one to change the 
strain insertion from − 5% to +5 %, which in turn changes the material’s 
bandgap from 1.03 to 2.14 eV. Preserving a bandgap of 1.2–1.4 eV is one 
strategy for enhancing CaAsI3’s photovoltaic performances [33–35]. 
Based on studies by A. K. Hossain et al. [36], the inorganic perovskite 
cubic CsSnCl3 may undergo a transformation into a metallic material 
when compressively strained, both electrically and optically.

Incorporating compressive or tensile strain into the CsGeI3 perov
skite significantly adjusts its bandgap and dielectric function parameters 
[37]. In general, the spin-orbit coupling (SOC) phenomenon may be 
used to modify the electrical characteristics of many materials [38,39]. 
Light elements show less SOC, whereas heavier atoms show a stronger 
SOC impact [40]. It is believed that SOC evolved via the relativistic ef
fect, allowing electrons to move about in their orbitals and align their 
spins [41]. Several favorable features of Ca3PI3, Ca3AsI3, Mg3AsX3, and 
Ca3PX3 which we noticed in earlier research [42–45] make it a material 
with intriguing potential for use in solar cell technology, where it can 
compete with other materials used in photovoltaic applications. As far as 
we are aware, no publications have been released concerning the elec
trical and optical properties of Mg3NF3 with combining the effect of 
strain and SOC. Evaluation of strain’s impact and SOC on inorganic 
Mg3NF3 perovskites is therefore, essential for the advancement of future 
electrical and optoelectronic devices.

The DFT method is employed to achieve this objective. The study 
focused on the customization of the bandgap, band structure, electron 
charge density, and stability in Mg3NF3. An exhaustive study of the 
electrical traits of Mg3NF3 is performed as it pertains to the implications 
of the outer strain on the structural features and energy gap. The 
investigation also finds the characteristics of Mg3NF3’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 Mg3NF3 perovskite, 
bandgap, optical properties, and investigate its mechanical properties. 
In a nutshell, the results indicate that Mg3NF3 could be customized for 
use in solar energy and optoelectronics by modifying its photonic 
properties.

2. Computational details

To accomplish the DFT computations, the simulation tool Quantum 
Espresso (QE) is used [46]. The Mg3NF3 perovskite structures were 
analyzed using the Perdew-Burke-Ernzerhof (PBE) [47] 
exchange-correlation function and the FP-DFT with a norm-conserving 
(NC) pseudopotential [32,48]. A Brillouin zone grid, crystal morphol
ogies, kinetic cut-off energy, and fixed lattice parameters are all part of 
the input data. The structure has been adjusted with a 440 Rydberg (Ry) 
charge density cut-off and a 50 Rydberg (Ry) kinetic energy cut-off. An 
accuracy of less than 0.01 eV/ A◦ and a convergence threshold of 10− 6 a. 
u. were adopted in the calculations of the Self-consistent function (SCF). 
For ionic minimization in relaxation computations, the force conver
gence threshold is set to 10− 4 a.u. A 6 × 6 × 6 Monkhorst-Pack k-grid 

was employed to estimate the band structure and partial density of states 
(PDOS) of the Brillion zone. For a more precise estimate of the bandgap 
of Mg3NF3 perovskites, the Hyd-Scusena Ernzerhof (HSE-06) hybrid 
functional is also used. The spectral features of the perovskite structures 
have been studied by evaluating their convoluted dielectric functions 
that depend on photon energy, following the estimation of their 
dynamical stability. To get an overview of the optical properties, we 
employed the QE package. Functionals known as generalized gradient 
approximation (GGA) and local density approximation (LDA) were 
recruited for the computation of organic halides [49]. It was found in 
our investigation that when the lattice parameter is simultaneously 
changed, the degree of biaxial strain (comprising compression and 
tension) ranges from − 3% to +3 %, with increments of 1 %. The strain 
can easily be identified via formula (1) [31]: 

ε= astrained − arelaxed

arelaxed
× 100% (1) 

The unstrained lattice constant, arelaxed, is assumed in the formula, and 
its range, expressed in units of 1 %, is − 3% to +3 %. Consequently, 
readings that are negative or positive, respectively, indicate the presence 
of compressive and tensile stresses. For measuring the optical features, 
we have preserved a 6 × 6 × 6 Monkhorst-Pack k-mesh design that is 
gamma-centered. In order to figure out the photon energy (eV) range 
where its absorption maxima were found, the complex dielectric equa
tion is then explored.

3. Results and discussion

3.1. Structural properties

The Pm3m cubic base embodies the periodic pattern of Mg3NF3. In 
the configuration depicted in Fig. 1(a), the single cell splits into seven 
components. In this material, the Mg and N atoms reside in a cubic 
lattice, while the F and face-centered atoms occupy an octahedral ge
ography. Mg3NF3 bond distances for Mg-N and Mg-F are looked at 
2.1709 A◦ and 2.1709 A◦ respectively. N3− is joined to six identical Mg2+

atoms to create NMg6 octahedra that share corners. Without a corner, 
the octahedra has a shared area. Use the 1a, 3c, and 3d Wyckoff sites to 
estimate Mg, N, and F, which are fractional coordinates of (0.5,0.5,0), 
(0.5,0.5,0.5), and (0.5,0,0), respectively. Fig. 1(b) depicts the k-path 
pertaining to the first Brillouin zone. Prior to distinguishing the various 
properties of Mg3NF3 perovskite, it is important to comprehend its 
structural characteristics. Table 1 displays the findings of the PBE 
assessment of the structural components pertaining to the lattice con
stant (A◦). When taking the lattice parameter into account and assessing 
the total energy, the lattice constant of Mg3NF3 with the best depend
ability obtained.

To get the ideal lattice constant for the Mg3NF3 material, a projection 
of the total energy is obtained using an independent variable called the 
lattice parameter. As displayed in Fig. 2(a), a change in the lattice 
constant might have been the cause of the total energy. The results are 
reasonably consistent with the least total energy of the relaxed Mg3NF3 

structure, which is 4.34 A◦. The parameters that decide the optimal 
structure are the lattice constant, the kinetic cut-off energy, and the 
amount of k-point items in the circular loop in the Brillouin zone (BZ). 
Furthermore, we explored the total energy within the framework of the 
PBE pseudopotential of the standardized valley assumption by varying 
the k-values and cut-off energies of the plane wave. Fig. 2(b) indicates 
that a k-point mesh of 6 × 6 × 6 is appropriate for this chemical, and an 
adequate number of k-point samples is required for assessing relative 
stability. An effective kinetic cut-off range of 50–80 Ry for separating the 
Mg3NF3 material is suggested by the fact that the total energy converges, 
as shown in Fig. 2(c).
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3.2. Electronic properties

An energy band profile study is crucial to comprehending the ma
terials’ electrical activity and optical response. The GGA method, as 
shown in Fig. 3, is implemented to assess the energy bandgap of unex
plored compounds. Within the Brillouin Zone (BZ), the energy value is 
stretched out over a wide range, from − 5 to +5 eV, in a direction of high 
symmetry. In the image that follows, the dashed line symbolizes the 
Fermi energy level, and the alphabetic letters indicate the high equi
librium points of irreducible BZ. The direct band, embodied in Mg3NF3, 
is situated at the Γ(gamma) symmetric points, which are additionally the 
locations of the valence band maxima (VBM) and conduction band 
minima (CBM), as shown in Fig. 3(a). A bandgap value of 2.98 eV is 
anticipated for Mg3NF3 structures via the PBE function and a bandgap 
value 5.36 eV is anticipated via the HSE function. We observe that for 
PBE function calculation bandgap is decreasing than HSE function.

Both LDA + U and LDA approaches are subject to the bandgap 

underestimating restrictions. Contrasting the GW approach with hybrid 
functional are two of the many approaches that researchers have devised 
to fix bandgap calculation errors. Nevertheless, there are restrictions 
with these methods [50]. The GGA +U technique alters the theoretically 
estimated bandgap somewhat compared to the empirically measured 
value. Nayak et al. [51,52] found that the PBE approach accurately 
predicts band structure and bandgap changes caused by strain, regard
less of the function used. The results indicate that the PBE/GGA func
tional is suitable for investigating strains in materials. Direct bandgap 
crystalline materials are ideal for photovoltaic, optoelectronic, and 
photothermal uses [39,50,53,54].

Partial density of states (PDOS) often illustrates the contribution of 
each several atom as well as its different states to the bandgap energy of 
the Mg3NF3 structures. For the Mg3NF3 structures, Fig. 3(b) displays the 
distribution of PDOS throughout the energy range of − 5 to 5 eV. A 
noteworthy feature of Mg3NF3 is that its hybridized states of N and Mg 
with F preserve the bandgap over the whole energy spectrum. Primary 
covalent bonds are what bind Mg-F and N-F together. Moreover, the 
strong differences in atomic states in the Mg3NF3 structure causes the 
electron charge to go from Mg and N to F. In the region surrounding the 
Fermi level, the Mg2+ atoms have a negligible impact. The F-5p orbital 
has a significant impact on the density of states (DOS) close to the 
valence band of Mg3NF3, as we discovered while analyzing the cubic 
phase. In contrast, the Mg-4s orbitals have very little influence over the 
conduction band, which is generally governed by the N-3p orbital.

Fig. 1. (a) Optimized structure of Mg3NF3, a new inorganic halide perovskite and (b) k-path of the first Brillouin zone for determining electronic band structure.

Table 1 
Mg3NF3 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)

Previous work 
experimentally 
Bandgap Energy 
(eV)

Mg3NF3 4.34 2.98 
(PBE)

5.36 
(HSE)

5.73 (HSE) 
[90]

3.6[91]

Fig. 2. Adjustment in Mg3NF3 per unit cell total energy with respect to (a) lattice constant, (b) k-points and (c) cut-off energy.
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3.3. Structural stability

When dealing with phonons in a crystal lattice, the relationship be
tween momentum and phonon energy is referred to as “phonon 
dispersion”. Phonons, which are quantized vibrations of a material’s 
lattice, influence its mechanical and thermal properties as they travel. 
The lattice volume and atomic positions are loosened during the phonon 
estimate [55,56]. The phonon band of the Mg3NF3 molecule is shaped 
by the initial Brillouin zone, which runs along the high-symmetry do
mains Γ-M-X-R-Γ. Fig. 4(a), the dispersion mapping, must be explored to 
determine the substance’s long-term stability. The absence of negative 
proximity frequencies in the dynamic matrix is evident by this map. For 
both compressive and tensile strain the phonon structure are illustrated 
in Fig. S1. From Fig. S1. We observe that for both compressive and 
tensile strain the compound is stable.

Several studies using ab initio molecular dynamics (AIMD) simula
tions have concentrated on compounds used in solid electrolytes 
[55–57]. The highly occupied component of the well-known solid 
electrolyte material Li6PS5Cl (argyrodite)[58–66] raises concerns while 
building the input model framework for DFT and AIMD calculations. 
AIMD models may be used to study the effects of long-range dispersion 
interactions and how structural factors affect electrical band gaps. 
Further proof that Mg3NF3 is thermally stable can be seen in Fig. 4(b and 

c), which displays the outcomes of the AIMD simulations at room tem
perature (300 K). The temperature and energy statistics seem to exhibit 
only slight fluctuations over time, with no significant structural change 
toward the end. Fig. 4(b) shows the total energy vs time interactions, 
whereas temperature vs time intimacy connection is shown in Fig. 4(c).

3.4. Charge density

A component’s electronic charge density is a key metric for evalu
ating its electrical features. A precise visualization of the overall charge 
concentration may be obtained by sketching a charge density map of the 
valence electrons in a unit cell. By evaluating the entire electronic 
charge density map, scientists can deduce a molecule’s chemical 
bonding. Structured atoms’ charge density curves illustrate the impact 
of orbital electron accumulation on electrical properties of the atoms.

Fig. 5(a) depicts a two-dimensional map that connects the (200) 
crystallographic plane to the charge density of Mg3NF3. The color scale 
bar on the right side of the image indicates the strength of electron 
density, with different hues representing increasing intensities. Fig. 5(b) 
depicts a three-dimensional charge distribution. On the charge density 
diagram, the nitrogen atom (N) cannot be identified separately due to 
the overlapping charges of the magnesium atom (Mg). The formation of 
a covalent connection between the Mg and N ions is demonstrated by 

Fig. 3. Without SOC, the Mg3NF3 perovskite structure exhibits (a) an electronic band formation, (b) shows partial density of states (PDOS).

Fig. 4. (a) Mg3NF3 compound’s phonon band structure; (b) the total energy variation over time and (c) the temperature variation over time of the Mg3NF3 material 
during the AIMD simulation.
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this [67,68]. Regarding the idea of an ionic connection between Mg and 
F ions, non-coincidental charge contours on the charge distribution map 
offer additional evidence [67,69]. In contrast to the weaker covalent 
interaction between Mg and F ions, the process of ionic bonding en
hances binding inside the structure. In contrast, N and F atoms exhibit 
antibonding properties.

3.5. Effect of SOC on electronic structure

We factored in the Hamiltonian equation employing SOC with the 
goal of exploring the consequence of SOC on the electrical characteris
tics of the Mg3NF3 perovskite [70], 

Hsoc =
ħ

4m0c2

(
F→× p→

)
⋅ s→. (2) 

The Hamiltonian operator that considers SOC is marked by Hsoc, where ℏ 
is the reduced Plank’s constant, p→ stands for orbital angular mo
mentum, F→ is the force or potential energy, m0 is the mass of unbound 
electrons, and s→ is the spin angular momentum. We assessed the 
relativistic effect magnitude and evaluated the effects of the heavy el
ements Mg and N on the SOC-included electronic structures of Mg3NF3 

perovskites using relativistic calculations using the PBE functional 
approach. Viewed in Fig. 6(a) and (b) are the changes to the CBM and 

VBM positions caused by the significant impact of SOC on the conduc
tion and valence band areas. In contrast, Mg3NF3’s bandgap energy 
value is 3.24 eV due to the SOC. The SOC effect causes a bandgap value 
rise in Mg3NF3 perovskite structures. Fig. 6(a) shows this shift in the 
bandgap.

To have a better grasp of the band development of cubic Mg3NF3, it 
could be worthwhile to study the PDOS while factoring the effect of the 
SOC. When SOC is thinking about, the unique electron effect changes the 
conduction and valence bands in comparison to PDOS when SOC is 
omitted. In the existence of SOC, the PDOS, as shown in Fig. 6(b), does 
not reveal any pattern in its impact on the Mg atoms. At regions with 
great symmetry, the band edge separation caused by the SOC effect does 
not manifest as F-5p into p (j = 1/2) and F-5p into p (j = 3/2) splitting 
apart. In the VB, the energy spectrum of − 5 to 1.6 eV is mostly influ
enced by the F-5p (j = 1/2) and F-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 1.6 to 5 eV.

3.6. Strain-driven by electronic properties

The impact of surface area ratio (SOC) on compressive and tensile 
stresses on the configuration of Mg3NF3 with and without SOC is 
assessed using strain as a percentage. Compressive to tensile strain is 

Fig. 5. Charge arrangement in Mg3NF3 (a) regarding the (200) plane in 2D and (b) in 3D viewpoint, (c) color scale bar.

Fig. 6. (a) Band structure and (b) PDOS employing the PBE function of the proposed Mg3NF3 structure with SOC impact.
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intended to be calculated in 1 % steps across a pressure range of − 3% to 
+3 %. According to Fig. 7(a), when compressive and tension strain are 
applied to perovskites containing concentrations of Mg3NF3, the VBM 
and CBM approach the Fermi zone. The band topologies of Mg3NF3 that 
bear the SOC impact while feeling tension and compression strain 
concurrently are seen in Fig. 7(b). After accounting for the SOC impact, 
the compressive strain widens the connection between the Mg3NF3 

atoms, packing more orbits into a given area.
At Γ-point for Mg3NF3, the locations of the VBM and CBM seem to be 

quite important when compressive strain is applied. These positions 
range from − 3% to 0 %. The Γ-point yields the linear bandgap for 
Mg3NF3, whatever the application of the SOC impact. The bandgap is 
demonstrated to have developed both within and outside of the SOC 
impact because to a rise in compressive strain. Further altering the 
composition of the electrical band is a tensile strain applied in the region 
of 0 % to +3 %. Because tensile strain has been included, the VBM and 
CBM for these situations have deviated from the Fermi level. Under 
tensile tension, the band gap narrows in the Mg3NF3 structures. A linear 
bandgap at the Γ-point has been found after a thorough investigation of 
the SOC effect in the Mg3NF3. In the Mg3NF3 combination, compressive, 
and tensile strain result in a direct bandgap in the electrical band 
arrangement. Table 2 and Fig. 8, in turn, show the bandgap deviations 
for the Mg3NF3 materials during compressive and tensile consumption, 
with and without the SOC effect. The bandgaps of Mg3NF3 were found to 
vary in the utilized strain range of − 3% to +3 % from 3.513 to 2.536 eV 
(without using SOC) and 3.816 to 2.755 eV (with SOC). The parameters 
of the indirect bandgap for Mg3NF3 is unexpectedly unchanged during 
the complete applied strain limit. Thus, Shockley-Queisser’s hypothesis 
[71] may be able to be used by these structures to increase the pro
ductivity of solar cells.

The TDOS for Mg3NF3 in various configurations, both with and 
without the interaction of SOC and biaxial strain, is shown in Fig. 9. 
TDOS analysis is extremely helpful in improving our understanding of 
the dynamics of the electronic band structure in Mg3NF3. The valence 
band, which is primarily controlled by the F atom’s orbitals, accords 
with the Fermi level in the unstrained Mg3NF3 in TDOS and is unaffected 
by the presence of SOC. The orbitals of Mg-3p and N-3p have little 
bearing. Furthermore, the presence of SOC does not significantly alter 
the TDOS of the conduction band due to the N atomic orbitals; but the 
Mg-3p and -5p orbitals and the Fermi level do. According to what Nayak 
et al. found, there is no DOS proximity line to the Fermi level, indicates 
the bandgap and semiconductor properties of the material. It has not 
been possible to find any connection between this impact and the 
functional exchange coefficient utilized [72].

The TDOS line appears at the Fermi level as the consequence of 

compressive stresses between 0 % and − 3%. For Mg3NF3 materials, the 
conductivity drops despite whether the SOC effect remains unchanged 
because the TDOS line is higher than the Fermi level during tensile strain 
ranging from 0 % to +3 %. It is expected that the bandgap will change 
following an extensive review of the band arrangement and DOS of the 
Mg3NF3 materials.

3.7. Optical properties

It is important to analyze the optical characteristics of the materials, 
including absorption, dielectric behavior, and loss function to determine 
whether they are suitable for use in optoelectronic applications. By 

Fig. 7. A structure of the electronic band of Mg3NF3 under different strain (a) without and (b) with SOC effect.

Table 2 
The calculated bandgap of cubic Mg3NF3 perovskite under different compressive 
and tensile strains.

Mg3NF3

Applied Strain (%) Compressive Tensile

Without SOC With SOC Without SOC With SOC

0 2.982 3.245 2.982 3.245
1 3.157 3.436 2.830 3.086
2 3.336 3.628 2.656 2.919
3 3.513 3.816 2.536 2.755

Fig. 8. The change in the bandgap of the Mg3NF3 electronic band structure 
with biaxial strain, both with and without the SOC effect.
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injecting biaxial strain to change the lattice parameter, we may improve 
the optical attributes of the material. The absorption coefficients give 
important information about how far light penetrates a material’s sur
face before being absorbed when a certain wavelength of light interacts 
with it. These coefficients are important in many different contexts, one 
of which is cellular systems. This study looked at the various charac
teristics of Mg3NF3 and it was discovered that these properties could be 
changed by applying biaxial compression (from 0 % to − 3%), as well as 
tensile stresses (from 0 % to +3 %). Dielectric operations, extinction loss 
factor (EELF), reflectivity, and absorption coefficients are important 
optical attributes of materials for utilization in optoelectronics and solar 
cells.

The dielectric performance is dependent on the frequency, ω, of the 
incoming light for both the real element ε1 (ω) and the imagined 
component ε2 (ω). By using the Kramers-Kronig transformation, the real 
dielectric function is discovered. In addition, as mentioned in Ref. [73], 
the unreal dielectric function is ascertained by utilizing the components 
of the momentum matrix. The material’s EELF and absorption coeffi
cient in equation (3) may be determined using the critical portion of the 
dielectric function ε1 (ω) for the Mg3NF3 perovskite [54,74]. 

ε1(ω)=1 +
2
π P

∫∞

0

ε2(ωʹ)ωʹ

ω 2́ − ω2 dω (3) 

where P is the absolute prime number.
Additionally, the hypothetical dielectric activity ε2 (ω) is obtained 

through equation (4) [54,74] 

ε2 (ω)= Ve2

2πℏm2ω2 ×

∫

d3k
∑

|〈φc |p|φv〉|2 δ (Ec − Ev − ℏω) (4) 

The unit cell’s volume is represented by V, Planck’s constant is 
expressed in compact form as ℏ, the motion is denoted by the operator p, 
and the valence and conduction bands that match the wave functions are 
often designated as ϕc and ϕv.

The absorption coefficient α(ω) may be found by combining the real 
and unreal components of the dielectric operation. Formula (5) is used 
to estimate the absorption coefficient [54,74]. 

α (ω)=
√2ω

c

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2
+ ε2(ω)2

√

– ε1(ω)
]1/2

(5) 

where c symbolizes the quickness of light.

Based on equation (6), the dielectric parameter ε(ω) is composed of 
two parts: the real part, ε1 (ω) and the imaginary part, ε2 (ω) [73]. 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 [75,76] 

ε(ω)= ε1(ω) + iε2(ω) (6) 

Concerning photon energies up to 20 eV, Fig. 10(a) displays the real 
components of the strained and unstrained Mg3NF3 dielectric constants. 
The relationship between scatter effects and polarization has been 
clarified by utilizing the real element of the dielectric function. A ma
terial’s electronic portion of the dielectric function, represented as ε1 

(0), occurring at zero frequency, must be considered to comprehend its 
ocular properties. To cubic Mg3NF3, ε1 (0) is assigned a value of 3.14. 
The dielectric function’s real portion, ε1 (ω), exhibits a trend as it rises 
from ε1 (0) to its maximum value. It’s noteworthy that distinct peaks of 
absorption develop at photon energies of around 4.42 eV for Mg3NF3 in 
the true portion ε1 (0) of the dielectric function. Once that’s settled 
down, it creates many peaks. Depending of the applied biaxial strain, the 
dielectric constant peaks of Mg3NF3 display different colors. Because of 
a narrower bandgap and a bigger peak dielectric constant, the structure 
showed a redshift with regard to lower photon energy when the tensile 
strain increased the Mg3NF3. Alternatively, Mg3NF3 saw a blueshift to
wards higher photon energy due to an increase in peak dielectric con
stant with increasing compressive strain.

In Fig. 10(b), the unreal dielectric constants ε2 (ω) can be observed 
moving under both strained and unstrained conditions. We have been 
provided with information about the electrical bandgap via the imagi
nary dielectric constant ε2 (ω). For Mg3NF3, the values of ε2 (ω) identify 
a wide variety of absorption spectra. Fig. 10(b) illustrates that when no 
strain is applied, the primary peak for ε2 (ω) is detected at a photon 
energy of 9.05 eV at the optical maximum level of 3.39. Due to strain, 
the imaginary portion of the dielectric function’s peak climbs abruptly 
and enters the low-energy region. The imaginary section of the dielectric 
characteristic is zero for all strain-modulated Mg3NF3 samples for 
photon energy larger than 20 eV. Due to the lack of ε2 (ω) higher than 
20 eV, the strain-modulated samples in this area show excellent optical 
transparency and very low optical absorption. Peaks in the dielectric 
constant’s imaginary area show the change from the valence to the 
conduction spectrum. As modifications undergo to the bandgap energy 
and lattice stability, the placements of the peaks modify. The redshift 
emerged at lower photon energies when the ensuing tensile stresses 

Fig. 9. TDOS of Mg3NF3 at various compressive and tensile strains (a) without and (b) with the SOC effect.
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were at their highest, while the blueshift occurred at higher photon 
energies when the resulting compressive strains were at their highest. 
The results suggest that biaxial tension and compression have a sub
stantial impact on the absorption spectra of Mg3NF3 throughout an 
extensive spectrum of energies.

The optical absorption coefficient of a substance is used to determine 
how much light it can absorb. The information a solar cell provides can 
be used to enhance its PCE. Optical absorption coefficient and imaginary 
part of dielectric function both follow the same pattern in this situation. 
The optical absorption patterns of Mg3NF3 show the greatest peak in the 
visible spectrum. The absorption coefficient of Mg3NF3 under various 
biaxial strains and unstrained conditions is shown in Fig. 11(a) as a 
function of photon energy. The absorption pattern indicates that the 
edge shows a large blueshift in compressive strain and a large redshift in 
tensile tension. Contrary to their unstrained counterparts, structures 
subjected to compressive strain have superior visible light absorption 
properties. The predicted bandgap is proportional to the strain- 
modulated absorbance change of Mg3NF3. The Mg3NF3 structure’s 
apparent absorption coefficient increases as compressive strain is 
elevated, a critical feature for application in solar cells. Mg3NF3 

apparent absorption coefficient decreases with increasing tensile strain. 

The electron loss function may be used to calculate the energy of elec
trons moving over a dielectric. Equation (7) [73] provides a represen
tation of it. 

L(ω)= ε2(ω)
ε2

1(ω) + ε2
2(ω)

(7) 

The energy loss mechanism, or L(ω), is a crucial instrument for 
investigating a material’s reaction to light. It generates energy passage 
loss inside the material or barrier. As can be witnessed from the peaks in 
the L(ω) graphs for Mg3NF3, energy loss arises as the incoming photon 
energy approaches the material’s bandgap. Fig. 11(b) shows the L(ω) 
peaks for the cubic framework of Mg3NF3 when strain is absent, which is 
seen between 15.5 eV and 16.31 eV. Dispersions of energies below the 
bandgap are hard to see. There is a loss function for strain-induced 
Mg3NF3 up to 17.68 eV for photon energy. Fig. 11(b) shows the opti
cal loss of Mg3NF3 in various compressive and tensile strain scenarios. 
Tensile strain induces a redshift in optical loss, which means that all 
structures migrate toward lower photon energies. But when compressive 
strain arises, the optical loss reveals a clear blueshift towards higher 
photon energies.

The reflectivity of the Mg3NF3 perovskite material dictates how 

Fig. 10. The dielectric constants, (a) real and (b) imaginary, in relation to various biaxial strains.

Fig. 11. Regarding both compressive and tensile strains, (a) the absorption coefficient and (b) the loss function as a function of photon energy.

I.K.G.G. Apurba et al.                                                                                                                                                                                                                         Physica B: Condensed Matter 699 (2025) 416879 

8 



much sunlight either visible light or electromagnetic radiation it can 
reflect. Three of the numerous variables that can have a substantial ef
fect on the entire reflectivity of perovskites are composition, crystal 
structure, and surface shape. The Mg3NF3 perovskites can exhibit vari
able reflectances according to the angle and wavelength of light 
reflection. Photon energy may be derived from the reflectance of the 
Mg3NF3 perovskite material, as shown in Fig. 12(a). Between 0 and 20 
eV is where the reflectivity modifications are most noticeable in in
tensity. The maximum reflection occurs at 9.97 eV for +3 % strain and 
when no strain is applied the peak occurs at 16.50 eV of energy.

Our findings on the observable features of Mg3NF3 is reported here 
[77], in agreement with other studies. For deployment in visible light 
devices, materials containing bandgaps less than 3.1 eV are preferable 
[73]. Among many other potential uses, Mg3NF3 perovskite’s unique 
spectrum attributes make it a desirable material for use in solar cells, 
optoelectronics, and optical sensors. A material’s permeability to 
incoming photons is quantified by its dimensionless refractive index, 
which quantifies the speed at which light streams through the material. 
Equation (8) may be employed to get the real component of a material’s 
complex refractive index n(ω). 

n(ω )=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2
+ ε2(ω)2

2

√√
√
√
√

(8) 

To ascertain the quantity of light that can flow through the Mg3NF3 

materials. The n(ω) refraction spectra are displayed in Fig. 12(b). These 
materials are optically persistent, as demonstrated by the photon en
ergies appearing to hang unchanged above the band gap energy pre
dicted by the refractive index, n. An essential physical property for 
semiconductors is the static refractive index, or n(0). The static refrac
tive index has a maximum n(0) that is about 5.26 eV when compared to 
Mg3NF3. As energy levels rise, the refractive index of Mg3NF3 falls. Even 
yet, when the energy of the incoming photon reaches E = 16.52 eV, the 
refractive index decreases to its minimal value, n = 0.70. Owing to the 
refraction spectrum analysis, this Mg3NF3 seems to have distinct 
refraction indices. These results confirm the experience as planned.

For the Mg3NF3 perovskite, the extinction coefficient, K(ω), may be 
derived using the estimated values of ε1(ω) and ε2(ω) using the relation 
shown below [78]. 

k(ω)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2
+ ε2(ω)2

2

√

−
ε1(ω)2

2

√
√
√
√

(9) 

Referencing the GGA approximations, Fig. 13 illustrates the varia
tions in the extinction coefficient with respect to energy in units of (eV). 
No value between 0 and 0.68 eV is recorded due to the extinction co
efficient’s existence in the energy gap area. After the extinction coeffi
cient varies with increasing energy in the range of 0.68–20 eV. The 
extinction coefficient reaches its maximum value at 10.90 eV. However, 
we observe that the extinction coefficient progressively varies, some
times increasing and sometimes reducing, reaching its greatest value in 
the fundamental absorption zone, where it is predicted to be 1.04 Light’s 
behavior at the semiconductor level is what causes this oscillation [79].

3.8. Mechanical properties

To measure the stability and stiffness of a material, one may look at 
its elastic constant, which is an essential quality for rigid materials. A 
crystal’s resistance to biaxial strain may be precisely determined by its 
elastic constant. Understanding the mechanical characteristics of 
Mg3NF3 structures requires evaluating the implications of stress on their 
elastic constants. Three prominent elastic constants, C11, C12, and C44, 
are found in the Mg3NF3 structure in this DFT research using a variable 
halide ratio. One parameter that estimates a substance’s ductile and 
flexible qualities is the Cauchy pressure, which is based on the C12-C44 

Fig. 12. (a) Reflectivity, (b) Refractive index [n] of Mg3NF3 under compressive and tensile strains.

Fig. 13. Extinction coefficient of Mg3NF3 under compressive and ten
sile strains.
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value. The popular Born stability specifications listed below are stan
dard procedures for assessing the mechanical steadiness of the Mg3NF3 

materials: 

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

This ductile state is indicated by a positive Cauchy pressure. To 
distinguish between ductile and brittle components, Pugh et al. [80,81] 
introduced the classic formula, Pugh’s ratio. It is the ratio of the shear 
modulus (G) to the bulk modulus (B) of 1.75 and is referred to as the 
crucial value of B/G. In conclusion, ductile materials possess a ratio 
above 1.75, while fragile materials likely have a ratio less than 1.75. The 
calculated values in Table 3 indicate that the compound Mg3NF3 is 
ductile.

Multiple anisotropy indices can be used to characterize the direc
tionally dependent aspects of a system. Solids are anisotropic due to the 
innate asymmetry and orientational preferences of individual mole
cules. For example, studying elastic anisotropy for systems subjected to 
various degrees of external stress has several applications in crystal 
physics and engineering, which improves mechanical durability 
[82–84]. The subsequent formula (10) [85]: 

AU =5
GV

GR
+

BV

BR
− 6 ≥ 0 (10) 

Ranganathan et al. and Shiva Kumar proposed the AU (universal 
anisotropic index). An isotropic condition of a material may be stab
lished by calculating its universal anisotropy (AU) value. The estimated 
AU value for Mg3NF3 shows anisotropic behavior, which differs from the 
isotropic behavior of a material when AU = 0. Mg3NF3 deviates the most 
from zero of the minerals investigated.

The following formula (11, 12) can be used to estimate the fraction of 
anisotropy under shear (AG) and bulk (AB) conditions. 

AG =
GV − GR

GV + GR
(11) 

AB =
BV − BR

BV + BR
(12) 

The subscripts B and G represent the bulk and shear moduli, 
respectively, using the Voigt and Reuss approximations (V and R), 
respectively. As stated in Ref. [86], the elastic anisotropy of the material 
reaches its greatest when AB = AG = 1 and its minimum when AB = AG =

0. The measured value of AG indicates that the material in question has 
an isotropic bulk modulus, which implies that the shear anisotropy that 
exists currently is real. By investigating and assessing shear anisotropy 
in various orientations at different crystallographic planes, more accu
rate insights into elastic anisotropy have been discovered. The following 
equations (13)–(15) define the shear anisotropic factors Ai, where i is a 
number between 1 and 3 [86,87].

For {100} shear plane, 

A1 =
4C44

C11 + C33 − 2C13
(13) 

For {010} shear plane, 

A2 =
4C55

C22 + C33 − 2C23
(14) 

For {001} shear plane, 

A3 =
4C66

C11 + C22 − 2C12
(15) 

To get precise anisotropy, one must ascertain the Zener anisotropy 
index (A) and the matching Zener anisotropy (Aeq). By entering them 
into this equations 16 and 17 [88], we may determine their value: 

A=
4C44

C11 − C12
(16) 

Aeq =

(

1+
5
12

AU
)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1 +
5
12

AU
)2

− 1

√

(17) 

An A = 1 and the equation A1 = A2 = A3 = A demonstrate the 
isotropic nature of a cubic structure. Furthermore, this value’s distri
bution indicates the degree of anisotropy. Table 4 illustrates the aniso
tropic behavior of the material, which is most prominent and has the 
biggest divergence. The Aeq provides additional evidence supporting its 
nature.

The anisotropy is displayed in Fig. 14(a, b, c) which shows the three- 
dimensional (3D) framework for the direction dependency of the Young 
modulus (E) notion of the shear modulus (G) and the Poisson ratio (ϑ), 
respectively. This crystal is anisotropic, meaning that it is not spherically 
shaped like an isotropic crystal, which is oriented differently in multiple 
directions. These results also follow the previous discussion with several 
markers of anisotropy and Fig. 14(a, b, c) clearly shows that the su
perconductor material is anisotropic.

3.9. Thermal properties

When studying heat and pressure characteristics at elevated tem
peratures, a quasi-harmonic Debye approximation is required. The 
structural parameters may be identified by first applying this fixed es
timate to the basic cell volume (E-V) total energy at T = 0 and P = 0. By 
using the established thermodynamic relationships, the macroscopic 
attributes are therefore specified in terms of T. When calculating ther
mal characteristics between 0 and 800 K, the quasi-harmonic technique 
is likewise very accurate. The thermal effect may be seen in Fig. 15(a), 
which displays the heat capacity Cv. When considering a constant vol
ume, the Cv approaches the limits set by Dulong and Petit, which are 
133 J mol− 1K− 1. The Cv rises in direct proportion to T3 at low temper
atures. The dynamics of atomic motions at intermediate temperatures 
characterize the heat potential, but until recently, detecting this po
tential required significant investigative testing [80,89]. At a given 
temperature, the strain of Mg3NF3 causes fluctuations in the Cv, dis
played in Fig. 15(a).

The Mg3NF3 substance’s temperature variability is shown in Fig. 15
(b) from 0 K to 800 K. The Mg3NF3 structure’s maximum thermal en
tropy is observed at 800 K. Entropy varies even in the presence of strain 
variations and this study indicates that it increases with temperature. 
For both compressive and tensile loads, the entropy modifications are 

Table 3 
Mechanical and elastic properties of cubic Mg3NF3 perovskite as estimated under different compressive and tensile strains.

Strain (%) C11 C12 C44 C12-C44 B (GPa) G (GPa) E (GPa) B/G ϑ

− 3 132.8 52.9 31.3 21.6 82.5 37.8 95.3 2.18 0.347
− 2 102.5 47.6 28.1 19.5 64.7 31.1 78.5 2.08 0.338
− 1 71.4 39.6 24.3 15.3 54.1 26.6 64.7 2.03 0.319
0 68.9 37.9 21.7 16.2 47.3 24.2 59.3 1.95 0.307
+1 61.1 36.5 20.9 15.6 45.2 23.5 58.6 1.92 0.299
+2 53.3 35.2 20.1 15.1 40.9 21.7 51.4 1.88 0.285
+3 41.7 34.2 19.3 14.9 38.1 20.5 41.3 1.85 0.276
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displayed in Fig. 15(b). The maximum entropy is measured at 800 K 
temperature and for Mg3NF3 is 411 J mol− 1K− 1 in the absence of strains. 
The thermal entropy under strain reaches its greatest at +3 % strain, 
where it is measured at 475 J mol− 1K− 1. The values for Mg3NF3 material 
that is lowest at − 3% strain is 350 J mol− 1K− 1.

The applied strain noted in Fig. 16 causes variations in the Debye 
temperature υD. Increasing compressive strain causes the Debye tem
perature to rise while increasing tensile strain causes the Debye tem
perature υD to fall. The highest Debye temperature υD occurs at − 3% 
strain, while the minimum Debye temperature υD occurs at +3 % strain.

The Debye temperature υD of Mg3NF3 is affected by temperature and 
pressure, as illustrated in Fig. 17. Acoustic excitation is, by far, the most 
common cause of lattice vibration at temperatures below the material’s 
Debye temperature. However, once the temperature goes above the 
Debye temperature, this effect is lost. 

υD =
←
KB

(

6π2V
1
2n
)1

3
f(δ)

̅̅̅̅̅
Bs

M

√

(18) 

Equation (18) needs the following variables and constants: Boltz
mann constant (kB), adiabatic bulk modulus (Bs), volume (V), molecular 

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 Mg3NF3 material.

Mg3NF3 

Compound
A1 A2 A3 A AG AB AU Aeq

Without SOC 0.7834 0.7834 0.7834 1.5669 0.0050 0 0.0281 1.1651
With SOC 0.8112 0.8112 0.8112 1.7129 0.0044 0 0.0237 1.1507

Fig. 14. The isotropy of the Mg3NF3 material is shown in (a, b and c) the 3D plots for the following parameters: Young’s modulus, E(GPa); Share modulus, G(GPa) 
and Poisson’s ratio, ϑ.

Fig. 15. The material Mg3NF3’s (a) heat capacity against temperature and (b) the entropy against temperature.
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mass (M), number of atoms per primitive cell (n), and f(δ), which is a 
function of Poisson’s ratio. Fig. 17(a) demonstrates that υD is increasing 
in a small range as the temperature rises from 0K to 800K when pressure 
is constant. This characteristic is also maintained in varied pressures. We 
also discovered that as pressure increases, so does the Debye tempera
ture. Fig. 17(b) depicts the relationship between applied pressure and 
Debye temperature fluctuations. We conclude that when pressure in
creases, so does the Debye temperature. This trait persists across tem
perature ranges.

The chemical potential of perovskites or the propensity of the ma
terial’s constituents to exchange or react with other substances, does in 
fact affect the material’s thermal stability. The thermal stability and 
chemical potential of perovskites are closely related. Phase stability, 
defect formation, decomposition pathways, and overall material stabil
ity can all be impacted by changes in chemical potential. The thermal 
stability of perovskite materials can be enhanced, and their performance 
can be optimized for a range of applications, by comprehending and 
managing the chemical potential. From Fig. 18, we can observe that the 
chemical potentiality has a minor variation with respect to temperature, 
this minor variation does not create any impact on this material’s 
characteristics (stability). So, we can say this material is thermally 
stable.

4. Conclusion

Using first-principles density-functional theory simulations, the 
structural, optical and electrical features of the inorganic perovskite 
Mg3NF3 have been explored. After optimization, the lattice parameters 
of Mg3NF3 were found to be 4.34 A◦. A range of strain conditions, from 
− 3% to +3 %, is investigated for the dielectric function, thermal sta
bility, light absorption, loss, and reflectivity characteristics of Mg3NF3. 
Moreover, with tensile strain, the bandgap of Mg3NF3 tends to contract 
and approach the metallic state. Compressive strain, however, causes 
the bandgap to rise whether the SOC effect is present. The compounds 
Mg3NF3 have a direct bandgap of Mg3NF3 is 2.98 eV. The electronic 
bandgaps of Mg3NF3 increase to 3.24 eV when SOC is considered. 
Electrical, structural, and optical features of Mg3NF3 may be altered by 
biaxial compressive and tensile strain. An understanding of Mg3NF3’s 
possible uses in solar cells and electrical components may be gained by 
taking strain and SOC into account during its identification. Without 
incorporating the SOC consequences, the bandgap exhibited an 
increasing trend as tensile tension dropped. Conversely, when the 
compressive strain is applied, the bandgap exhibits a rising tendency. 
The peak of the Mg3NF3 dielectric constant moves to a higher photon 
energy as the compressive strain rises, confirming a blueshift. However, 

Fig. 16. The Debye temperature of the Mg3NF3 compound varies with strain at 
a constant temperature of 0 K.

Fig. 17. At a different temperature and pressure, the Debye temperature varies with respect to pressure and temperature for Mg3NF3 compound.

Fig. 18. Chemical Potentiality of Mg3NF3 under compressive and ten
sile strains.
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a redshift happens as tensile strain increase and the peak of the dielectric 
constant goes nearer lower photon energy. This finding provides more 
evidence that the strain-dependent electrical and optical properties of 
Mg3NF3 studied here may be used to the production of optoelectronics 
and solar cells.
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