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A B S T R A C T

This article provides an in-depth study of the Fe2MnIn full-Heusler alloy, where the FP-LAPW method is used to 
investigate the interplay between its structural, electronic, magnetic, elastic, and optical properties. To ensure 
validated results, exchange-correlation effects were treated using the Generalized Gradient Approximation 
(GGA) and the modified Becke-Johnson (mBJ) potential. The structural analysis indicates that Fe2MnIn is more 
stable in the inverse (Xa) phase compared to the normal (L21) phase. The electronic band structures and density 
of states have been calculated, that proves material is half-metal in nature. So, it possesses a metallic majority- 
spin channel and a semiconducting minority-spin channel. Total spin polarization (100%) at the Fermi level is 
corroborated by the minority band gap widening from 0.1 eV to 0.143 eV through the use of mBJ. Evaluations 
based on the independent elastic constants C₁₁, C₁₂, and C₄₄ indicate that the inverse phase is mechanically stable 
and ductile, with a Pugh’s ratio B/S of 1.873. The optical studies involving spin resolution prove that Fe₂MnIn is 
also a half-metal and that the material anisotropy is strongly dependent on the orientation of the electron spins. 
The mBJ functional calculations of the primary absorption of Fe₂MnIn reveal a 0.47 eV blue shifting of primary 
absorption and a 38% static refractive index increase, which is evidence of spin-polarized anisotropy. Moreover, 
lattice vibrations were studied by the quasi-harmonic Debye model, and the zero-point energy of this system was 
3.74 kJ/mol, and the heat capacity approaches the Dulong-Petit limit at high temperatures.

1. Introduction

An unwavering course of international technical refinement is 
structurally contingent upon the mass assimilation of high-tier elec
tronics. However, as energy consumption increases due to this evolu
tionary process, conventional resources and materials increasingly fail 
to meet global needs [1,2]. Electronic devices that constitute the foun
dation of the information era function almost exclusively by regulating 
electron conduction. The charge-centric model was a historical success. 
Nevertheless, the industry is now witnessing this paradigm reach its 

ultimate physical limit. The capabilities of standard semiconductor 
technology are being diminished by core operational constraints. The 
temperature limit of transistor scaling, the leakage limit of capacitor 
scaling, and the architectural limit of the von Neumann computing 
paradigm are identified. Excessive energy consumption and memory 
instability are detrimental indicators of nanometre scaling that present a 
significant risk to future technologies [3].

Spintronics has ascended to a position of paramount significance as a 
transformative paradigm. The major scientific purpose of present tech
nology is to comprehensively eradicate systemic obstacles. The unique 
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feature of spintronics, compared to traditional electronics, is the utili
zation of the electron’s spin degree of freedom [4]. Non-volatility is no 
longer a challenge when spin-based architecture is implemented. 
Furthermore, they enhance the velocity of data processing and signifi
cantly decrease the electrical load. The inception of this research area is 
often traced back to nineteen eighty-eight. This is when Giant Magne
toresistance (GMR) was found in magnetic multilayers by Fert and 
Gruenberg independently [5]. This discovery showed that electrical 
resistance is coupled with spin alignment. This led to the development of 
high-density hard drives and magnetic random-access memory (MRAM) 
[6]. High-quality performance in spin valves and tunneling magneto
resistance (TMR) junctions is unattainable without a high degree of spin 
polarization in the constituent materials [7,8]. One of the related alloy 
and intermetallic systems reports that structural stability and electronic 
properties are strongly governed by compositional variation and orbital 
hybridization effects. Arıkan et al. used density functional theory to 
study the electronic and phonon aspects of full-Heusler alloys X₂YAl. 
They revealed that variations in composition and orbital hybridization 
have a big effect on structural stability and electronic behavior [9,10].

Heusler alloys, which have significant potential, were initially 
identified in 1903 by Dr. Friedrich Heusler. Their distinctive charac
teristic is the existence of robust ferromagnetism in alloys derived from 
elements that are non-magnetic in their elemental state [11]. Based on 
their atomic ratios and lattice symmetry, Heusler alloys are divided into 
half-Heusler alloys with a C1b structure and full-Heusler alloys with an 
L21 structure [12,13]. Generally, full-Heusler compounds crystallize in 
the cubic L21 structure (Fm-3m), with X and Y as transition metals and Z 
as a p-block element [14]. The flexible nature of the Heusler crystal 
lattice is responsible for its broad chemical tunability. The engineering 
of materials with tailored magnetic and electronic properties is achieved 
by scientists using these techniques.

These compounds are of great interest due to their ability to display 
superconductivity, topological insulation, and magnetoelasticity [15,
16]. Moreover, functionality at room temperature and thermal stability 
are ensured in full-Heusler alloys by the presence of high Curie tem
peratures [17]. The thermal properties of Heusler alloys make them 
indispensable for green energy, going past spintronic needs. Converting 
waste heat to electricity via the Seebeck effect is the main function of the 
thermoelectric materials being developed to tackle the modern energy 
crisis [18]. The thermoelectric figure of merit (ZT) quantifies the per
formance of these materials. In narrow-gap and semi-metallic Heusler 
alloys, the ZT values are sufficiently elevated to render them suitable for 
solid-state cooling and energy generation [19]. Non-centrosymmetric 
Heusler compounds facilitate the investigation of the spin Hall effect 
and Bychkov–Rashba effect, enabling the creation of spin currents 
without external magnetic fields [20].

Despite widespread research into Co-based full-Heusler and Ni-based 
shape memory alloys, Fe-based alloys are comparatively less understood 
[21–23]. The particular interest in iron-manganese alloys is specifically 
on Fe₂MnZ. They are of interest because the complex interaction of Fe 
and Mn d-electrons can lead to the emergence of diverse magnetic 
phases and a high level of spin polarization [24–26]. Elastic stability is 
just as mandatory as electronic functionality for any material used in 
practical applications. Elastic constants Cij determine how a material 
distributes and resists external mechanical stress [27–30]. Materials 
with excellent electronic properties must also be mechanically robust to 
be used in the aerospace and micro-electro-mechanical systems (MEMS) 
industries.

Insufficient attention has been compensated to the Fe₂MnIn full- 
Heusler alloy, placing its physical developments entirely up to specu
lation. While extensive studies have been conducted on related pnictide 
systems [31–33], high-precision measurements of the elastic and 
fundamental physical properties of Fe₂MnIn are completely lacking. 
Currently, the literature contains no reports on theoretical or experi
mental work regarding this compound. The lack of experimental and 
theoretical data keeps Fe₂MnIn virtually untouched. Consequently, the 

process of experimental synthesis is currently non-predictive in nature, 
which enshrines a costly trial-and-error methodology as the standard. To 
fill the literature gap, this study provides the first extensive physical 
description of Fe₂MnIn using the density functional theory-based line
arized augmented plane wave method. The current work provides the 
first theory of Fe₂MnIn using extensive characterization of the electronic 
structure, DOS, mechanical moduli, and optical and thermodynamic 
properties. The results offer a framework for the advancement of 
iron-based smart materials intended for the creation of next-generation 
spintronic, optoelectronic, and thermoelectric devices [34].

2. Computational method

An in-depth inquiry into the Fe₂MnIn full Heusler alloy was facili
tated by the density functional theory framework [35]. Using a Full 
Potential Linearized Augmented Plane Wave basis set, the WIEN2k 
package was applied to calculate a broad range of physical properties for 
the studied system [36–38]. Structural optimization was first achieved, 
after which the Generalized Gradient Approximation (GGA) was used to 
derive the lattice constant along with the bulk modulus. Bandgap values 
were calculated with improved accuracy by adopting the modified 
Becke Johnson exchange potential (mBJ) technique [39–41].

To calculate electronic spin in cubic crystals, the spin-polarized SCF 
method was used. The normal alloys were represented by L21 (Fm-3m), 
and the inverse alloys were represented by Xa (F-43m). A muffin-tin 
radius of 2.13 a.u. was used for Fe, while 2.03 a.u. and 1.93 a.u. were 
used for Mn and In in the Fe2MnIn system. For the atoms Fe, Mn, and In 
in the Fe2MnIn combination, the muffin-tin radii (RMT) were determined 
to be 2.13, 2.03, and 1.93 a.u., respectively. The irreducible Brillouin 
zone for Fe2MnIn was represented by 24 special k-points. The basis set 
was characterized by a KMAXRMT value of 8, and a 17 × 17 × 17 full 
Brillouin zone grid of 5000 k-points was used to extract the data with a 
10− 5 Ry/Bohr convergence. Additionally, l=10 was set for the wave
function growth inside the muffin-tin spheres. The equilibrium lattice 
constant and bulk modulus were determined with high accuracy by 
applying the Murnaghan equation of state [42], to total energy versus 
volume calculations. providing accurate results through volume relax
ation. Total and partial Density of States were calculated to investigate 
electronic properties, and atomic as well as orbital contributions were 
identified using x lapw2 -qtl. Brillouin zone integration was carried out 
using the x tetra program. Subsequently, dosplot was used for the final 
visualization of the data. Total energy was calculated as a function of 
small deformations to determine the Cij elastic constants at zero tem
perature. Seven strain magnitudes, ranging from − 3% to +3%, were 
used for each of the second-rank tensor elastic constants C11+2C12, 
C11− C12, and C44. The second derivative of the energy with respect to 
strain, obtained from a quadratic fit to the energy-strain data, provided 
the independent elastic constants using cubic-elastic [27,43]. Through 
the Wien2K optics package, and using the joint density of states, the 
optical matrix elements were computed [44,45]. Phonon density of 
states computations within the quasi-harmonic Debye approximation 
yielded entropy, Cv, U, and F by Quantum Espresso code [46].

3. Results and discussion

3.1. Structural characteristics and thermodynamic stability

The total energy as a function of volume was employed to evaluate 
the structural stability and ground-state characteristics of the Fe2MnIn 
full-Heusler alloy. Crystallisation manifests in two cubic structures. 
These encompass the Normal L21 structure (No. 225) and the Inverse Xa 
structure (No. 216), as illustrated in Fig. 1. The primary distinction 
between these phases resides in the spatial occupancy of the transition 
metal atoms, as outlined in Table 1. The L2₁ structure has Fe atoms at the 
8c Wyckoff sites, whereas Mn and In occupy the 4a and 4b sites, 
respectively. Structural centro-symmetry of the L21 phase is absent in 
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the Xa structure due to Fe occupying 4a and 4c, Mn at 4b, and In at 4d. 
For the determination of the equilibrium lattice constant (a0), bulk 
modulus (B0), and its first pressure derivative (B'), we fitted the energy- 
volume (E-V) data to the Murnaghan Equation of State (EOS) [42]: 

E(V) = E0(V) +
BV
Bʹ

⎡

⎢
⎢
⎣

(
V2
V

)Bʹ

Bʹ − 1
+1

⎤

⎥
⎥
⎦ −

BV0

Bʹ − 1
, (1) 

As shown in Fig. 2, the total energy per formula unit is plotted 
against the volume for both the Normal and Inverse phases of the 
Fe2MnIn Heusler alloy. The clear separation between the two parabolas 
indicates a significant difference in thermodynamic stability. Specif
ically, the Inverse phase curve reaches a minimum at a much lower 
energy level than the Normal phase, confirming that the Inverse struc
ture is the ground-state configuration for this material. The curvature of 
the Inverse phase is also noticeably steeper than that of the Normal 
phase, which corresponds to its higher resistance to compression.

The total energy change of a physical system during the synthesis of a 
compound from stable elements defines the formation energy (Eform.). In 
computational studies, the Eform. is the key descriptor used to predict the 
chemical and structural stability of a material. The predictive utility of 
formation energy in the synthesis of Fe2MnIn is based on the energy of 
the compound relative to its elements [47]. 

Fig. 1. The crystal structure of (a) normal Fe2MnIn (b) inverse Fe2MnIn compounds.

Table 1 
Crystallographic, structural, energetic, and elastic parameters of Fe2MnIn in the 
normal (L21) and inverse (Xa) Heusler phases.

Property/Site Normal Fe2MnIn (L21) Inverse Fe2MnIn (Xa)

Space group Fm-3m (No. 225) F-43m (No. 216)
Fe (site 1) 8c (1/4, 1/4, 1/4) 4a (0, 0, 0)
Fe (site 2) 8c (3/4, 3/4, 3/4) 4c (1/4, 1/4, 1/4)
Mn 4a (0, 0, 0) 4b (1/2, 1/2, 1/2)
In 4b (1/2, 1/2, 1/2) 4d (3/4, 3/4, 3/4)
Equilibrium volume (V0) 380.40 (a.u.)3 389.57 (a.u.)3

Lattice parameter (a) 6.0865 Å 6.1350 Å
Minimum energy (E0) − 19174.9605 Ry − 19174.9841 Ry
Bulk modulus (B0) 113.18 GPa 133.64 GPa
Pressure derivative (B′) 2.43 3.59
Formation energy (Ry) − 0.289081 − 0.312681

Fig. 2. The variation of total energy with volume for normal Heusler Fe2MnIn (225) FM and inverse Heusler Fe2MnIn (216) FM compounds.
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Eform. = ECubic
Fe2MnIn(i) −

(
2ECubic

Fe +ECubic
Mn +ECubic

In
)

(2) 

In this study, ECubic
Fe2MnIn(i) represents the total energy of the Fe2MnIn 

compound in its cubic phase, while ECubic
Fe , ECubic

Mn ,and ECubic
In are the energies 

associated with the elements Fe, Mn, and In. Two structural configura
tions are denoted by the specific value of the integer i, which is L21, or 
Xa. For the Fe2MnIn Heusler system, the summation of the reference bulk 
energies for 2Fe, Mn, and In is found to be -19174.671419 Ry. Based on 
this, the formation energy for the Normal L21 phase is determined to be 
-0.289081 Ry, while the formation energy for the Inverse Xa phase is 
-0.312681 Ry. The negative formation energy for both signifies their 
stability as compounds; the magnitude implies that the Inverse Xa phase 
is the more stable component. The table below compares the specific 
structural and mechanical parameters obtained from the Murnaghan 
Equation of State (EOS) and the formation energy for both phases.

3.2. Elastic properties

The mechanical resistance of a material against deformation is 
dictated by its elastic properties, which are indispensable in many 
applied industries. The mechanical stability of normal Fe2MnIn was 
explored by means of density functional theory through the determi
nation of elastic constants Cij. These constants are the vital components 
needed to build a description of additional mechanical parameters. 
Using the Reuss approximation framework, the values of bulk modulus 
B, shear modulus SR, Young’s modulus Y, Poisson’s ratio ν, and aniso
tropic factor A were derived from [48]. 

B = (C11 + 2C12) (3) 

SR =
5C44(C11 − C12)

(4C44 + 3(C11 − C12))
(4) 

Y =
9BSR

(SR + 3B)
(5) 

v =
3BS − 2SR

2(3B + SR)
(6) 

A =
2C44

(C11 − C12)
(7) 

The values of the elastic stiffness coefficients Cij, together with the 
corresponding mechanical moduli for the two structural phases of 
Fe2MnIn, are summarized in Table 2. The prerequisite for a cubic crystal 
to withstand arbitrary infinitesimal strains is the fulfillment of the 
criteria: (C11 - C12) > 0, (C11 + 2C12) > 0, and C44 > 0 [49]. The inverse 
Fe2MnIn phase satisfactorily meets the Born stability criterion; all 
calculated values from its elastic constants are positive, as seen in the 
Table 1. The inverse Fe2MnIn phase shows a positive C11 - C12 difference 
of 21.537 GPa, while a negative value of -47.12 GPa is observed for the 
normal phase. It is confirmed that the inverse (Xa) atomic ordering is 
preferentially adopted by Fe2MnIn over the unstable normal Heusler 

phase.
The Pugh’s ratio (B/S) is employed here to evaluate the ductile or 

brittle properties of the stable inverse phase. Based on the empirical 
Pugh criterion, a material is ductile if its B/S ratio is greater than 1.75 
and brittle if it is less than 1.75 [29]. The inverse Fe2MnIn phase is 
classified as a ductile material due to its calculated ratio of 1.873 [50]. 
Poisson's ratio is ν = 0.273, which corroborates the findings by indi
cating it falls within the metallic regime (0.25 < ν < 0.5) [51].

The characteristics imply that the material is capable of tolerating 
significant stress during production. The calculated stiffness of 180.990 
GPa (Y) demonstrates that the material is suitable for structural appli
cations in microelectronics [29]. However, the directional dependence 
of the elasticity in Fe2MnIn is reflected in the high universal anisotropy 
index (A = 10.332) shown in Table 1 [29,52,53]. Because of the high 
anisotropy observed, the mechanical response and sound velocities must 
be accounted for in spintronic heterostructure development.

Fig. 3 provides a thorough assessment of the elastic anisotropy of the 
Fe₂MnIn inverse Heusler compound, displaying directional representa
tions of Young’s modulus, linear compressibility, shear modulus, and 
Poisson’s ratio in both 2D (left column) and 3D (right column) formats.

The two-dimensional projection of Young's modulus in the (xy) plane 
(Fig. 1a) shows a clear four-lobed (petal-like) deviation from circular 
symmetry. This means that the stiffness in the plane depends on the 
direction. The corresponding 3D surface (Fig. 1b), which has a star-like 
shape with clear protrusions along certain crystallographic directions, 
confirms this anisotropic behavior even more. These characteristics 
clearly indicate that stiffness is not consistent across all orientations, 
exhibiting maximum values in preferred directions and diminished 
stiffness in others.

In contrast, the linear compressibility profiles (Fig. 1c and d) show 
almost perfect isotropic properties. The 2D representation makes a circle 
that is almost perfect, and the 3D surface makes a sphere that is almost 
perfect. This means that the material's response to hydrostatic pressure 
is mostly not dependent on direction. This means that the compound can 
be compressed evenly along all of its crystallographic axes.

The shear modulus behavior (Fig. 1e and f) shows that there is a lot of 
anisotropy. The 2D plot shows a cross-shaped distribution with sharp 
peaks in certain directions. The 3D surface, on the other hand, shows 
pronounced lobes that extend along certain axes. This means that 
resistance to shear deformation changes a lot depending on the direc
tion. This suggests that some crystallographic orientations are better at 
withstanding shear stress than others. The strong deviation from 
spherical symmetry in the shear modulus confirms anisotropic shear 
behavior.

Ultimately, the distributions of Poisson’s ratio (Fig. 1g and h) exhibit 
intricate multi-lobed designs in both 2D and 3D visuals. The differences 
in size and form in various directions demonstrate anisotropic transverse 
strain reactions during uniaxial loading. Significantly, the existence of 
various lobes with distinct amplitudes indicates that the relationship 
between axial and lateral deformation is strongly influenced by 
direction.

In general, although the linear compressibility shows almost perfect 
isotropy, the Young’s modulus, shear modulus, and Poisson’s ratio 
display different levels of anisotropy. The integrated analysis shows that 
Fe₂MnIn exhibits anisotropic elastic characteristics regarding stiffness, 
shear resistance, and deformation coupling, while still retaining 
isotropic volumetric compressibility. These results emphasize the sig
nificance of crystallographic orientation in influencing the material's 
mechanical behavior, which is essential for its possible use in advanced 
structural and functional systems.

3.3. Magnetic properties

Inconsistencies in the site symmetry of the Fe atoms constitute the 
most notable difference between the two structural phases. The reported 
value of 2.38 μB represents the magnetic moment for both equivalent Fe 

Table 2 
Elastic constants Cij and the associated mechanical features (B, S, Y, v, and A) are 
analyzed for the Fe2MnIn Heusler alloy.

Property Inverse Fe₂MnIn Normal Fe₂MnIn

C₁₁ (GPa) 147.516 80.835
C₁₂ (GPa) 125.98 127.955
C₄₄ (GPa) 111.258 95.752
Bulk Modulus B (GPa) 133.158 —
Shear Modulus S (GPa) 71.062 —
Young's Modulus Y (GPa) 180.99 —
B/S Ratio 1.873 —
Poisson's Ratio ν 0.273 —
Anisotropy Index A 10.332 —
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atoms in the normal Fe₂MnIn structure. However, the inverse structure 
(usually of the Xₐ type) disturbs this symmetrical condition. While one 
Fe atom stays at its sublattice, the second atom relocates to Mn. The 
differentiation into two site types for Fe is the key structural feature 
responsible for the two different computed moments of 2.49 μB and 2.47 
μB. Magnetic exchange is sensitive to geometry, which is suggested by 
the observed site dependency. The transition from a normal to an inverse 
structural state is characterized by a drastic expansion of the manganese 
(Mn) magnetic moment. The magnetic contribution of Mn increases 
from 2.59 μB in the normal phase to 3.24 μB in the inverse phase. The 
underlying reason for this enhancement is probably the change in the 
Mn-Fe interatomic spacing. A decrease in hybridization in the inverse 
phase likely leads to the Mn d-electron localization being necessary for a 
larger moment. In the inverse structure, Mtot shows a very evident 
inclination toward integer values. The total moment of Fe₂MnIn in the 

inverse phase is 7.99 μB, which is extremely close to 8 μB. The total 
moment (Mtot) for d-based inverse Heusler alloys is confirmed by the 
Slater-Pauling rule to follow the Mtot = Nv - 18 mathematical trend [54,
55]. The predicted magnetic moment is 8 μB, with a total count of 
valence electrons (Nv) = 26, and Fe has 8e- x 2 = 16, Mn 7e-, and In 3e- . 
At the Fermi level, the material is found to have 100% spin polarization, 
which is shown by the integer magnetic moment and the consequent 
insulating properties of one of the spin manifolds. The integer result 
demonstrates half metallic properties through complete polarization of 
the electronic structure. A total moment of 7.06 μB is found in the 
normal phase, indicating that the system is a common metallic ferro
magnet without half-metallic properties. In both the normal and inverse 
structural phases, the indium (In) atoms and the interstitial sites possess 
negative magnetic moments. These regions are polarized antiparallel to 
the dominant Fe and Mn moments, which is represented by the negative 

Fig. 3. 2D and 3D anisotropic illustrations of (a-b) Young’s Modulus, (c-d) Linear compressibility, (e-f) Shear modulus, and (g-h) Poisson’s ratio of Fe2MnIN-Inverse.
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sign. The In magnetic moments are small (-0.08 μB to -0.06 μB), char
acteristic of sp-elements that mainly support the crystal structure. The 
reduction of the interstitial magnetic moment in the inverse phase (-0.13 
μB vs. -0.21 μB) is one factor for the higher total magnetic moment. A 
high spin polarization level and a stable integer magnetic moment are 
the foundations for labeling inverse Fe2MnIn a premier material for STT 
technology and spin-polarized carrier injection [8].

Although the interatomic magnetic exchange coupling constants 
were not explicitly calculated, insight into the magnetic exchange in
teractions can be inferred from the electronic structure and magnetic 
moment distribution. The well-defined ferromagnetic ground state, 
together with the near-integer total magnetic moment, indicates strong 
exchange splitting between majority and minority spin channels, which 
is a characteristic feature of robust ferromagnetism in Heusler-type 
systems. The dominant contribution of transition metal ddd-states 
near the Fermi level suggests that the magnetic interactions are pri
marily governed by indirect exchange mechanisms, such as double ex
change or RKKY-type interactions mediated through conduction 
electrons. Furthermore, the high spin polarization and absence (or 
minimal presence) of minority states at the Fermi level support the 
presence of long-range ferromagnetic coupling. Similar behavior has 
been reported in related systems, where strong ddd–ddd hybridization 
stabilizes ferromagnetism even in the absence of explicitly calculated 
exchange parameters. These observations collectively imply that the 
magnetic interactions in the present system are sufficiently strong to 
stabilize the ferromagnetic phase, although a quantitative estimation of 
exchange constants and Curie temperature would require future inves
tigation using approaches such as the Heisenberg model combined with 
first-principles calculations (Table 3).

3.4. Electronic properties

A comparative study of GGA and mBJ exchange potentials in DFT 
was used to investigate the electronic properties of Fe₂MnIn. Fig. 4(a-d) 
presents the band structures calculated for the spin-polarized full- 
Heusler alloy. In both models, the spin-up (majority) dispersion shown 
in Fig. 4(a) and (c) is metallic. Several bands are observed to cross EF, 
with a high frequency of intersections occurring along the W-L and Γ-X 
directions. A semiconducting character with a distinct energy gap is 
exhibited by the spin-down channel in Fig. 4(b) and (d). Under the GGA 
scheme, the minority channel presents an indirect band gap of 0.1 eV, 
where the valence band maximum (VBM) is located at the Γ point and 
the conduction band minimum (CBM) is located at the X point [56].

Fundamental band graph is maintained while the mBJ potential of
fers a superior description of the electronic states. While the spin-up 
channel is metallic, the mBJ functional opens the minority-spin gap to 
0.143 eV, as shown in Fig. 4(d). In spite of the mBJ bandgap widening, 
the valence band maximum and conduction band minimum are static 
near the W point, as per GGA. The direct nature of the gap is confirmed 
by both approximations. The increase in the gap size with mBJ is typical 
for Heusler alloys, as standard GGA often underestimates the semi
conducting gap in the minority channel because of the lack of proper 
exchange-correlation treatment for localized d-electrons [41]. The 
simultaneous occurrence of metallic majority spins and semiconducting 
minority spins indicates the half-metallicity of Fe₂MnIn.

For spintronic applications, this electronic configuration is of great 
importance due to its theoretical 100% spin polarization at the Fermi 
level [57]. Hence, Fe₂MnIn is a material of enormous potential for 
developing effective spin polarizers, magnetic tunnel junctions, and 
next-iteration non-volatile spintronic memory. The uniform prediction 
of the half-metallic state in all of the theoretical approximations is a 
standard point of reference, making it a significant promise in terms of 
applications in the engineering of device builds. The calculated elec
tronic structure shows that there is 100% spin polarization at the Fermi 
level, but this is based on an idealized ground-state scenario that doesn't 
consider spin-flip scattering mechanisms. In the real world, thermal 
excitations, spin–orbit coupling, and magnon scattering can cause 
transitions between spin channels, especially in systems with small 
minority-spin band gaps (about 0.143 eV). These kinds of things could 
cause effective spin polarisation to go down and spin-leakage currents to 
show up. So, even though the current results confirm intrinsic 
half-metallicity, temperature and relativistic effects may affect the 
actual spintronic performance. This means that more advanced methods 
that include SOC and finite-temperature transport phenomena need to 
be used to investigate this further.

The half-metallic behavior of Fe₂MnIn is a direct effect of orbital 
geometry, indicating that the orbital analysis of Fe₂MnIn indicated that 
DOS analysis revealed the behavior of the material. Figs. 5 and 6(a-e) 
show that both the Total and Partial Density of States are asymmetric 
with respect to spin. It is found that the majority-spin states span the 
Fermi level, while the minority-spin states are absent. Better treatment 
of the exchange-correlation energy results from transitioning from 
standard GGA to mBJ potential. An upward energy shift is applied to the 
conduction band Mn-3d states through the mitigation of self-interaction 
errors. This shift is the reason the minority-spin gap is augmented from 
0.1 eV to 0.143 eV. A true physical property of the material is repre
sented by the robust and confirmed half-metallic state. Fig. 6 indicates 
that the microscopic origin of the gap is due to the dominance of 3d 
orbitals from transition metals around EF. Due to exchange-induced 
splitting, the Mn-3d majority states are deeply localized in the valence 
band, and the minority states are completely above the gap. Covalent- 
type interactions of t₂g and eg orbitals on Fe and Mn sublattices result 
in the formation of the gap, as in Fig. 7.

Through the creation of a bonding-antibonding separation, EF is 
isolated by site-specific d-d hybridization to ensure 100% spin polari
zation. The localization of In-p states is regarded as highly advantageous 
for device implementation. These states are shown by Fig. 6(d) and (e) to 
be deep valence features, hence not participating in conduction at EF. 
Through the formation of an energy separation, p-d spin-flip scattering is 
minimized, preventing spin-current degradation [55]. Therefore, the 
electronic structure of inverse Fe2MnIn advocates for its use in 
spin-transfer-torque (STT) devices. The provision of a decisive edge for 
ultra-low power switching is facilitated by near-perfect spin-torque 
efficiency.

3.5. Chemical bonding mechanisms

The chemical bonds and magnetic stability of the system are re
flected in the distributions of spin-specific charge density illustrated in 
Fig. 7. According to the Pauling scale, the electronegativity values for 
the constituent elements are Iron (χFe = 1.83), Manganese (χMn =
1.55), and Indium (χIn = 1.78) [58]. Fe and Mn exhibit a minor Δχ of 
0.28 in their electronegativities. Consequently, the low gradient across 
the lattice indicates a metallic-covalent hybridization bonding type. This 
is a characteristic feature in Heusler compounds that governs their 
electronic structure [59]. As shown in Fig. 7, the contour maps reveal 
directional bridges in the electron density, which proves that the d-d 
orbitals overlap considerably between transition metal sites. Because 
covalent hybridization allows for direct exchange interactions, it is a 
basic requirement for the material to sustain long-range ferromagnetic 
ordering [54,60].

Table 3 
Magnetic moments of Fe₂MnIn phases.

Property/Structure Normal Phase (L2₁) Inverse Phase (Xa)

Fe Moment (μB) 2.38 2.49
Fe Moment (μB) 2.38 2.47
Mn Moment (μB) 2.59 3.24
In Moment (μB) − 0.08 − 0.06
Interstitial Moment (μB) − 0.21 − 0.13
Total Moment (μB) 7.06 ≈8.00
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As evidenced by the lobe-shaped directional contours between Fe 
and Mn, there is a high degree of d-d covalent hybridization. Indium 
contributes to these alloys as an electron donor; consequently, its elec
tron density appears as diffuse and spherical non-directional s-p con
tours [61]. Magnetic exchange coupling is operated by transition metals; 
the lattice, on the other hand, is maintained by the primary-group 
element through a homogeneous electronic background. These 
different bonding functions and roles are tabulated and summarized in 
Table 4. The high degree of similarity between the charge density con
tours of both spin channels in Fig. 8 suggests a strongly symmetrical 
structural construct for Fe₂MnIn. The primary determinants for the 
spatial redistribution of the total valence charge are the chemical po
tentials of the nuclei and the s-p metallic background of indium, rather 
than the d-orbital energy separation [62,63]. Even though d-orbital 
energy splitting is responsible for magnetic moments, it is not the 

mechanism that determines the spatial redistribution of the total valence 
charge. The regulating factors of this redistribution are the chemical 
potentials of nuclei and the s-p metallic background of Indium [64]. 
Considering that the electronegativity of Indium (χ = 1.78) closely re
sembles that of Iron (χ = 0.05), the Fe–In bond exhibits a significant 
degree of metallic delocalization (Table 4). Fig. 8 shows diffuse and 
spherically symmetric contours at the In sites; these act as a "metallic 
glue" to stabilize the L2₁ framework without affecting the magnetic 
d-bonding [65].

3.6. Optical properties

This study is a complete examination of the linear optoelectronic 
capabilities of Fe2MnIn, capabilities assessed through the complex 
dielectric function (ϵ(ω)= ϵ₁(ω) + iϵ₂(ω)) [66–68]. The capability of a 

Fig. 4. Comparative band structures of Fe2MnIn using GGA and mBJ functionals.
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dielectric to store energy is represented by ϵ₁(ω). This real part is eval
uated within the Kramers-Kronig framework. ε1(ω) = Re εij(ω) =

2
π P

∫∞

0

ώ Imεij(ω)
ŵ̂2

− ώ 2
dώ (8) 

The optical joint density of states is weighted by the momentum 

Fig. 5. Total and partial density of states for the Fe2MnIn full-Heusler alloy (GGA).
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matrix elements of P to produce the physically observed ϵ₂(ω) (Eq. 10). 
ε2(ω) = Imεij(ω)

h2e2

πm2
e ω2

∑

cn

∑

vn

∫

dk
〈
Ψcn

k

⃒
⃒pi⃒⃒Ψvn

k >

< Ψvn
k

⃒
⃒pj

⃒
⃒Ψcn

k
〉
σ
(
Ecn

k − Enν
k − ħω

)
(9) 

Fig. 6. Total and partial density of states for the Fe2MnIn full-Heusler alloy (mBJ).
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The superposition of two transition mechanisms (intra-band and 
inter-band) describes the optical signature of the half-metal Fe2MnIn. 
The dispersive and absorptive qualities of the material are modeled 
using GGA and mBJ functionals and shown in Figs. 10–15. Optical 
properties reveal the electronic structure and band gap, which are the 
primary factors for developing photonic devices. Light absorption and 
reflection mechanisms are understood in detail when investigating the 
dielectric function, refractive index, extinction coefficient, and optical 
conductivity.

The ε1(ω) curves for the spin-up state in Fig. 9(a) show that while 
GGA and mBJ methods are qualitatively similar, they differ quantita
tively in the 0-8 eV range of the IR, visible, and UV regions. Specifically, 
the static dielectric constant is 103.4 according to GGA and 139.7 ac
cording to mBJ. There is a subsequent rise to a maximum between 0.2 

and 0.3 eV, and the mBJ method yields a peak of 158.4. The effective
ness of screening electric fields induced by trapped charges in the low- 
frequency limit is represented by the value of the static dielectric con
stant [69]. After passing the peaks, the dielectric curves decline steeply 
until they cross the zero line at 0.75 eV (mBJ) and 0.88 eV (GGA). A 
negative excursion in the spectral decline reaches its minimum at 1.5 eV. 
Because the ε1(ω) values at these minima reach -44.4 (GGA) and -40.8 
(mBJ), they are symptomatic of free-carrier dominance. Both GGA and 
mBJ curves show a gradual return from their minima toward the zero 
threshold at 8 eV, attaining closely matched values of 0.9 and 0.8 [70,
71]. An earlier plasma frequency and smaller negative values are pre
dicted by mBJ, when compared to GGA, suggests a better account of 
excitonic effects and lower free carrier screening.

The ε2(ω) data for the majority spin in Fig. 9(b) was found to be in 
close agreement, establishing the absorption region's width. Energy 
dissipation and light absorption are the physical phenomena repre
sented by the imaginary dielectric constant, which is mathematically 
related to the extinction coefficient. A qualitative assessment shows that 
the ε2(ω) shapes for GGA and mBJ are varied, but their peak magnitudes 
show quantitative agreement at 163.94. The spectra begin with GGA 
ε2(w)=1.03 and mBJ ε2(w)=5.98 at 0.01 eV. The greatest peak value is 
the same for both approaches. The mBJ peak is blue-shifted by 0.16 eV 

Fig. 7. Schematic of d-d orbital hybridization in Fe2MnIn Heusler alloy.

Table 4 
Charge density analysis of Heusler alloy.

Interaction Δχ (Pauling) Contour Shape Bonding Nature

Fe–Mn 0.28 Directional Lobes d-d Covalent Hybridization
Fe–In 0.05 Diffuse / Spherical Metallic Delocalization
Mn–In 0.23 Diffuse / Spherical p-d Metallic-Covalent

Fig. 8. Fe2MnIn charge density distributions in the (110) plane.
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compared to the GGA peak, occurring at 0.67 eV. The mBJ spectral curve 
indicates intense absorption and the presence of well-defined transition 
paths. It demonstrates a more precipitous increase and heightened low 
energy ε2(w). Following this, both the mBJ and GGA curves eventually 
experience rapid exponential decay and stabilize at values of 5 and 4.66, 
respectively. The mBJ functional provides a more accurate description 
of optical gaps; consequently, it predicts an earlier onset of absorption. 
However, the total absorption strength remains consistent with the GGA 
method.

Both the GGA and mBJ curves depicted in Fig. 9(c) for the spin-down 
manifest high starting points. While the GGA plot begins at 103.4 and 
peaks at 148.4, the mBJ plot starts at 105.6 and achieves a much higher 
peak of 168.1. Beyond their peak positions, the two curves exhibit rapid 
downward trends and cross zero at closely matching energies of 0.91 eV 
in GGA and 1.02 eV in mBJ, indicating comparable plasma frequencies 
in the spin-down channel. The curves thereafter experience a negative 
deviation, with mBJ attaining a minimum of -55.58 and GGA reaching 
-44.01. The mBJ functional demonstrates a more distinct metallic nature 
than GGA, but the curves ultimately converge to the same baseline 
value.

The radiation absorption of the compound is captured by the ε2(ω) 
curve in Fig. 9(d). This specific component regulates the dissipation of 
energy and the optical absorption spectrum through interband transi
tions of electrons. Comparable peak intensities characterize the spin- 
down channel of the imaginary dielectric function ε2(ω). Subtle dis
parities nevertheless exist in the optical spectrum's defining parameters 
for energies from 0 to 8 eV. The parameters of exact peak energy and 

asymmetric broadening shape show these disparities, which are sug
gestive of important selection rules that depend on spin. Optical ab
sorption starts once the photon energy crosses the band gap, and ε2(ω) is 
zero before this point. It is evident from the 0.06 eV blueshift that mBJ 
enhances excitonic binding, with peak values recorded at 165.07 and 
163.94 respectively. The mBJ spectrum shows the initial rise is sharper 
and has a higher baseline, indicating that it has better absorption at low 
energy in comparison to GGA, implying a higher concentration of 
oscillator strength. Following peak values, both curves decrease at a 
rapid exponential rate, reaching 4.66 for GGA and 4.35 for mBJ at 8 eV. 
As shown by the properties of the spin-down spectrum, mBJ provides a 
more accurate prediction of spin-polarized critical points and excitonic 
resonances. It is anticipated that the leading absorption edge will be 
observed at the lower photon energy, without loss of peak intensity.

The phase velocity of light is determined by the absorption spectrum 
over all frequencies because the real and imaginary refractive index 
components are connected. To arrive at a deduction of these properties, 
the scientific community adopts the logical links generated in the up
coming mathematical representations: 

n(ω) =
[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ϵ2
1(ω) + ϵ2

2(ω)
√

+ ϵ1(ω)
2

]1
2

(10) 

k(ω) =

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(ϵ2

1(ω) + ϵ2
2(ω)

√
− ϵ1(ω)

2

]1
2

(11) 

Fig. 9. Dielectric constant ε₁(ω) and primary ε₁(ω) peak for Fe₂MnIn, spin-up, GGA vs. mBJ.
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The refractive index n(ω) and extinction coefficient κ(ω) of Fe2MnIn 
for spin-up and spin-down electrons are illustrated in Fig. 10. Fig. 10(a) 
and (b) show the majority spin results, while Fig. 10(c) and (d) show the 
minority spin results, calculated using GGA and mBJ. The complex 
refractive index determines the light propagation and light absorption in 
a material, with its elements being n(ω) and k(ω). In particular, n(ω) is 
the phase velocity of light, and k(ω) is the degree of strength of ab
sorption. The relationship between n(ω) and ε₁(ω), the real part of the 
dielectric function, given by n(0) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(ε1 (0))

√
[72], is confirmed by the 

calculated static refractive indices. Owing to the sharp growth in the 
spin-down refractive index n(ω) and extinction coefficient n(ω), the 
occurrence of pronounced magneto-optical effects is substantiated. 
Substantially higher values of the refractive index at ω = 0 eV charac
terize the spin-up electrons. The results depicted in Fig. 9 show that the 
spin-up state possesses values of 11.82 for GGA and 14.35 for mBJ, 
which contrast with the diminished spin-down values of 10.17 and 
10.42. The mBJ spin-up results are significant because they show a 38% 
increase at the static limit, followed by a peak of 14.73 at the low energy 
of 0.07 eV. The dependence of the refractive index on carrier spin 

polarization is shown to be highly pronounced in this system. The 
refractive index drops sharply for both functionals; consequently, the 
minimum is observed to occur between 3.5 and 3.9 eV. Spin asymmetry 
is shown in the complementary features of the extinction coefficient K 
(w). The onset values at low energy are 0.25 for GGA and 0.31 for mBJ. 
Compared to the spin-down magnitudes, these spin-up results are five to 
seven times greater. The resonance energies of 0.88 eV and 1.35 eV are 
obtained because of the 0.16 eV and 0.33 eV spectral shifts in GGA and 
mBJ. This signifies that spin-orbit coupling is more pronounced and the 
bands are modified. The values for n(w) and k(w) stabilize at 1.6 and 1.3 
to 1.4 at 8 eV, irrespective of spin channel or functional. The conver
gence depicts the physical idea that spin-dependent changes in the band 
structure that provide significantly enhanced low-energy optics of 
spin-down electrons do not influence the common joint density of states 
that defines the high-energy optical absorption and dispersion.

The plots in panel (d) of Fig. 10 show that the extinction coefficient 
and the loss component of the dielectric function, ε₂(ω), are zero over 
identical low-energy ranges (ℏω < Egap), maintaining a value of zero 
until the band gap energy is reached. The calculated absorption shows 

Fig. 10. The refractive index n(ω) and extinction coefficient κ(ω): spin-up and spin-down channels, GGA vs. mBJ.
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that peaks develop immediately above the band gap. The mBJ approach 
produces peaks of increased magnitude and shifts them toward higher 
energies compared with GGA. The spectroscopic data shows the first 
peak migrating from 0.88 eV to 1.35 eV (ΔE=0.47 eV) and increasing in 
intensity from 8.58 to 8.77. These observations prove that functional 
selection is critical only for low-energy features, as the high-energy 
response is functionally invariant. The mBJ approach is, for this 
reason, especially significant for achieving precision in low-energy 
properties such as excitonic effects and optical gaps in magnetic 
materials.

Therefore, this study is essential for the accurate simulation of spin- 
variant magneto-optical interactions and the strategic design of spin
tronic photonic devices. Waveguide propagation, interfacial reflection 
and transmission, and cavity resonance are predominantly influenced by 
the refractive index of the material. Due to the dispersion levels in 
Fe2MnIn, it is a premier candidate material for UV detection and 
wavelength filtration. The spin-sensitivity of the optical response is 
essential for advancing polarization-modulated spintronics. A compre
hensive understanding of these processes enables the advancement of 
opto-electronic devices.

The electrical conduction of a material in response to light's oscil
lating field is defined by Equation (12) as complex optical conductivity, 
including dissipative and reactive parts [73]. 

σ(ω) = σ1(ω) + iσ2(ω) = − iε0ω(ε(ω) − 1) (12) 

This paper reports on the complex optical conductivity σ(ω) = σ₁(ω) 
+ iσ₂(ω). While light intensity decay is linked to the real part σ₁(ω), the 
phase change of the electromagnetic wave is linked to the imaginary 
part σ₂(ω) [73–75]. Within the range of 0 to 2 eV, the σ₁(ω) spectra 
display sharp peaks of significant height, which is a clear indication of 
major interband transitions. Maxima for absorption are at 0.67 eV and 
0.97 eV for mBJ and GGA. Further absorption is detected throughout the 
visible light region (1.8–3.1 eV) and above 6 eV. Because of the observed 
high-intensity absorption characteristics, this substance appears to be an 
excellent prospect for the development of high-efficiency photodetec
tors. Changes in the signs of σ₂(ω) also give useful information about the 
dielectric function and the photon energies at which the material most 
effectively stores electromagnetic energy by means of induced polari
zation, which is a key characteristic of the material's 
frequency-dependent complex permittivity [76]. From the plots of the 
real conductivity σ₁(ω), the behavior of the individual spin channels 
with respect to charge transport is inferred from the DC conductivity 
value and the energy of its onset. The improved conductivity at 0 eV and 
pronounced σ₁(ω) peaks in the infrared spectrum for the spin-up orien
tation indicate that the channel exhibits metallic characteristics [77]. 
This observation refutes the potential classification of the material as a 
half-metal or a semiconductor. The lack of a zero-conductivity threshold 
in σ₁(ω) for both spin orientations prior to absorption indicates that the 
spin-down channel lacks a semiconducting gap. Its immediate 

Fig. 11. The complex optical conductivity for spin-up channel, GGA vs. mBJ.
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conductivity onset from low photon energy is incompatible with a 
gapped electronic structure for this channel [78]. Changes in the 
magnitude and energy of transitions are evident when different 
computational methods are used to study the optical response. A 
side-by-side spectral comparison confirms the tendency of the Gener
alized Gradient Approximation (GGA) to overestimate the values of the 
real conductivity. Mean optical conductivity is boosted by 4.8 percent 
and peak response by 34 percent using the GGA method. The peak 
transition energies are shifted to 0.67–0.69 eV by the mBJ functional, 
which is an improvement over the GGA range of 0.86–0.97 eV because 
the mBJ functional is better at predicting the band gap and thus more 
accurate for electronic transitions. Furthermore, the use of mBJ leads to 
a significant strengthening of the σ₂(ω) spectrum (by 10–28%) and an 
eightfold improvement in the correctness of spin polarization. 
Regarding high-performance optoelectronics, the requirements are 
satisfied by the high values predicted by the GGA functional, which 
provide a 25–38% benefit in the visible spectrum. High spin polarization 
accuracy, as predicted by the mBJ functional, is pertinent to spin in
jection and thus addresses the requirements for efficient spintronics [79,
80].

The optical reflectivity Rij(ω) of FeMnScGa is calculated from the 
complex dielectric function using Equation (13) [73]: 

Rij(ω) =
[(

Reεij + iImεij
)2

− 1
(
Reεij + iImεij

)2
+ 1

]

(13) 

As shown in Fig. 12, the reflectivity spectra for Fe2MnI have been 
calculated for both spin-up and spin-down states using both the GGA and 
mBJ methodologies. In Fig. 12(a), which shows the spin-down channel, 
the static reflectivity is around 59% with GGA and 65% with mBJ. The 
reflectivity is found to peak at 71% for GGA and 80% for mBJ in the 
infrared, then decreases gradually and oscillates before reaching a 
steady 40% to 55% throughout the visible and ultraviolet areas. At low 
energy, the metallic nature of the compound is indicated, whereas 
interband electronic transitions gain more role at higher photon energy. 
The behavior of the dielectric function is directly, causally, related to the 
oscillatory reflectivity, where the nature of the dielectric function is 
dependent upon the determinants of the band structure. Regarding the 
spin-up channel shown in Fig. 12(b), the static reflectivity is calculated 
at 75% for GGA and 72% for mBJ, with both functionals reaching a peak 
reflectivity of about 80% in the infrared region. The high reflectivity 
level in the infrared spectral region is a direct measure of the high 
metallic conductivity, and the successive decrease in the reflectivity 
extending to the ultraviolet region is a measure of the increased optical 
absorption due to interband electronic excitation. It is evident that 

reflectivity shares an inverse relationship with absorption and conduc
tivity, meaning that the weakening of reflection leads to the strength
ening of absorption and optical transport. The findings as a whole 
indicate that the spin-dependent reflectivity of Fe₂MnIn is distinct for 
both spin-up and spin-down channels. These results, in light of the ab
sorption and conductivity data, suggest the material's potential in 
spintronic and magneto-optical devices like spin filters [81–83].

The absorption coefficient α(ω) arises from the analysis of both the 
real and imaginary parts of the complex dielectric function [84]: 

α(ω) =
̅̅̅
2

√
ω

c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

− ε1(ω ) +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω )
2
+ ε2(ω )

2
√√

(14) 

Fig. 13a and b of typical low-energy behavior in Fe2MnIn by ab
sorption spectroscopy give the definitive optical evidence of its half- 
metallic ferromagnetism, which is based on spin-channel-dependent 
electronic bands. The metallic and semiconducting duality of the two 
spin channels in a ferromagnetism material ensures that the optical 
absorption onset for each channel is a direct representation of the cor
responding band gap Eg. The spin-up channel absorption spectra 
(Fig. 13a) indicates that magnitude between 85 × 104 cm− 1 and 100 ×
104 cm− 1 are reached starting at 0 eV. Strong absorption that begins 
suddenly in the optical spectra indicates the metallic character of the 
material. In the low-energy region, the absorption values for the semi
conducting spin-down channel (Fig. 13b) are quantitatively larger than 
those of the spin-up channel, reaching an intensity of ~120 units in 
GGA. A sharp decrease in the curve is localized at the 2-6 eV range, 
where it hits a minimum. This is immediately succeeded by a notable 
gain in higher energy. Standard semiconductor behavior is contradicted 
by two factors: the occurrence of sub-gap absorption and the 20-30-unit 
elevation of the spin-down channel intensity. Low-energy optical tran
sitions are made possible for valence electrons by the proximity of states 
to the Fermi level, as suggested by this experimental deviation. Rapid 
absorption decrease to the minimum is characteristic of a spin-down 
semiconducting gap, underestimated by GGA. Spin-dependent onset, 
peak, and decay of absorption spectra indicate the half-metallic nature 
of the material. That Fe2MnIn possesses discrete metallic and semi
conducting spin channels is confirmed by our findings. High spintronic 
potential is indicated by the theoretical 100% spin polarization of 
charge transport at the Fermi energy.

L(w) is the key variable for calculating the energy loss probability of 
a fast-charged particle in all forms of materials. 

Lij(ω) = − Im
{

1
εij(ω)

}

=
Imεij

(
Reεij

)2
+
(
Imij

)2 (15) 

Fig. 12. The optical reflectivity Rij(ω for both spin channels, GGA vs. mBJ.
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The spin-polarized electronic structure of Fe2MnIn, a half-metal, is 
directly verifiable through the study of its theoretically obtained elec
tron energy loss optical spectra. That electronic states are highly sensi
tive to the exchange-correlation functional is a conclusion supported by 
the electron energy loss optical spectrum, L(ω). The down-spin channel, 
depicted in Fig. 14(b), exhibits smaller functional variations than the up- 
spin channel, even though mBJ increases the peak from 5.293 eV to 
5.891 eV. It is found that mBJ increases optical transition energies by 
establishing a wider band gap than the standard GGA functional. The up- 
spin spectra obtained with mBJ, shown in Fig. 14(a), show clear and 
accurate depiction of the minority electronic states. The mBJ approach 
causes the main peak to shift to 6.245 eV from the GGA energy of 5.483 
eV and to narrow, as reflected in the reduction of FWHM from 3.973 eV 
to 3.347 eV. Provided a difference analysis is conducted, mBJ is further 
confirmed by the positive +0.151 at 7.14 eV in the up-spin channel 
compared to GGA. The GGA functional underestimates high-energy d- 
d transition energies. These transitions are identified as the most sig
nificant mechanisms for the control of Fe2MnIn’s physical nature. The 
material Fe2MnI is proven effective for spintronic systems by the evi
dence of pronounced spin-dependent optical activity. A summary of 
these optical properties and their comparison between GGA and mBJ is 

presented in Table 5.
We used the modified Becke–Johnson (mBJ) potential to calculate 

the optical properties of the studied system within the independent 
particle approximation (IPA). This potential gives a better picture of the 
electronic band structure and optical transitions than standard DFT 
functionals. This method does a good job of showing the main parts of 
the dielectric response, but it doesn't include many-body effects like 
excitons, which are interactions between electrons and holes. In spin- 
polarized and half-metallic systems, excitonic effects can significantly 
influence oscillator strength redistribution, absorption edge modifica
tion, and peak intensity alteration. So, the calculated absorption spectra 
and dielectric functions should be seen as showing how a single particle 
reacts to light. Nonetheless, the general spectral trends and relative 
comparisons continue to be qualitatively dependable within this 
context. The Bethe–Salpeter Equation and Time-Dependent Density 
Functional Theory are two advanced methods that could give a more 
accurate picture of excitonic contributions. These methods are not part 
of this study, but they are important areas for future research.

Fig. 13. Absorption coefficient α(ω) in 104 cm− 1 for up-spin channel, GGA vs. mBJ.

Fig. 14. EELOS difference (mBJ–GGA) for up-spin channel, highlighting high-energy d–d transition enhancement.
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3.7. Thermodynamic properties

The Heusler compound Fe₂MnIn is subjected to thermodynamic 
analysis over 0–1000 K to acquire fundamental knowledge about its 
stable existence and characteristic atomic vibrations. This study em
ploys the quasi-harmonic Debye framework [85]. 

S(T) = kB

{∫ {
ℏω
kBT

}

{exp(ℏω/kBT) − 1}− 1F(ω)dω −

∫

F(ω)ln[1 − exp(

− ℏω/kBT)]dω
}

(16) 

CV(T) = kB

∫ {
(ℏω/kBT)2exp(ℏω/kBT)

}{
[exp(ℏω/kBT) − 1]2

}− 1
F(ω)dω

(17) 

E(T) = E(tot) + E(zp) +

∫
ℏω

exp(ℏω/kBT)
F(ω)d(ω) (18) 

F(T) = E(tot) + E(zp) + kBT
∫

F(ω)ln[1 − exp( − ℏω/kBT)]d(ω) (19) 

Complex lattices are indicated by the results of calculations for the 
thermodynamic parameters entropy (S), constant-volume heat capacity 
(Cv), internal energy (U), and Helmholtz free energy (F). Illustrating the 
findings at cryogenic and high temperatures, the specific values for these 
parameters are listed in Table 6. Fig. 15(a-b) shows the temperature- 
dependent vibrational thermodynamic characteristics of the substance 
computed between 0 K and 1000 K, as per phonon density of states.

The results in Fig. 15a indicate that the constant volume heat ca
pacity Cv of Fe₂MnIn increases rapidly at low temperatures and reaches 
0.071 J/mol⋅K at 5 K. Evidence of the gradual excitation of long- 

wavelength acoustic phonons is seen in this trend, as it follows the 
Debye T3 law. The Cv curve approaches an asymptotic limit of 24.73 J/ 
mol⋅K when the temperature progresses to 1000 K. Because the value is 
so close to the 3R ≈ 24.9 J/mol⋅K limit, it is evident that the vibrational 
degrees of freedom in Fe₂MnIn are almost fully populated [86].

Both the phase stability and thermal attributes of the material are 
further defined by the energy and entropy S trends presented in Fig.s 15a 
and b. Entropy increases from 0.0574 J/mol⋅K to 57.76 J/mol⋅K over the 
temperature range 5–1000 K as optical phonons of high frequency 
become progressively excited. According to thermodynamic principles, 
the internal energy (U) has to increase with temperature as a result of the 
introduction of vibrational energy to the system because dU/dT =

Cv > 0. On the other hand, the Helmholtz free energy (F) should 
decrease with the rise in the entropy, and according to the law, dF/dT =

− S < 0.
The absorption of heat causes the internal energy (U) to increase and 

(F) to decrease from 3.7405 kJ/mol to -32.61 kJ/mol at 1000 K, as 
shown in Fig. 15b. The deviation is consistent with the basic law of 
thermodynamics expressed as F = U - TS. The growing preponderance of 
the -TS component at high temperatures is a standard feature of equi
librium crystalline structures [87].

The value of 3.74 kJ/mol for the Zero-Point Energy of Fe₂MnIn is a 
major finding that informs the rest of this analysis. This energy is the 
quantum mechanical ground-state vibrational energy that is an 
inalienable property of the system at absolute zero. With a cryogenic 
temperature of 5 K, the internal energy (3.7408 kJ/mol) and free energy 
are almost equal since the thermal contribution (TS) is negligible. This 
establishes the fact that at low temperatures the energetics of Fe₂MnIn 
are dominated virtually exclusively by vibrational motion of the ground 
state of the atoms of Fe, Mn, and In in the lattice.

3.8. Dynamical Stability

To calculate the phonon dispersion curve, which is necessary to 
confirm the dynamical stability of the given compound, quantum 
ESPRESSO was used to calculate the linear response calculations [46]. 
The dynamical stability of the Fe2MnIn Heusler alloy is confirmed by its 
phonon dispersion spectra, which show that all vibrational branches 
across the high-symmetry paths maintain real and positive frequencies 
(see Fig. 16). Because imaginary modes are entirely absent, we can 
conclude that the L21 cubic structure sits at a genuine local energy 
minimum; this ensures the lattice won't undergo any spontaneous 

Table 5 
Optical and electronic properties of Fe₂MnI comparing GGA and mBJ.

Property Spin 
channel

GGA Result (Units/ 
Energy)

mBJ Result (Units/ 
Energy)

mBJ/GGA Comparison & significance Reference 
figure

Static Dielectric Constant 
(ε₁(ω) at 0.01 eV)

Spin-up 103.4 139.7 mBJ is 35.1% higher, predicting a stronger low-energy dielectric 
response.

1(a)

Primary ε₁(ω) Peak 
Maximum

Spin-up 147.1 158.4 mBJ is 7.6% higher and sharper. 1(a)

Primary ε₂(ω) Peak 
Maximum

Spin-up 163.94 at 0.83 eV 163.94 at 0.67 eV Identical magnitude, but mBJ is 0.16 eV blueshifted, indicating an 
earlier strong optical transition.

1(b)

Primary ε₂(ω) Peak 
Maximum

Spin- 
down

163.94 at 0.67 eV 165.07 at 0.61 eV mBJ is slightly higher and 0.06 eV blueshifted, suggesting enhanced 
excitonic binding.

1(d)

Static Refractive Index (n(ω) 
at 0 eV)

Spin-up 11.82 14.35 mBJ shows 21.4% enhancement, indicating exceptionally strong spin- 
dependent refractive response.

2(a)

Primary Extinction 
Coefficient (κ(ω)) Peak

Spin-up 8.58 at 0.88 eV 8.77 at 1.35 eV mBJ is 0.47 eV shifted to higher energy (blueshift) and slightly higher 
in magnitude, improving optical gap prediction.

2(d)

Real Conductivity (σ₁(ω)) 
Peak Energy

Both 0.86–0.97 eV 0.67–0.69 eV mBJ provides a downward shift in transition energy, offering a more 
accurate estimate of electronic transition energies.

3(a), 3(c)

Maximum EELOS Peak 
Energy

Up-spin 5.483 eV 6.245 eV mBJ shifts peak 0.762 eV higher and narrows FWHM, indicating better 
band gap and spectral resolution.

6(b)

EELOS Difference 
(mBJ–GGA)

Up-spin N/A +0.151 at 7.14 eV GGA significantly underestimates high-energy d–d transitions by 
0.151 units.

6(b)

σ₁(ω) Conductivity 
Magnitude

Both Up to 34% higher 
peak

Lower GGA overestimates magnitude; mBJ predicts better maximum optical 
performance (e.g., 25–38% improvement for LEDs).

3(a), 3(c)

Spin Polarization Inferred Lower 8 × better 
prediction

mBJ is the superior method for spintronic applications due to 
enhanced spin polarization.

N/A

Table 6 
Theoretical vibrational parameters of Fe2MnIn at low and high-temperature 
limits.

Parameter T=5 K T=1000 K

Heat Capacity (Cv) 0.0710 J/mol⋅K 24.73 J/mol⋅K (~3R)
Entropy (S) 0.0574 J/mol⋅K 57.76 J/mol⋅K
Free Energy (F) ~3.740 kJ/mol − 32.61 kJ/mol
Internal Energy (U) 3.74 kJ/mol 25.15 kJ/mol
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distortion at 0 K [88–92]. Looking at the frequencies, the maximum 
vibration tops out around 230 cm⁻¹. Three distinct acoustic branches 
emerge at the Gamma point, marking the paths of collective sound wave 
propagations. The optical branches, in the meantime, lie in the range of 
120 cm − 1 to 230 cm − 1. It is interesting to note that the absence of a 
sharp phonon bandgap indicates a large level of "talk" or interaction 
between the optical and acoustic vibrations. By checking the 
atom-resolved density of states (DOS), we see a clear picture of how 
atomic mass shapes this vibrational landscape. Heavier In atoms mostly 
dictate the lower-frequency acoustic regime, yet it is the lighter Fe and 
Mn atoms that drive the higher-frequency optical modes. The fact that 
the Fe and Mn states overlap so significantly suggests the crystal struc
ture is held together by quite robust metallic bonding.

4. Conclusion

To summarize, a systematic characterization of the physical prop
erties belonging to the Fe2MnIn full-Heusler alloy was performed 
through first-principles calculations. The results show the inverse (Xa) 
structure to be the preferred arrangement, including energetic, ther
modynamic, and mechanical stability. The compound's half-metallic 
ferromagnetism is established by electronic analysis, where the mBJ 
potential is found to provide a more accurate and wider minority-spin 
gap. The resultant electronic architecture makes 100% spin polariza
tion possible, thus creating an obvious pathway to maximizing the 
performance efficiency of spintronic devices. Furthermore, results from 

elasticity calculations indicate the compound is mechanically stable and 
possesses ductile attributes. The structural durability required for thin- 
film applications is guaranteed by the high Young's modulus and 
anisotropy observed. The Fe₂MnIn optical properties are investigated to 
have spin-polarized anisotropy with a 38% rise in the refractive index in 
the form of the static index observed in optical modeling with mBJ. 
Finally, the thermodynamic characteristic of the material suggests great 
robust lattice stability. This is evidenced by the specific heat capacity 
hitting the classical 3R limit and a high Debye temperature. Overall, the 
combination of a half-metallic ground state, a stable ferromagnetic 
phase, and convenient mechanical ductility of Fe₂MnIn makes it an 
extremely useful material system in the development of next-wave spin- 
based electronics. The underlying principles of these findings must be 
subjected to direct experimentation for final proof.
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