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ABSTRACT: The increasing demand for efficient and low-cost multifunctional f;i?l‘ o
materials in the fields of spintronics, solar cell technology, and thermoelectric

applications is a big challenge. The exceptional electronic and magnetic properties of :
Heusler alloys have made them promising candidates, allowing for fine-tuning for
specific applications. This study investigates the elastic, structural, electronic,

Optical Properties

¥ ®

magnetic, optical, and thermoelectric properties of the FeMnScAl quaternary rhermoelectricproperties f Electronic Properties
Heusler alloy using density functional theory with the full-potential linearized L e Fe ’ g
augmented plane wave method via Wien2K software and BoltzTraP for ' i |
thermoelectric analysis. Results confirm that FeMnScAl is thermodynamically and I Vi J o
mechanically stable, as evidenced by its negative formation energy and elastic Mechanicalroperties QP Applictions
constants meeting the stability criteria, with an optimized lattice parameter of 6.116 i & o

Magnetic Properties

e

A. Density of states and band structure analysis reveal its half-metallic character. The
calculated magnetic moment of 3.00 uB follows the Slater-Pauling rule and stands
for ferromagnetism. FeMnScAl also possesses special optical properties, such as a narrow band gap of 0.677 eV, a high refractive
index (2.63 < n(w) < 3.77), low reflectivity in the visible region, strong UV absorption, and superluminal effects. This provides
facilities for efficient light trapping and hence forms a candidate material to be used in photovoltaic applications. Finally, the
thermoelectric properties reveal possible low-cost devices since FeMnScAl has shown a ZT value of 0.628 along with a high Seebeck
coefficient of 196 pVK™' at room temperature. With these results, it seems that FeMnScAl could be used in spintronic,
thermoelectric, and green energy technologies. Further experiments are needed to confirm the efficacy of this material.

1. INTRODUCTION metals, (Y) represents a rare earth element, and (Z) is a main
group element.” The arrangement of atoms within the unit cell
defines three distinct structural types distinguished by their
Wyckoff position occupancy.’

Recent studies have shed light on the very promising
potential of Heusler compounds. For instance, CoFeTiSn has
been studied to show a half-metallic nature with remarkable
spin polarization and thus stands as a good candidate for
spintronic applications.” Similarly, CoFeXGe (X = Hf and Ta)
and CrTiCoZ (Z = Al Ga, and In) have shown potential in the
application of spintronics and memory devices due to their
high spin polarization and low Gilbert damping.*” Although,
LiHfPdZ (Z = Al, Ga, and In) and FeZrCrZ (Z = Si, Ge, and
Sn), have been identified to be suitable for thermoelectric
performance due to the high figures of merit ZT reported so

The search for novel materials with special properties for green
advanced technological applications has driven significant
interest in Heusler alloys, a key class of materials in condensed
matter physics and materials science. They are popular because
their electronic and structural properties can be easily adjusted
and customized. Their important magnetic features, strong
light absorption, and high thermoelectric potential help in
efficient energy conversion and open up possibilities for
different smart systems like quantum computing, solar panels,
temperature sensors, and control systems.' > Heusler com-
pounds are normally divided into two groups based on their
chemical formula: full Heusler compounds and half Heusler
compounds, with (formulas: X,YZ and XYZ, respectively); X
and Y are normally transition metals or rare earth metals, while
Z is from the main group category in the periodic table.” Also,
a new class of materials has come into prominence known as
quaternary Heusler compounds. These have attracted consid-
erable interest. Such a development further opens more ways
for design improvement and enhancement of the properties.
Such compounds are defined by the formulation (formula:
XX'YZ), where X and X' correspond to 3d or 4d transition
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far, they prove that indeed eflicient thermoelectric perform-
ance has been achieved.'®"’ AgCoFeZ (Z = Al, Ga, Si, Ge, and
Sn), NiFeCrZ (Z = Al, Si, Ge, and In), and NdCoMnGa and
CoFeXSn (X = Ru, Zr, Hf, and Ta) are also very promising for
thermoelectric applications, since a record-high value of ZT
has been possible with band engineering and nanostructur-
ing.">" First-principles calculations using CASTEP were
performed for the electronic and magnetic properties of
Heusler alloys FeMnScZ (where Z = Al, Ga, and In); it was
found that FeMnScAl exhibits a remarkable 100% spin
polarization at the Fermi level, hence, highlighting this
compound as a potentially highly valuable material for
spintronic applications. In addition, it has a total magnetic
moment of 3 uB per unit cell, making it a potential candidate
for magnetic applications. The thermodynamic stability and
synthetic ability of this alloy are also confirmed by the Gao
study.'*

Many quaternary Heusler alloys (QHAs) remain less
explored, which opens further opportunities for new materials
discovery and unique properties. One such compound is the
FeMnScAl alloy, which is rarely discussed in the literature, in
particular, with regard to its possible applications in optics and
thermoelectric fields. This work will provide a detailed study of
the structural, electronic, magnetic, optical, and thermoelectric
properties of FeMnScAl, and based on these findings present
new insights into its multifunctionality for a wide range of
applications.

The density functional theory (DFT) calculations are very
helpful in studying the atomic properties of Heusler
compounds,”” and tools like Wien2K have proven to be
complementary for this purpose.'® The use of this computa-
tional method allows for efficient structure and electronic state
predictions, making the system even more powerful in terms of
predicting magnetic, electrical, as well as optical and thermo-
electric behaviors."”

We dedicate the present work to the first comprehensive
study of the properties and potential applications of the QHA
FeMnScAl in modern technology using the latest Wien2K
package. To date, no experimental data for the FeMnScAl
compound have been reported in the literature. The study
begins by probing the stability of the compound through
systematic displacement of atomic positions along the main
diagonal of the face-centered cubic lattice to identify the
lowest-energy configuration. After that, the electronic,
magnetic, optical, and thermodynamic properties are calcu-
lated.

A key novelty of this study is the discovery of FeMnScAl’s
unique optical and thermoelectric properties for next-
generation technologies. This work significantly improves our
understanding of FeMnScAl and provides a fundamental
platform for further experimental investigations, material
preparation, and applications in spintronics, photovoltaics,
and thermoelectrics. Furthermore, the sophisticated methods
used and the convincing outcomes presented constitute a
reliable foundation for investigations of other promising
QHAs. Such research efforts will contribute to designing new
materials with tailored properties for emerging sustainable
green technologies. The next section describes our computa-
tional methodology, followed by a section that gives our results
in some detail. We then conclude the implications of these
results, as well as make recommendations for further
investigation of this exciting class of materials.
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2. COMPUTATIONAL METHOD

The characteristics of the FeMnScAl quaternary Heusler
compound were investigated using a computational method-
ology based on DFT."® Calculations in the current work were
performed with the Wien2K package.'® The method applied in
the present work is the full-potential linearized augmented
plane wave (FP-LAPW) approach, in which an augmented
basis set is used to solve more precisely both electronic and
structural properties." '’ We optimized crystal structures using
the Perdew—Burke—Ernzerhof (PBE) exchange—correlation
functional within the generalized gradient approximation
(GGA);**" to improve bandgap predictions, we employed
the modified Becke-Johnson mBJ-GGA exchange-potential
technique.””™** Our spin-polarized self-consistency calcula-
tions utilized a cubic structure in the 216 F43m space group.
Muffin-tin radii (RMT) of 2.38 a.u. for Fe and Mn and 2.32
a.u. for Sc and 2.20 for Al were chosen to avoid sphere overlap
while maximizing enclosed volume. A plane wave cutoff of —8
Ry and a 165 special k-points IBZ (12 X 12 X 12 mesh, 2000
k-points in FBZ) was used. Structural optimization was
achieved by minimizing the total energy and forces until
convergence fell below 107> Ry/Bohr. This process involved
relaxing the unit cell volume according to Murnaghan’s
equation of state, which subsequently allowed for the accurate
calculation of structural parameters, including bulk modulus
and lattice constant. The elastic constants were determined in
the absence of pressure and zero Kelvin by calculating the total
energy as a function of applied strain. For each elastic constant
(Cy; + 2Cyy, C;1—Cyy, Cyy) in the second-rank tensors, seven
strain values ranging from —3 to +3% were applied. The
energy-strain data were then fitted with a polynomial function,
and the elastic constants were extracted from the second
derivative of the energy with respect to strain by using of cubic-
elastic package.zs’26 The optical matrix elements are calculated
by the Wien2K optics package using the joint density of states
(DOS).””*" In the spin-up state, FeMnScAl is metal, and after
switching to setting 6 in the injoint, the plasma frequencies are
identified in the FeMnScAl.outputjoint file. While in a spin-
down state, the compound is found to be a semiconductor. To
ensure accurate results, a denser k-point mesh of 10,000 and
Drude contributions must be defined. Then, a Kramers—
Kronig transformation is applied to obtain the optical
characteristics.”” Lastly, to accurately compute thermoelectric
transport properties, a denser k-point mesh (10,000 k-points)
was generated, and the corresponding eigenvalues for both
spin-up and spin-down states were calculated. Using these
eigenvalues (after obtaining the Fermi energy and electron
number), BoltzTraP was then employed to determine the
transport properties.30

3. RESULTS AND DISCUSSION

3.1. Structural Properties and Thermodynamic
Stability. The FeMnScAl compound has a face-centered
cubic structure and crystallizes in the Fm-43 space group of
number 216, following the LiMgPdSn-type structure. Due to
the symmetry considerations of the cubic structure, three
possible types were examined according to their atomic
occupancy positions in order to select the most stable type
refine. When the Al main group atom is placed at the 4d site
(0.75, 0.75, and 0.75), there are three possible arrangements
for Fe, Mn, and Sc atoms among the 4a (0, 0, 0), 4c (0.25,
0.25, 0.25), and 4b (0.5, 0.5, 0.5) (see Table 1).%°"** These

https://doi.org/10.1021/acs.jpcc.4c06553
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Table 1. Atomic Arrangements Calculated Structural Properties and Formation Energy of FeMnScAl Compound

atom/property type 1 type 2 type 3
atomic positions Fe (0,0,0) (0,0,0) (1/4,1/4,1/4)

Mn (1/4,1/4,1/4) (1/2,1/2,1/2) (0,0,0)

Sc (1/2,1/2,1/2) (1/4,1/4,1/4) (1/2,1/2,1/2)

Al (3/4,3/4,3/4) (3/4,3/4,3/4) (3/4,3/4,3/4)
structural properties a (A) 6.1532 6.1142 62 6215

EO (Ry) —6877.00151 —6877.0524 —6877.01941

B (GPa) 106.6302 119.5695 96.3299

B’ 5.5122 5.0653 4.2207

EForm (Ry) —0.681635 —0.732528 —0.699536

structural configurations were examined using a volume
optimization approach that was based on the Murnaghan
equation of state, which offers a theoretical framework to
model the total energy and pressure as a function of the
volume per formula unit. This relationship is mathematically

represented by eq 17
%)"
BV (7)

B |B -1

BY,
B -1

E(V) = E(V) +
(1)

The parameters consist of Ey, the minimum energy; B, the
bulk modulus; B, the pressure derivative of the bulk modulus,
which represents the change in bulk modulus under pressure;
and V,, the equilibrium volume. These values are fundamental
for this analysis.”* The bulk modulus B is related to the
pressure P and volume V through the differentiation formulas

dp dE dE
B=-V—=
v

V—;, where P = ——.
dv dv

Figure 1 presents the optimized energy values as a function

of volume for the six atomic arrangements of FeMnScAl. By
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Figure 1. Variation of total energy with unit cell volume for three
different FeMnCrAl types.

comparing the energy values for these atomic arrangements, it
can be said that FeMnScAl type 2: Fe at 4a (0, 0, 0), Mn at 4b
(0.5, 0.5, 0.5), Sc at 4c (0.25, 0.25, 0.25), and Al at 4d (0.75,
0.75, 0.75) has the most stable atomic arrangement, since its
energy is the lowest at zero pressure and absolute zero
temperature compared to the remaining two atomic arrange-
ments.
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Table 1 provides a summary of the key equilibrium
structural parameters, which include optimized energy (E,),
lattice parameter (a,), bulk modulus (B), and its derivative
(B").

Figure 2 illustrates the crystalline arrangement of the
FeMnScAl compound, depicting three distinct types of
structures alongside the associated Brillouin zone, which
include high-symmetry points and reciprocal vectors.

The thermodynamic stability of the FeMnScAl compound
can be gauged by its formation energy (Egom)."° This energy
is absorbed or released when a compound is formed from its
elements under standard conditions.”” Equation 2 was
employed to calculate the formation energy (Eg,.,) of the
three types of FeMnScAl QHA®®

Cubic

_ Cubic
EForm - EFeMnScAI(x) -

Cubic
+ Eyp

Cubic
+ Eg,

+ Ey
)

where E%:ﬁiﬁsm(x) is the lowest energy of the compound and
EGubic. poubic plubic and ESPPC are the minimum energies of Fe,
Mn, Sc, and Al, respectively (x = 1, 2, and 3), is the type
number. The negative formation energy of FeMnScAl at zero
Kelvin and zero pressure calculated in Table 1 suggests that the
elements could combine and form the alloy.

To assess the dynamic stability of the studied compound, we
calculated its phonon dispersion curve. This study used the
linear response method as implemented in the CASTEP
code.”” Figure 3 illustrates the resulting phonon dispersion
diagram for the considered material. Theoretically, a material is
considered dynamically stable when its phonon dispersion
spectrum does not contain soft modes (also called imaginary
modes, characterized by negative frequencies) and dynamically
unstable when it does. These soft modes trigger lattice
instability, leading to structural phase transitions. Moreover,
their presence may indicate that the synthesis of the compound
under the standard conditions might be complex. Figure 3
shows that the compound FeMnScAl exhibits no soft modes,
indicating that it is dynamically stable.**~**

3.2. Charge Density and Bond Analysis. Chemical
bonding can be effectively represented using charge density,
which describes the interaction range between atoms based on
electron cloud distribution. This method is widely applied in
the study of charge distribution. In Figure 4a,b, the 2D charge
density contours of the FeMnScAl alloy are shown in the (110)
plane for both majority and minority spins. The spherical
symmetry observed in the charge distribution around Fe and
Mn atoms points to ionic bonding."**® Conversely, the
distortion and elongation of the charge density contours
around Sc and Al, directed toward neighboring atoms, suggest
covalent interactions with these neighbors.”” The differences in
electronegativity among the constituent elements Fe (1.83),

( E 1Sleubic

https://doi.org/10.1021/acs.jpcc.4c06553
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Figure 2. Three crystal structures of FeMnScAl and its Brillouin zone with high-symmetry points.

FeMnScAl
/
N
0

W L T X W K

10+

A
A

8

7D R )
NS A
N

Figure 3. Phonon dispersion curve of FeMnScAl along the high-
symmetry directions in the Brillouin zone.

Mn (1.55), Sc (1.36), and Al (1.61) likely account for this
variation in the bond nature.

3.3. Elastic Properties. The resistance of a material to
deformation is reflected in its elastic properties, which are of
fundamental importance when considering most industrial
applications. This section inspects the mechanical stability of
QHA FeMnScAl by calculating its elastic constants (C;) and

related properties under conditions of zero pressure and
temperature at absolute zero. The Reuss approximation
method was employed to determine the anisotropic factor
(A), Poisson’s ratio (v), shear modulus (Sg), bulk modulus
(B), and Young’s modulus (Y) for QHA FeMnScAl through
the following equations

5C(Cpy — Cp)

R

©4C, +3(Cy, - Cpp) (3)
B=(C, +2Cy) )
,_ 3BS—25,

T 23B+ Sp) (s)

o 2G,

(Cll - Clz) (6)
_ 9BSy
" (Sg + 3B) (7)

https://doi.org/10.1021/acs.jpcc.4c06553
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Table 2. Elastic Constants of the QHA FeCrScAl at Zero Strain (§ = 0)“

type Cun Cn Cus Sk
1 111.573 102.778 93.508 10.269
2 154.9892 103.6927 75.6698 42.508
3 85.624 69.996 79.593 17.027

B B/Sp Y v A
105.71 10.294089 29.840 0.452 21.26390
120.791 2.8416063 114.135 0.342 2.950291

75.205 4.4168086 47.496 0.394 10.18594

“Note: The values for C;, Cj;, Cy4yy Sp, Y, and B are expressed in Giga-Pascals (GPa).

To achieve conventional mechanical stability, the material’s
elastic constants must meet these requirements: C;, > 0, C;; +
2C,>0,C, <B<Cyy, C;—Cy, > 0, and Cyy > 0, the findings
indicate that FeMnScAl is mechanically stable.”” Table 2
presents the calculated mechanical properties of FeMnScAl at
zero strain, zero pressure, and zero absolute temperature.

The mechanical stability and chemical bonds of QHA
FeMnScAl were analyzed in this study. The calculated shear
and bulk moduli highlight the material’s resistance to
deformation under stress.”’ The calculated shear modulus S
and bulk modulus B highlight the material’s resistance to
deformation under stresses.”” A high Young’s modulus
indicates stiffness in materials, whereas a low Young’s modulus
suggests flexibility.”' Poisson’s ratio provides insight into a
material’s response to stress, stability, and bonding properties.
If Poisson’s ratio is greater than 0.26, then the material is
classified as ductile; otherwise, it is classified as brittle. The
calculated Poisson’s ratios of the three types are higher than
the critical threshold of 0.26, which points to the ductileness of
FeMnScAL>>** The B/Sy values of FeMnScAl tell us that the
material is ductile since the values are much beyond the
brittleness threshold of 1.75.°" Poisson’s ratio values can also
be used to distinguish between ionic and covalent bonds, with
values below 0.25 suggesting ionic bonds and those above 0.25
indicating covalent bonds. The computed Poisson’s ratios of
the three types suggest the presence of covalent bonding.” It is
also noticed that the value of the anisotropic factor (A) is other
than unity, which indicates that the mechanical properties of
FeMnScAl are direction-dependent, hence anisotropic in
nature.’”*> These observations are of high significance in
understanding the behavior of the material for industrial
applications.

Electronic, optical, and thermoelectric analyses and results
are restricted to the type 2 structure. This structure has been
determined to be thermodynamically and mechanically stable
as well as have the lowest energy configuration.

3.4. Electronic Properties. The importance of electronic
properties is based on the understanding of chemical bonds
between the elements and their alloys; this gives a clear picture
of basic interactions between elements. The DOS and band
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structure of the FeMnScAl alloy type 2 will be analyzed. The
analysis of the calculated total and partial DOS using the GGA
and mB]J approximations to understand the energy band gap
origin is presented in Figures Sa—e and 6a—e. Under the two
methods of approximation, the DOS near the Fermi level
mainly comes from the d-orbitals of Fe, Cr, and Sc for both the
conduction and valence bands. A small contribution can also
be noted from the p- and s-orbitals of these elements in both
spins’ channels. The compound displays a half-metallic
characteristic with 100% spin polarization, arising from the
presence of spin-up states and the absence of spin-down states
at the Fermi level, suggesting potential applications in
spintronic devices.

The electronic band structure calculation results of the spin-
up and spin-down states of the FeMnScAl alloy using GGA
and mBJ are depicted in Figure 7a—d. The results reveal
metallic behavior in the majority spin channel with bands
crossing the Fermi level. The minority spin channel shows
semiconducting properties with an indirect bandgap. The
magnitude of this gap varies depending on the computational
method: 0.14562 eV for GGA and 0.1574 eV for mBJ. This
difference arises from how each method treats the exchange—
correlation potential. GGA incorporates the electron density
gradient; however, it frequently underestimates the exchange—
correlation potential where rapid density changes occur, which
leads to reduced band gap values. In contrast, mBJ employs a
semilocal approach incorporating density and kinetic energy
density, providing a more precise approximation of the
exchange—correlation effects near the Fermi level. As a result,
the mB] method yields more precise band gap calculations,
consistently matching experimental measurements and enhanc-
ing our understanding of electronic characteristics.”* Band gap
results from mBJ frequently match experimental values more
closely than those from GGA, making it an essential tool for
material prediction and screening.”” In the first Brillouin zone,
the valence band reaches its maximum at X, while the
conduction band attains its minimum at L. These character-
istics provide evidence for the half-metallic nature of the
FeMnScAl alloy.

https://doi.org/10.1021/acs.jpcc.4c06553
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Figure 7. (a—d) Spin-polarized electronic band structures of the FeMnScAl alloy calculated using GGA and mBJ.

Table 3. Calculated Total and Partial Magnetic Moments (¢) for FeMnScAl in (#B) Using GGA and mB] Methods

type exchange potential interstitial Hre
1 GGA 0.00845 0.55277
mB] —0.19137 0.63505
2 GGA —0.07580 0.42708
mB] —0.03687 0.02084
3 GGA —0.22531 1.83863
mB] —0.35102 1.95022

Hin Hsc Hal ot
2.52363 —0.04105 —0.04392 2.99987
2.71301 —0.09468 —0.06201 3.0000
2.85759 —0.15056 —0.05880 2.99951
3.15503 —0.09040 —0.04886 2.99973
2.85152 —0.25582 —0.09485 4.11416
3.05055 —0.31804 —0.12842 4.20329

3.5. Magnetic Properties. The magnetic properties of a
material can be described by its total magnetic moment. For
the FeMnScAl alloy, the interstitial, total, and partial magnetic
moments were calculated using the GGA and mBJ methods
(see Table 3). This type 2 FeMnScAl alloy obeys the Slater-
Pauling behavior, given by M,,, = Z,,, — 24. Here, M, is the
total magnetic moment per formula unit, whereas Z,, is the
total number of valence electrons. The electronic valence
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configurations of Fe, Mn, Sc, and Al have the expressions Fe
3d%s? Mn 3d°4s*, SC 3d'4s’ and Al 3s?3p'. The Slater-
Pauling predicts a total magnetic moment of 3 uB for its 21
valence electrons; this prediction aligns well with the calculated
magnetic moments in the alloy FeMnScAl for types 1 and 2.
The magnetic moment distribution shows large positive
contributions from Mn atoms, substantial negative moments
from Cr atoms, smaller positive moments from Fe atoms, and
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Figure 8. (a,b) Dielectric function of FeMnScAl using mBJ and GGA methods.

negligible positive moments from Ge atoms. The results are
revealing in that the FeMnScAl alloy has a total magnetic
moment of 3.00 uB, representing that this alloy is a perfect
half-metallic material. In addition, the total magnetic moment
of type 3 is noninteger. The result obtained in this study is in
perfect agreement with the findings of Y. C. Gao and X. Gao
on the magnetic properties of the FeMnScAl alloy.'* Optical
and thermoelectric analyses and results will be restricted to the
type 2 structure. This structure has been determined to be
thermodynamically and mechanically stable and exhibits the
most pronounced half-metallic band gap.

The magneto-crystalline anisotropy (MCA) of FeMnScAl
was evaluated through calculations performed using the
FLEUR code,”® where spin—orbit coupling (SOC) was
introduced in the muffin-tin spheres through the second-
variation technique.'®”” Defined as the total energy difference
between the [110] and [001] magnetization directions, the
MCA was found to be 0.96 meV per formula unit. To ensure
accuracy, convergence testing was rigorously performed,
especially for the Brillouin zone sampling. Stable magnetization
under thermal agitation requires the sample volume (V) and
MCA to satisfy the stability criterion, K,V > 60 kg T, where K is
the volume MCA, kg is the Boltzmann constant, and T is the
absolute temperature.”® Nearest-neighbor exchange coupling
was strong about 30 meV, leading to an estimated Curie
temperature (T.) of approximately 1200 K by using a mean-
field approximation. This estimation likely overstates T. as it
neglects spin-wave excitations and long—range correlations.
Accurate calculations, requiring spin-spiral methods and
mapping to a Heisenberg model are computationally
demanding.

3.6. Optical Properties. Understanding the optical
properties of the FeMnScAl compound is very important in
order to know its potential applications in practical fields such
as optoelectronics, solar energy, and photonics. The response
of the compound to external electromagnetic waves in the
spectral range extending from infrared (IR) to ultraviolet (UV)
[0—14 eV] is examined by employing two approximate
methods, namely, GGA and mBJ. The study of the dielectric
function, optical conductivity, reflectivity, excitation coefficient,
absorption coeflicient, and energy loss of the electron as a
function of photon energy is shown in Figures 8—13. The
dielectric function &(w) is considered the cornerstone for
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understanding the optical properties of the compound.
Through this function, all optical characteristics of the material

can be calculated. The dielectric function is computed using eq
5961

e(@) = &,() + iey() ®)

The real part & (w) is directly calculated using the
Kramers—Kronig relation

o @lm el (a))
&(w) = Regy(w) = —p f — = ©)

While the imaginary part of the dielectric function &, (w) is
given by
2,

£x() = m ¢, (0) - f AW NP P

o(E" - E,?” - ) (10)

Equation 10 describes electronic transitions between
occupied valence band (vn) states, I¥}" > with energy E}",
and unoccupied conduction band (cn) states, ¥} > with
energy E}", and P is the momentum operator. Since FeMnScAl
is a half-metallic alloy, its dielectric function characterized by
two contributions [£(®) = &[] (@) + Einter) (@)]. Intraband
transitions, where electrons move to higher energy levels
within the same band, and interband transitions, where
electrons shift from one energy band to another when the
material absorbs electromagnetic radlatlon This phenomenon
is known as the bound electron effect.”®

The dielectric function of FeMnScAl, as depicted in Figure
8, is examined across a broad wavelength range extending from
the IR and visible light (LV) to the UV. The real part of the
dielectric function &,(w) exhibits metallic behavior at low
energies due to negatlve values for both approximations, as
shown in Figure 8a.°* These negative values extend from
negative infinity to the first plasma frequency [£,(w) = 0],
which is ~0.28 eV for both GGA and mB]. Several plasma
frequencies are observed at ~1.97, 2. 16 and 2.89 eV for GGA
and 2.05, 2.35, and 2.76 eV for mB_] Positive £,(w) values
indicate dielectric behavior, allowing electromagnetic waves to
propagate. This strong positive response is observed in two
distinct regions: the IR, from 0.28 to 1.65 eV, and the LV
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Figure 9. (a) Energy dependence of refractive index and (b) extinction coefficient in FeMnScAl by using mBJ and GGA methods.

range, from 1.65 to 1.97 eV, for GGA and from 0.28 to 1.129
eV mBJ approaches. The highest peak appears at 0.5034 eV for
GGA and mB]J, and other smaller peaks appear in the LV
region. These peaks happen when the material absorbs
photons whose energy matches the difference between electron
energy levels,”” indicating that this alloy has a great response
for IR and LV spectra. &,(@) becomes trivial above ~9 eV.

Figure 8b shows the imaginary part of the dielectric function,
revealing the material’s metallic behavior. Both approximation
methods (GGA-mBJ) show high positive &,(w) values at low
energies, and then the curves drop sharply until around 0.0.23
eV. After this point, the curves start to increase, reaching their
maximum at 0.61 eV for both (GGA-mB]J) within the IR light
range. This peak represents electron transitions between
valence and conduction bands. With increasing photon energy,
&,(w) in both curves shows a gradual decrease, with small
variations, eventually nearing zero at energies of ~10 eV and
beyond.

The complex refractive index, n(w), is an important
parameter in characterizing the optical properties of a material.
It consists of the refractive index 7(®), which governs light
propagation, and the extinction coefficient x(w), which
quantifies light absorption. This relationship is mathematically
represented by eq 11

n(w) = n(w) + ix(w) (11)

The refractive index #n(®) and extinction coefficient x(w) for
the GGA and mBJ approaches are represented in Figure 9 as
functions of photon energy. Figure 9a reveals that the curves of
both n(w) and k() start from infinity at low energies,
suggesting the presence of free electrons and FeMnScAl's
metallic characteristics.”* One peak appears in the near-IR
spectrum at ~0.6 eV; this is a result of interband transitions.
When the photon energy exceeds 8 eV, the refractive index
n(w) falls below 1, which corresponds to negative &,(w)
values. This subunity refractive index n(w) implies potential
superluminal effects, which could be useful in optical
applications.””*® A significant refractive index is noted in the
visible range, where values are observed to be between 2.63
and 3.77. Figure 9b demonstrates a general decline in the
extinction coefficient as photon energy increases, and in the
range of (2.69 < k(@) < 3.35) in the visible spectrum.
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The absorption coefficient measures how the material
absorbs light of specific energies per unit thickness. This
absorption happens when light interacts with the material’s
electrons, causing them to shift between energy levels; this is
given by eq 12977

Alw) = 2wk (w)

(12)

where k() is the extinction coefficient and (c) is the speed of
light in vacuum. Figure 10 illustrates the absorption coeflicient

200 1— T — T T T T
£150-
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Energy (eV)

Figure 10. Absorption coefficient A(®) spectrum of the FeMnScAl
alloy (mBJ and GGA).

variations with the photon energy used by the GGA and mB]J
methods. From these results, it is indicated that the FeMnScAl
alloy absorbs low energy light due to its metallic nature.
However, as photon energy rises, so does the absorption
coeflicient, For the mBJ, the absorption peaks were observed at
3.9, 5.26, and 9.18 eV in the UV, while the GGA method
shows peaks at 3.70, 5.31, and 8.87 eV in the UV. This shows
that with higher energy levels of incoming radiation, the
material begins to absorb more energy at specific energy
levels.”” The low extinction coefficient in the UV region results
from the high absorbance of the FeMnScAl compound in that
area.”>’* Furthermore, materials that have both narrow
bandgaps and significant UV light absorption are found to be
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Figure 11. (a,b) Optical conductivity 6 (@) spectrum of the FeMnScAl alloy (mBJ and GGA).

approgriate for use in optoelectronic devices and solar
cells.””® These findings emphasize that the FeMnScAl alloy
has significant absorption in the UV range, supporting its
potential for optoelectronic applications.

The optical conductivity o; (@) consists of two components:
the7 7real part (@) and the imaginary part 6, (@), as shown in eq
13

o(w) = o|(w) + ioy(w) = —igw(e(w) — 1) (13)

The optical conductivity spectra 6, (@), as a function of
light energy, are presented in Figure 11a, which shows the real
part of the conductivity spectrum. Both GGA and mBJ show
multiple peaks as the energy increases. The highest peaks
appear around 2—6 eV, this suggests that absorbing radiation
produces more free charge carriers.”® The absorption
coeflicient data align with this observation. As the energy
surpasses 6 eV, the conductivity starts to decline, with both
methods converging toward lower values as the energy reaches
approximately 12 eV. Figure 11b shows the imaginary part of
the conductivity o, (). The graph shows differences in peak
intensities and positions for GGA and mB]J, even though they
follow similar trends. The phase shift depends on the
imaginary conductivity. Electrons are resistive at low
frequencies (6, < ;) but become inductive in the UV (o, >
06,), storing energy and delaying response to the external
electric field.”” Inductive behavior is used in industrial heating
applications.®*

The reflectivity R; (@) represents the fraction of incident
electromagnetic radiation reflected by a material at a given
frequency. It is determined by the dielectric function &(w),
which is obtained in terms of Re¢; and Ime; by the given
relationship™

(Reeij + iIme?il-)2 -1

R.. ) =
IJ( ) (Reé‘ij + iImE‘il-)Z +1 (14)

Figure 12 shows the optical reflectivity R;; (@) of FeMnScAl
as a function of energy using the mB] and GGA methods.
Reflectivity starts high near 0 eV, decreases to a minimum
around ~6.45 — ~7.9 eV of 0.34 (that mean 66% of the
incident light transmitted within this compound at this range),
and then rises again toward 14 eV. Both methods display
similar trends.

L; (w), which indicates the energy loss experienced by
electrons due to an electromagnetic wave, is related to plasmon
excitations and electronic transitions in the material
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Figure 12. Optical reflectivity R(@) spectrum of the FeMnScAl alloy
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Im &;

 (Reg;)” + (Im,)*

1
L. = —Im
lj(w) eij(w) (1s)

The energy loss function L; (@) of FeMnScAl, as obtained
from both mBJ and GGA, as illustrated in Figure 13, shows
similar general features but with small differences in peak
position and intensity. Both schemes display a gradual rise in
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Figure 13. Energy loss function L(w) spectrum of the FeMnScAl
alloy (mBJ and GGA).
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Figure 14. Thermoelectric properties of the FeMnScAl compound.

energy loss from 0 to S eV, reaching a strong peak around 6 eV
in which the GGA curve has a slightly sharper peak compared
to the mBJ one. Indeed, the mBJ approach does predict slightly
higher energy loss values around the second peak at 12 eV.
These differences may be because mB]J treats some electronic
interactions more strongly than GGA.”

Our findings show that the special optical features of
FeMnScAl, especially its narrow band gap, high refractive index
in the visible range, relatively low reflectivity in the visible
range, inductive behavior, and strong UV absorption, allow for
effective light trapping, making it a good option for solar

- 7581
energy devices.
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Table 4. Calculated Thermoelectric Properties of FeMnScAl Spin-Up (1)

temperature GGA St Mb;jST GGA ot mBJ o 1 GGA k.1 mBJ k. T
°K) GGA Nt mBJ N1 (eV/K) (eV/K) (1/QmsK) (1/QmsK) (W/mK) (W/mK)
50 —3.01494  —3.0154S 2.19 x 10° 2.16 X 10° 1.08 x 10%° 1.09 x 10%° 8.96 x 10" 8.33 x 10%
300 —3.01857  —3.02064 —203.7 -252 8.13 x 10 8.16 x 10 6.71 x 10™ 6.94 x 10™
500 —3.03046  —3.03562 —420 —465.15 8.76 x 10" 891 x 10* 1.51 X 10" 1.56 X 10*°

Table 5. Calculated Thermoelectric Properties of FeMnScAl Spin-Down ()

temperature mBJS| GGAo | mBJ o | GGA k, | mBJ k. |
°K) GGAN| mBJN| GGAS| (eV/K) (eV/K) (1/QmsK) (1/QmsK) (W/mK) (W/mK)
50 2.9629 298436  —1.032 X 107*  —0.0001563 1.04422 x 10" 4.68005 x 10'® 1.63 x 108 1.04864 x 10"
300 2.85302  2.8897 —1.817 X 107*  —0.0001957 2.64016 x 10" 2.1127 x 10Y 4.38 x 10" 3.86232 x 10"
500 273915 278327  —1.515x 107*  —0.0001598 430213 x 10¥ 3.69149 x 10¥ 1.25 x 10 1.15416 x 10%°

3.7. Thermoelectric Properties. Thermoelectric materials
technology is important for converting waste heat into
electricity, which has applications across various industries.*”
This technology depends on the Seebeck and Peltier effects
(producing voltage based on temperature difference) in order
to generate electricity out of heat or as a cooling medium.** A
key parameter for evaluating material performance in these
applications is the figure of merit (ZT), derived by the formula

S%6T
(ZT = K+ K

); where S: Seebeck coeficient, o: electrical

conductivity, k;: lattice thermal conductivity, and ,: electronic
contribution to thermal conductivity; PF = S* ¢ is the power
factor.*> High-efficiency thermoelectric materials demand a
unique set of properties: a large Seebeck coefficient, excellent
electrical conductivity, and minimal heat conduction. However,
this optimization process can be difficult due to the fact that
increasingly large values of effective mass (m*) and the carrier
concentration (1) are associated with lower values of the
Seebeck coefficient (S) and electrical conductivity (5).*"*°

The relationship between k., and o defined by the
Wiedemann—Franz law introduces challenges in the optimiza-
tion of thermoelectric materials (kx, = Io T), where (I) is the
Lorentz number. A careful balance among these elements is
necessary for these materials to display thermoelectric
features.**’

This section presents an analysis of the thermoelectric
properties of the FeMnScAl alloy in order to determine the
relevance of its use as a thermoelectric material. The software
of BoltzTraP contains a semiclassical procedure based on the
Boltzmann transport theory to evaluate the electronic band
structure and thermoelectric properties in the temperature
range 50—500 K, around the Fermi level (where E—EF = 0).*
The Bolzmann transport equation evaluates important
parameters such as the Seebeck coefficient (s), electronic
component of thermal conductivity (k,), and electrical
conductivity (). The only exception of unevaluated values is
the lattice thermal conductivity (k). To ensure accurate
results, a good understanding of the electronic band structure
is necessary. To refine the band energies, this method adapts
the DFT-derived energies using basic functions such as Fourier
series or polynomials to create an analytical model that
facilitates transport calculations. This model, based on
Boltzmann theory, agrees with experimental data in many
systems.”” For spin-polarized systems, the Seebeck coefficient
(S) is expressed as””*®
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el
=s(1) wED
o(1) (16)

where ST and o1 are the Seebeck coeflicients and electrical
conductivities for the spin-up and direction, while S| and o
are for the spin-down direction.

Figure 14 presents the temperature-dependent thermo-
electric properties of the material, separating the data into
spin-up and spin-down channels in the region where E — Eg =
5.03 X 107° eV. Figure 14a shows the temperature dependence
of the spin-up electronic DOS (N1). As the temperature
increases, N1 slightly decreases for both GGA and mB]J. Figure
14b displays the spin-down electronic density (NJ]) as a
function of temperature. The trend is consistent with the spin-
up channel, with N| decreasing as the temperature rises for
both methods (mB] — GGA). The Seebeck coefficient for the
spin-up channel (S1) is plotted against the temperature in
Figure 14c. ST decreases with temperature in both GGA and
mBJ; positive and negative values of the Seebeck coeflicient
(S1) indicate that p-type and n-type charge carriers are present
in this specified temperature range. Figure 14d presents the
Seebeck coefficient for the spin-down channel (S}) as a
function of the temperature. The S| shows a decreasing
pattern with increasing temperature up to 200 K, taking a high
value of 196 iV K" at 300 K, followed by a gradual increase as
the temperature is raised further up to 500 K. Positive values of
the Seebeck coefficient (S| ) indicate that p-type charge are the
main type of charge carriers within this temperature range.
Figure 14e illustrates the temperature-dependent electrical
conductivity for the spin-up channel (61). As the temperature
increases, o decreases, and then increases, with GGA and mB]J
showing close agreement at lower temperatures but diverging
slightly at higher temperatures. The spin-down electrical
conductivity (o)) also varies with the temperature. Both
GGA and mBJ show an increasing trend with temperature, as
shown in Figure 14f. For two approximation methods (GGA-
mBJ), Figure 14g shows the electronic thermal conductivity for
the spin-up channel (x,1) as a function of the temperature. x,1
increases steadily with the temperature. Furthermore, the spin-
down electronic thermal conductivity (k.|) is plotted in Figure
14h, and like the spin-up channel, k.| increases with
temperature for GGA and mBJ. Analysis of the FeMnScAl
alloy showed variations in electrical conductivity depending on
the spin state, with the spin-up channel showing higher
conductivity than the spin-down channel near the Fermi level,
highlighting its half-metallic behavior. Both spin states show
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Figure 16. Hall coefficient Ry; of the FeMnScAl compound for both spin directions with GGA and mBJ methods.
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Table 7. Hall Coefficient (Ry) Values for the FeMnScAl Alloy for Specific Temperature Values

GGA mBJ

T(°K) Ryt Ryt
50 —1.95 x 107° -2.24 X
300 —2.01 X 107° -1.83 X
500 —1.38 X 107° —1.20 X

1070
1070
1070

GGA mBJ
Ryl Ryl
—7.58 X 1070 —1.77 x 1078
—1.72 x 107 —2.34 x 107°
—7.29 x 107 —9.20 X 10710

increasing electronic conductivity with temperature. The
calculated thermoelectric properties of FeMnScAl for the
spin-up (1) and spin-down (]) channels at specific temper-
atures are listed in Tables 4 and 5, respectively.

Figure 15 shows the computed thermoelectric figure of merit
(ZT) and the power factor (PF). Figure 15a shows that with
the rise in temperature, the spin-up figure of merit (ZT1)
initially decreases for the spin-up configuration. It shows a
minimum at 100 K and beyond the minimum point; the ZT1
increases further with the increase in temperature up to 500 K.
The calculated value of (ZT|) for the case of the spin down
configuration is shown to increase initially with increasing
temperature and reaches its peak value of 0.689 at 150 K for
the mBJ approximation. Above this maximum, ZT| decreases
gradually with a further increase in temperature, as illustrated
in Figure 15b.

Figure 15¢, for the spin-up state, thePF{ increases with
temperature for both the GGA and mBJ] approximations,
shows a peak around 400 K before declining slightly. Figure
15d, the spin-down PF| first decreases and reaches a minimum
at 100 K. Beyond this temperature, the PF| rises significantly
with an increase in temperature, which indicates greater power
generation possibility at higher temperatures for both spin
configurations. However, in the case of higher temperature, PF
of both spin-up and spin-down configurations shows quite a
pattern similar to that of ZT. In this regard, the value of ZT
obtained for the FeMnScAl alloy in a spin-down configuration
at room temperature (300 K) exhibits quite encouraging
features toward thermoelectric performance. Table 6 lists the
ZT and PF values for the FeMnScAl alloy across the specified
temperature points.

The Hall coefficient (Ry;) of the FeMnScAl alloy is negative
for both spin-up and spin-down channels across the temper-
ature range shown in Figure 16, indicating electron-dominated
conduction. In the spin-up channel, it decreases to a minimum
at 100 K for mBJ and 150 K for GGA, and then increases with
temperature. While for the spin-down channel, it follows a
more pronounced increase that reaches its maximum at 500 K.
The presence of negative Ry values for both spin channels
along the whole temperature range, indicating that the majority
carriers are electrons (n-type).*” The specific values of Ry are
provided in Table 7.

The Slack model, as specified in eq 17, was employed to
measure the lattice thermal conductivity (x;) in the FeMnScAl

alloy

M5
K=A——
e

(17)

In this model, A denotes the Slack constant, which serves as
a coefficient in eq 17 and is determined as follows

243 x 1078
0.541 0.228
e
Y Y

A=

(18)
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The average atomic mass (M,) is a key factor in determining
the material’s thermal conductivity. The space occupied by
each atom within a unit cell is reflected in the atomic volume,
6, while 64 represents the Debye temperature. The number of
atoms per unit cell is denoted by n and T signifies the absolute
temperature. The dimensionless Griineisen parameter ()
quantifies how changes in volume affect a lattice’s vibrational
frequencies”'

% )2

9 — 12(1)l
2= 4( )2 (19)

where V, is the transverse elastic wave velocity and V; is the
longitudinal elastic wave velocity. Computation of the
Griineisen parameter y and Debye temperature 6, was
performed utilizing the WIEN2k software in combination
with its IRelast functionality.”**®
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Figure 17. Lattice thermal conductivity vs temperature using the
Slack model.

the lattice and total thermal conductivity, respectively, as they
vary with the temperature. In Figure 17, the lattice thermal
conductivity decreases sharply up to 200 K, maybe because of
increased phonon scattering, and then more gradually up to
500 K. The measured value at 300 K is 2.079 W/mK. As
shown in Figure 18, the spin-down total conductivity (), like
the electronic thermal conductivity (x,), increases with the
temperature in both GGA and mBJ calculations, suggesting
that the lattice thermal conductivity contribution is relatively
minor. The spin-down state was chosen for this analysis
because it is particularly important for understanding the
electronic transitions.

These results underscore the exceptional promise of the
FeMnScAl spin-down channel for thermoelectric applications,
particularly when the compound exhibits a semiconducting
behavior. This potential is clearly demonstrated by the high
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Seebeck coefficient (196 £V K™! at 300 K) and the remarkable
peak figure of merit (ZT]) of 0.689 observed at 150 K,
exceeding the performance observed in the spin-up channel.
These findings highlight the spin-down channel’s significant
potential for efficient waste heat recovery.”>”*

4. CONCLUSIONS

In conclusion, the study shows that the Heusler quaternary
compound FeMnScAl has great potential for use in spintronics,
thermoelectrics, and green energy technologies. DFT analysis
reveals the thermodynamic and mechanical stability of
FeMnScAL It also shows half-metallicity and ferromagnetism
along with good optical properties for solar energy
applications. Moreover, its high Seebeck coeflicient and ZT
value highlight its ability to work well for efficient, low-cost
thermoelectric devices. As summarized in Table 8, the key

Table 8. Key Properties of the FeMnScAl Type 2 Heusler
Compound

property value/description

stability thermodynamically and mechanically stable
lattice parameter 6.1532 A

electronic character half-metallic

magnetic property ferromagnetic

magnetic moment 3.00 4B

band gap 0.1574 eV

refractive index 2.63 < n(w) < 3.77 in visible spectrum

optical properties low reflectivity in visible spectrum, strong UV
absorption

thermoelectric figure of 0.628 (at room temperature)

merit (ZT)

Seebeck coefficient 196 uV K! (at room temperature)

potential applications spintronics, solar energy, and thermoelectric

devices

properties of FeMnScAl, including its stability, half-metallicity,
magnetic moment, and optical characteristics, position it as a
strong candidate for these applications. These findings are
encouraging, but more experiments are needed to completely

understand its potential in advanced technology uses.
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