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In this study, we have examined structural, electronic, magnetic, optic, thermoelectric, and elastic
properties of full-Heusler alloys X2TaSi (where X = Rb and K). First-principles calculations were per-
formed to analyze the data, with the full-potential linearized augmented plane-wave method serving
as the underlying basis. This method is firmly rooted in density functional theory. The calculations
were executed using the WIEN2k code, firstly with the generalized gradient approximation and then
with its modified Becke-Johnson version, which is commonly used to enhance the band gap values and
align them with experimental findings, if available. The results related to the electronic and magnetic
properties indicate that the full-Heusler alloys X5TaSi (where X = Rb and K) exhibit half-metallic fer-
romagnetic behavior. Optical results demonstrated that the Heusler compounds K2TaSi and RbsTaSi
exhibit strong absorption and reflectivity in the ultraviolet range. These findings suggest that these
compounds have significant potential for utilization in optical and optoelectronic devices within this
spectrum. The findings of thermoelectric properties indicate that the X,TaSi alloys (where X = Rb
and K) are N-type semiconductors, as evidenced by their negative Seebeck coefficients. These alloys
also exhibit high ZT values close to unity at low and medium temperatures. The elastic properties of
the RbaTaSi compound suggest that it is mechanically stable and relatively ductile. In contrast, the
K2TaSi compound exhibits a relatively brittle nature.

topics: half-metallic ferromagnetics (HMFs), density functional theory (DFT), optical properties, mod-

(2025)

ified Becke—Johnson-generalized gradient approximation (mBJ-GGA)

1. Introduction

Since their discovery in 1903 by Friedrich Heusler,
Heusler alloys have been of interest. It has been re-
ported that ferromagnetic alloys can be made from
non-ferromagnetic constituents [1]. These ternary
alloys are of the form X5YZ, where Y and X are
typically transition metals and Z is a main group
element with s or p valence electrons (e.g., Al, In,
Sb, Si, Ge, or Sn). Most of these alloys have an L2,
crystal structure with a face-centered cubic (fcc)
lattice [2].

Additional research revealed a connection be-
tween the magnetic properties of these alloys
and their chemical composition (L2; structure),
as well as the arrangement of Y atoms on an
fce sublattice [3]. Recently, half-metallic ferromag-
netics (HMFs) have garnered significant attention
due to their demonstrated potential for spintron-
ics, as evidenced by their tunneling magnetoresis-
tance (TMR) and giant magnetoresistance (GMR)
properties [4]. Additionally, these materials have
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applications in electromechanical systems [5]. Sub-
sequent to the seminal work of de Groot et al. [6], a
substantial body of additional materials has been
obtained both theoretically and experimentally,
thereby enabling the exploration of HMF proper-
ties. With the exception of Heusler and half-Heusler
alloys [6], the subject of half-metallic behavior is
addressed. The presence of the element (transition
metals such as Fe, Ta, or Mn) has been identi-
fied in the perovskite structure [7], as well as in
dilute magnetic materials. Semiconductors [8], cer-
tain oxides [9], and materials exhibiting a zinc-blend
structure [10, 11] are of particular interest. A signif-
icant proportion of Heusler alloys of the XoYZ sto-
ichiometric composition are deemed suitable candi-
dates for devices based on spin injection, such as
the GMR and the substantial TMR in magneto—
electronic devices.

Additionally, they have the capacity to function
as impeccable spin filters and spin injection devices,
thereby serving as a substitute for ferromagnetic
3d metals. In this study, we focus on two com-
pounds that have not been explored in the scientific


http://doi.org/10.12693/APhysPolA.148.136
mailto:saidi.noureddine.etu@univ-mosta.dz

Insight into Electronic, Optoelectronic and Thermoelectric Properties of. . .

literature yet, namely KoTaSi and RbsTaSi. For
the first time, a comprehensive theoretical analysis
based on first-principles quantum mechanical calcu-
lations is conducted to investigate a range of fun-
damental physical properties, including structural
stability, electronic structure, magnetic properties,
elastic properties, optical behavior, and thermoelec-
tric performance. These compounds were selected
because they have not yet attracted attention in
theoretical or experimental research, which high-
lights the novelty and significance of this work. This
study aims to provide a solid theoretical founda-
tion to support future experimental synthesis ef-
forts and to assess their potential applicability in
spintronic devices, magneto—electronic systems, and
energy conversion technologies.

2. Method of calculation

Density functional theory (DFT) [12] is a sys-
tematic approach for evaluating the ground-state
description of a material and gaining an in-depth
understanding of its physical properties. A rigorous
and precise determination of the ground-state pa-
rameters for XoTaSi materials (where X = Rb, K)
has been achieved through the implementation of
DFT within the framework of the Full-Potential
Linearized Augmented Plane Wave (FP-LAPW)
method, as facilitated by the WIEN2k software
package [13, 14]. The Perdew—Burke-Ernzerhof
(PBE-GGA) scheme within the generalized gradient
approximation (GGA) was utilized to calculate the
exchange—correlation functional, thereby account-
ing for the strong on-site correlation of the 3d elec-
trons. However, the band structure at the optimized
lattice constants was calculated using the modified
Becke-Johnson (TB-mBJ) exchange—correlation po-
tential proposed by Tran and Blaha [15], which is
known for its ability to provide improved estimates
of band gap values.

In the context of the plane wave expansion, a
cutoff parameter of Ryt Kmax = 8 was employed,
where Ry, denotes the smallest atomic sphere ra-
dius (RMT), and K.y signifies the maximum wave
vector in the interstitial region. To achieve su-
perior convergence in the self-consistent calcula-
tions, a k-mesh of 4000 points was utilized. This
value was selected after a thorough convergence
test (Fig. 1), where the total energy was evaluated
for increasingly dense grids, and the final choice
corresponded to the point at which the variation
in energy per atom was less than 0.1 meV, en-
suring reliable self-consistent field (SCF) calcula-
tions. The total charge for the current set of al-
loys was set to 10™* electrons. Furthermore, the
elastic and optical package [16] was integrated into
the computations. Using the WIEN2k simulation
code, the elastic constants and optical properties
were calculated, providing valuable insights into
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Fig. 1. Convergence test for self-consistent field

(SCF) calculations for (a) RbaTaSi and (b) K2 TaSi.

the mechanical stability and electronic structure
of the material. The transport properties of the
compounds were calculated using the BoltzTraP
code [17].

3. Results and discussion

The predicted properties of the studied alloys
have been classified into separate sections, with each
section addressing a specific property that was ana-
lyzed. These properties have been organized under
superordinate headings that accurately reflect the
content of each respective section.

3.1. Structural and elastic properties

3.1.1. Structural properties

Predicting the crystal structure of materials is
a fundamental step in computational material dis-
covery, as it enables visualization of the micro-
scopic geometry of the material and provides in-
sights into the relative stability of different struc-
tures and the possibility of transitions between
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TABLE I

Optimized lattice constant (ao), bulk modulus (Bo), and its pressure derivative (B’), formation energy (AHy) of

X,TaSi (X = Rb, K).

Material ao [A] Volume [(u.a)?] B |GPa) B’ AH; Energy [Ry]
K2TaSi 7.4146 687.6949 30.8812 4.2317 —0.4615 —34240.453143
Rb,TaSi 7.7139 774.3963 26.5993 4.7036 —0.3810 —43757.822368
them [18]. In this section, we focused on study- T T ST
ing the structural properties of our X,TaSi alloys -43757,52 - —— B CuTi Type Structure(NM)
(where X = Rb and K) for two types of crystal AL Tape Snene(\A)
structures, namely HgoCuTi and CusMnAl, and in 4375758 1 e
three magnetic states: ferromagnetic (FM), non- _ E—
magnetic (NM), and antiferromagnetic (AFM). Re- & 4375764
sults of energy optimization (using 1500k mesh )
points) show that these alloys are stable in the FM .
state, as shown in Fig. 2. According to this fig-
ure, the preferred crystal structure for this study 4375776 -
is HgoCuTi (FM), because this particular struc-
ture corresponds to the most energetically favor- .
able configuration, yielding the lowest total energy R : : : : : ,(a)
of all possibilities considered. The atoms occupy the 600 700 800 900 1000 1100 1200
following crystallographic positions given according Cell Volume [u-a’
to Wyckoff notation: X-I at coordinates (0,0, 0), 4240.20 s
X-1II at (1/4,1/4,1/4) (either Rb or K), the ele- = —
ment Ta at (1/2,1/2,1/2), and Si at (3/4,3/4,3/4). S S| ——
These atomic arrangements confirm that the com- e i)
pounds crystallize in the full-Heusler structure of _ 030 - Type Structure ) | —
the L2; type, which belongs to the cubic system £ T o St A,
with space group F—43m (no. 216) [19]. This is due g 3424035
to the fact that the given atomic positions indicate = \/
that: (i) there are two equivalent X atoms on the 8¢ -34240.40 1
sites, (ii) the transition metal (Ta) is at 4a, and (iii) \/
the main group element (Si) is at 4b. The atomic -34240.45 1
coordinates reproduce the Wyckoff site occupancy ®)
pattern of the L2; type, which is what defines this -34240.50 L— . . . T . T
structure crystallographically. Such a Wyckoff site 4005000600 700 \ 800900 1000
occupation represents the characteristic signature Celt Volume fur]
of the L2, full-Heusler structure, thereby confirm-
ing that the compounds studied crystallize in this Fig. 2. Energy-—volume optimization curves for (a)

prototype. The calculated ground-state properties
are summarized in Table I, which includes the lat-
tice constant (ag), the minimum volume (V;), the
bulk modulus (Bp), and the pressure derivative of
the bulk modulus (B,). To evaluate the structural
stability of these alloys, we accurately calculated the
ground-state properties using Murnaghan’s equa-
tion [20], which is given by

B By Vo) o
w0 = g |V () %
By
JFBT)(V*VO) (1)

In addition to calculating the lattice constants,
the formation energy was also computed to evalu-
ate the thermodynamic stability of the studied com-
pounds. The formation energy AH¢ serves as a key
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RbyTaSi and (b) K:TaSi Heusler alloys com-
puted for two different structural types (HgzCuTi,
CuzMnAl) and three different phases (ferromag-
netic (FM), antiferromagnetic (AFM), and non-
magnetic (NM)).

indicator for predicting the experimental feasibility
of synthesizing the material and is determined us-
ing the following relation [21]

X TaSi
AHf = Efoimitilon -
X, TaSi X i
Eal — (2Eb1121k + Epiy + Es'ﬁlk) : (2)
In (2), Eifj;ﬂaSi is the total energy of the full-Heusler

structure, and EX2,, Fl?,, and EP, represent
the energies of the individual elements X, Y, and
Z, respectively. If AH[ is negative (AH; < 0), it



Insight into Electronic, Optoelectronic and Thermoelectric Properties of. . .

indicates that the compound is stable. If AHy is
positive (AH; > 0), it suggests that the compound
is unstable [22].

The calculated formation energies for the com-
pounds are as follows

AH(RbyTaSi) = —0.3810 6V,
AH(K,TaSi) = —0.4615 €V.

(3)
The negative values of the formation energy indi-
cate that both compounds possess thermodynamic
stability, meaning they are energetically favorable
and can be synthesized experimentally. Moreover,
the more negative value for K5 TaSi suggests that it
is slightly more stable than RbsTaSi.

3.1.2. Elastic properties

In the field of physics, elasticity is defined as a
fundamental property of materials. It offers signifi-
cant information about the stability, ductility, and
rigidity of a material subjected to external forces
that may cause alterations in its shape or volume.
In the context of cubic crystals, three primary in-
dependent elastic constants are identified: Cy1, Cya,
and Cyy [23]. In order to analyze the elastic behav-
ior of our compounds, it is essential to calculate the
elastic constants Cj; and related physical proper-
ties. In addition, these constants must satisfy the
mechanical stability criteria that are specific to cu-
bic crystals [24-26]. Therefore,

Ci1 > Cha, Cyu >0, Ci1>0, (4)

(5)
Ci1 +2C1 > 0. (6)

Furthermore, a multitude of additional mechan-
ical properties can be derived from the calculated
elastic constants, including bulk modulus B, shear
modulus G, Young’s modulus £, Poisson’s ratio v,
and the anisotropy factor A (see Table II). These
are obtained using the Voigt—-Reuss-Hill approxi-
mation [27, 28], based on the following relations

Cll > B> Clg,

B_ Cu+ 2012’ (7)
3

S rean ®

€= %, (10)

G= % (11)

In fact, B, G, and & are used to characterize ma-
terials in terms of their compressibility and rigidity.
The bulk modulus B is indicative of the material’s
resistance to volume change under pressure, while
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TABLE II

Elastic constants Cj; [GPa], bulk modulus B [GPal,
shear modulus G [GPal, Pugh’s ratio B/G, Young’s
modulus £ [GPal, Poisson’s ratio v, and anisotropy
factor A calculated at the equilibrium volume for full-
Heusler X,TaSi (X = Rb and K) alloys.

Parameters Unit Alloys
Rb,TaSi K,TaSi
Cn 51.765 55.052
Ci2 14.344 19.123
Caa 15.826 20.166
B [GPa] 26.817 31.099
G [GPa] 16.928 19.248
B/G 1.584 1.615
E [GPa] 41.960 47.870
A 0.845 1.122

the shear modulus G signifies its capacity to resist
plastic deformation. The ratio B/G serves as a crit-
ical indicator for describing the plastic behavior of
materials. The mechanical analysis of the RbsTaSi
and KyTaSi compounds reveals a clear difference
in their elastic properties, reflecting the influence
of chemical composition on their behavior under
mechanical stress. The K;TaSi compound demon-
strates relatively enhanced mechanical character-
istics, indicated by higher elastic constants such
as C11 = 55.052 GPa and Cyy = 20.166 GPa,
along with a bulk modulus of B = 31.099 GPa
and Young’s modulus £ = 47.870 GPa, signifying
greater resistance to compression and deformation.
Additionally, its shear modulus G =~ 19.248 GPa
is higher than that of RbyTaSi, confirming better
mechanical stiffness.

The B/G ratio of 1.615 and Poisson’s ratio
v ~ 0.243 suggest that K,TaSi possesses a mod-
erate level of ductility, which is a desirable trait
for various industrial applications. On the other
hand, although RbyTaSi exhibits lower values for
most mechanical parameters (B = 26.817 GPa and
£ = 41.960 GPa), it still falls within the acceptable
range of mechanical stability and shows similar duc-
tility characteristics, with a B/G ratio of 1.584 and
Poisson’s ratio v ~ 0.239. Based on these results,
both compounds can be classified as mechanically
stable, with K,TaSi showing a slight advantage in
stress resistance, making it a more suitable candi-
date for applications requiring a balanced combina-
tion of stiffness and ductility.

3.2. Electronic properties

The study of band structure and density of
states (DOS) is fundamental for understanding
the electronic, optical, and magnetic properties of
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TABLE III

Electronic band gap characteristics of XoTaSi (X = Rb, K) Heusler alloys under GGA and mBJ-GGA method.

GGA mBJ-GGA Nature of Band gap type
Compounds - - . _
spin up spin down spin up spin down the compounds (mBJ-GGA)
Rb,TaSi metallic 0.6 eV metallic 1.25 eV half metallic direct
K>TaSi metallic metallic metallic 1.57 eV half metallic direct

materials. The band structure reveals the allowed
energy levels and dispersion of electrons, while DOS
provides information on the number of available
electronic states at each energy level. These in-
sights are crucial for predicting material behavior
in semiconductors, metals, and spintronic applica-
tions. Accurate knowledge of these properties en-
ables the design of materials with tailored function-
alities. Moreover, they are essential for interpreting
experimental results from techniques such as angle-
resolved photoemission spectroscopy (ARPES) or
X-ray photoelectron spectroscopy (XPS).

3.2.1. Band structure

In this section, the electronic structures of the
full-Heusler alloys X5TaSi (X = Rb and K) are
discussed. Figure 3 illustrates the band struc-
tures along the high-symmetry points of the Bril-
louin zone [29], which have been calculated using
the Perdew—Burke-Ernzerhof (PBE-GGA) and the
modified Becke—Johnson method within the gen-
eralized gradient approximation (mBJ-GGA). The
GGA results for the compound RbyTaSi show an
energy gap of about 0.6 €V in the spin-down chan-
nel (Fig. 3b), indicating semiconducting behavior
in this state. In contrast, the compound exhibits
metallic behavior in the spin-up channel (Fig. 3e),
where the valence band maximum (VBM) lies along
the L-IT" direction at an energy = 0.015 eV above
the Fermi level. Based on this clear difference in
electronic behavior between the two spin channels,
the RbsTaSi compound can be classified as a half-
metallic material, as shown in Table III. For the
compound KyTaSi (Fig. 3c, d), the calculations
show a clear metallic behavior in both spin chan-
nels, reflecting a fully metallic nature for this com-
pound. In the spin-down channel, the conduction
band minimum (CBM) lies along the X direction at
an energy of ~ —0.023 eV below the Fermi level.
In the spin-up channel, the valence band maximum
(VBM) lies along the L-T' direction at an energy
estimated to be 0.013 eV above the Fermi level.

On the other hand, when using the mBJ-GGA
method (see Fig. 3e-h), we found that KoTaSi com-
pound has a relatively larger energy gap of 1.57 eV
in the spin-down channel, while for the RbsTaSi
compound it reaches 1.25 eV. It is worth noting
that both compounds exhibit a direct band gap
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along the X direction. For the spin-up channel
(Fig. 3e, g), both compounds have metallic be-
havior as confirmed in Fig. 4 by the density of
states (DOS). Based on these results, we found that
the compounds K,TaSi and Rb,TaSi exhibit half-
metallic behavior. Obtained results for both com-
pounds when using mBJ-GGA revealed a clear dif-
ference in the electronic behavior between the two
spin channels of each compound since the down
channel shows semiconducting behavior and the up
channel shows metallic behavior.

3.2.2. Density of states

In Fig. 4, density of states (DOS) plots for
the material system are presented. The results
have been obtained using two different exchange—
correlation functionals, namely generalized gra-
dient approximation (GGA) and the modified
Becke-Johnson generalized gradient approximation
(mBJ-GGA). These plots are essential tools for un-
derstanding the electronic structure of the material,
particularly the energy gap, orbital contributions,
and spin polarization.

In the case of using GGA (see Fig. 4), the to-
tal density of states (TDOS) reveals a clear en-
ergy gap of &~ 0.6 eV in the spin-down channel,
indicating semiconducting behavior, while the spin-
up channel exhibits metallic behavior, suggesting
that the RboTaSi compound has a half-metallic
nature. As for the KyTaSi compound, it shows a
metallic nature in both spin channels (spin-up and
spin-down), confirming its overall metallic charac-
ter within GGA. According to mBJ-GGA, both
Rb,TaSi and K5TaSi compounds exhibit clear half-
metallic behavior — the spin-up channel remains
metallic, while the spin-down channel displays semi-
conducting characteristics, with an energy gap esti-
mated to be = 1.57 eV for K>TaSi and 1.25 eV for
Rb,TaSi. This observation is further supported by
band structure analysis.

Moreover, the density of states enables the iden-
tification of the electronic contributions from each
individual atom and each type of orbital (s, p, d),
offering a deeper understanding of the origin of the
compound’s electronic behavior, as discussed below.

The individual orbital contributions indicate a
significant role of Ta-d orbitals near the Fermi level,
along with a notable contribution from Si-p orbitals
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Fig. 3. The band structure of the full-Heusler alloys X2TaSi (X = Rb and K) was calculated using (a-d) the

GGA and (e-h) mBJ-GGA methods within the ferromagnetic (FM) configuration.

to the electronic structure. When using mBJ-GGA
(Fig. 4), the overall shape of the DOS remains sim-
ilar to that obtained with GGA; however, the en-
ergy gap appears slightly larger. This suggests that
mBJ-GGA provides a more accurate treatment of
exchange interactions.

The Ta-d orbitals continue to dominate near the
Fermi level, with observable shifts in peak positions
and intensities compared to the GGA results. A
detailed examination of the orbital-resolved DOS

(Fig. 4) confirms that Ta-d orbitals are highly active
near the Fermi level, contributing substantially to
both the valence and conduction bands. This un-
derscores the critical role of Ta in defining the ma-
terial’s electronic properties, such as conductivity
and potential magnetic behavior. The Si-p orbitals
are mainly involved in the valence band, affect-
ing the material’s optical and electrical responses.
In contrast, the contributions of Rb and K are
very small for the two approximations (GGA and
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using mBJ-GGA.

mBJ-GGA); these low values have no influence on
the interactions between components. Overall, while
the general trends in orbital contributions are con-
sistent across both GGA and mBJ-GGA function-
als, the latter approximation yields a more precise
depiction of the electronic structure, especially in
terms of the energy gap and the characteristics of

Ta-d orbital

peaks.
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(a—d) TDOS and partial density of states (PDOS) for the full-Heusler X>TaSi (X = Rb and K) alloys,

3.3. Magnetic properties

The magnetic properties (1) of the KyTaSi and
RbyTaSi alloys reveal several notable trends that
are influenced by both the elemental contribu-
tions and the choice of computational method.
The mBJ-GGA potential generally enhances
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TABLE IV

nt) magnetic moments |[ug| for the full-Heusler

X, TaSi alloys (X = Rb and K) were obtained using GGA and mBJ-GGA; here, ;X' and p*? are the magnetic

moments of the first and the second X atom (X = Rb and K) in the alloy, respectively, and TR

Si int

,and p

are the magnetic moments of Ta, Si, and interstitial region, respectively (all magnetic moments are given in Bohr

magnetons).
AllOyS Method MXI ,U/X2 NTa uSi Mint Mtot
. GGA 0.038 0.086 1.860 —0.182 1.200 3.002
K>TaSi
mBj-GGA 0.036 0.082 1.973 —0.289 1.197 3.000
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Variation of optical and dielectric properties of X2TaSi (X = Rb, K) Heusler alloys as functions of

wavelength: (a) real part and (b) imaginary part of the dielectric constant in spin-down channels, (c) reflectivity

index, (d) absorption coefficient.

the magnetic moments of tantalum (Ta) while
reducing those of potassium (K) and rubidium
(Rb) compared to the GGA potential. Addition-
ally, mBJ-GGA increases the negative magnetic mo-
ment of silicon (Si), indicating stronger antiferro-
magnetic coupling. Among the elements, Ta plays a
dominant role in determining the magnetic behavior
due to its substantial positive value of u, whereas
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Si contributes negatively through antiferromagnetic
interaction. The magnetic moments of Rb and K
are relatively small, suggesting weaker spin polar-
ization. Both K;TaSi and RbsTaSi alloys exhibit
a total magnetic moment close to 3.0 ugp, reflect-
ing near-saturation of magnetization, with consis-
tent results across both computational approaches,
underscoring their reliability as shown in Table IV.
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These magnetic properties demonstrate the great
potential of full-Heusler compounds in a wide range
of technological applications. Among the most
promising uses are computer memory devices, spin-
tronic technology, magnetic sensors, transformer
cores, and microwave components [30]. These ap-
plications benefit from artificial ferrimagnetic el-
ements to enable magnetic polarization control,
making these materials strong candidates for the
development of advanced magnetic technologies in
the future [31-34].

3.4. Optical properties

The optical properties of K;TaSi and RbyTaSi
were investigated in order to capitalize on their
electronic features for semiconductor applications.
The optical properties reveal information about the
material’s interaction with light and its ability to
absorb, reflect, and transmit electromagnetic ra-
diation. We can gain significant insight into their
behavior at various wavelengths and their possible
usage in optoelectronic devices. This part presents
an investigation of the real component (¢ (w)) and
imaginary component (g2(w)) of the dielectric func-
tion, as well as the absorption coefficient (a(w)) and
reflectivity (R(w)) [35].

One of the most significant optical properties is
the dielectric function, which describes the reac-
tion of a material to an electromagnetic field. Its
real part £; describes the disappearance of elec-
tromagnetic waves (Fig. 5a); this usually refers to
the case when the wave is absorbed as it passes
through the material. Note that ¢; is also inversely
associated with the gap energy. We found that
K,TaSi shows metallic behavior in the range from
100 to 315 nm (12.4 to 3.93 eV), and RbyTaSi
from 100 to 350 nm (124 to 3.54 eV). Out-
side these ranges, both compounds behave like
dielectrics.

In Figure 5b, the imaginary part of the dielec-
tric function, e2(w), shows the transitions between
occupied and unoccupied states in the valence and
conduction bands [36]. The drop in e3(w) at near
400 nm (3.09 eV) reflects a slowdown in absorption,
which we can clearly notice in Fig. 5d. For both
compounds, the main absorption is located in the
UV region with a peak at 250 nm (4.96 V), followed
by a sharp drop to a value of 45 x 10 (C m)~!
at a wavelength of 400 nm (3.09 eV). In fact, the
compounds K>TaSi and RbyTaSi exhibit a small
amount of visible light absorption. As a result, they
are suitable for device applications in the UV region
of the spectrum.

The reflectance spectrum in Fig. 5c illustrates the
amount of incident light reflected by a material,
which is influenced by the surface roughness, re-
fractive index, and electronic band structure of the
material. Both materials tested exhibit maximum

144

K, TaSi
-34213,624733
-34213,624735
=
& 34213,624737 4
2
=
-34213,624739
-34213,624741
(a)
-34213,624743 -— : : . .
30000 60000 90000 120000 150000
k-point Mesh
-43722,875501
Rb, TaSi
-43722,875503
-43722,875505
T 4728755074
£
= _43722,875509
-43722,875511
-43722,875513
(b)
-43722,875515 - : : T T
30000 60000 90000 120000 150000
k-point Mesh
Fig. 6. Convergence test for thermoelectric prop-
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reflectivity in the range from 100 to 350 nm (12.4
to 3.54 €V), indicating a strong capacity for light
reflection within this range. Now, by analyzing the
main optical properties — dielectric function, ab-
sorption, and reflectivity — we can understand how
electronic transitions occur in Ky TaSi and Rb,TaSi.
This information is useful in the design of photonics
and optoelectronic devices.

It is worth mentioning that the conversion rela-
tionship between the photon energy E [eV] and the
ultraviolet (UV) wavelength range has been thor-
oughly discussed in [37].

3.5. Thermoelectric properties

The conversion of heat flow into electrical energy,
and vice versa, is achieved through thermoelectric
materials [38-40]. The objective of this study is
twofold: First, to contribute to the development of
electricity production from residual (wasted) heat
without greenhouse gas emissions, and second, to
the development of refrigeration systems without
cryogenic fluids [41]. To achieve this objective, fur-
ther research is necessary to identify suitable ther-
moelectric materials. The primary challenge facing
materials scientists concerns the enhancement of
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the performance of thermoelectric materials. The
performance of these materials is quantified by the
dimensionless figure of merit ZT = ((S?0T)/K),
where S, o, T, and K represent the Seebeck co-
efficient, electrical conductivity, temperature, and
total thermal conductivity, respectively.

To investigate the transport properties of full-
Heusler alloys (X = Rb, K), the BoltzTraP code was
employed in conjunction with the WIEN2k package.
We have used 120000k points obtained after the
convergence test (Fig. 6) to guarantee the numerical
stability and accuracy of the transport calculations.
In our study, the electrical conductivity is presented
in the form of a ratio to the relaxation time (o /7)
over the temperature range from 50 to 1000 K.

3.5.1. Electrical conductivity (o/7)

In Fig. 7a, the analysis of the behavior of electri-
cal conductivity divided by relaxation time (o/7)
for two materials, i.e., KoTaSi and RbyTaSi, in a
temperature range from 50 to 1000 K is presented.
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At low temperatures (50-200 K), both materials
exhibit stable values of o /7, indicating that the elec-
trical conductivity is not significantly temperature-
dependent in this temperature range. This phe-
nomenon can be attributed to the limited charge
carrier mobility.

Beginning at 200 K, the magnitude of the elec-
trical resistivity, o, begins to increase noticeably. In
the case of RbyTaSi, the ratio o/7 shows a clear
exponential pattern, while in the case of KyTaSi,
the ratio shows a gradual increase in electrical con-
ductivity. This observation indicates a tendency for
RbyTaSi to exhibit semiconductor-like characteris-
tics, in contrast to the metallic behavior exhibited
by KsTaSi.

At 1000 K, o/7 reaches approximately
3.5x 10" (Qms)~! for RbyTaSi, whereas it
is equal to ~ 2.5 x 10'® (2 m s)~! for KoTaSi. This
reflects the high electrical conductivity at elevated
temperatures, especially for RboTaSi.

These disparities are ascribed to the electronic
and structural properties of the constituent ele-
ments in each material, which influence the density
and mobility of charge carriers.
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3.5.2. Seebeck coefficient (.S)

Figure 7b presents an analysis of the behavior of
the Seebeck coefficient (S [¢V/K]) as a function of
temperature (T [K]). The two curves correspond-
ing to the two compounds demonstrate analogous
behavior, characterized by a swift rise in the See-
beck coeflicient at low temperatures, followed by a
gradual stabilization at higher temperatures. The
Seebeck coefficient, which is a measure of the elec-
trical resistance of a material when it is heated, is
negative for both tested materials. This indicates
that electrons are the dominant charge carriers in
these materials, which is in contrast to p-type semi-
conductors, where holes dominate. At low tempera-
tures (0 to 200 K), the absolute values of S are ele-
vated, reaching around —2000 .V /K. Subsequently,
as with increasing temperature, S undergoes a pre-
cipitous decline, attributable to the sequential acti-
vation of charge carriers. In the temperature range
200-600 K, the Seebeck coefficient S demonstrates
a consistent increase, albeit at a reduced rate. No-
tably, RbsTaSi exhibits superior performance com-
pared to KoTaSi. As the temperature increases from
600 to 1000 K, the S values gradually level off and
become nearly constant. RbyoTaSi reaches approx-
imately —450 pV /K, and K»TaSi reaches approxi-
mately —480 1V /K. This observation indicates that
the thermoelectric transport mechanisms in these
compounds attain a quasi-stable state at elevated
temperatures.

In summary, RbyTaSi exhibits a higher absolute
Seebeck coefficient compared to KoTaSi across the
entire temperature range, with a more significant
disparity observed at low temperatures. These dis-
parities can be ascribed to variations in the crys-
tal structure or electronic properties caused by
the different cations (Rb, K). The findings sug-
gest that both materials demonstrate considerable
thermoelectric potential, with RbyTaSi exhibiting
marginally superior performance.

3.5.8. Thermal conductivity

Thermal conductivity (x/7) is a property of a ma-
terial that quantifies its capacity for heat conduc-
tion, and it is a critical parameter in the assessment
of thermoelectric performance [42]. This importance
becomes evident when analyzing the temperature
dependence of thermal conductivity. In Fig. 7c, it is
shown how the thermal conductivity (k/7) changes
with temperature T [K] for two different materials.
At low temperatures (0 to 200 K), the /7 values for
both materials remain very low. This phenomenon
can be attributed to limited phonon vibrations and
a low number of active charge carriers. As a result
of this phenomenon, the ability of the crystal lat-
tice to conduct heat is reduced. As the temperature
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increases from 200 to 600 K, the k/7 curves exhibit
a rapid increase; RboTaSi displays a clear exponen-
tial growth, while KoTaSi shows a more gradual in-
crease. This phenomenon is attributed to the pro-
gressive activation of charge carriers and the simul-
taneous increase in phonon vibrations, which col-
lectively enhance the overall thermal conductivity
of the material. At elevated temperatures ranging
from 600 to 1000 K, the RbyTaSi curve exhibits an
upward trend, surpassing 35 x 10> W/(m K s) and
10 x 10*® W/(m K s) in the power spectrum. In
contrast, the KoTaSi curve maintains a lower level,
registering approximately 10 x 10> W /(m K s), and
undergoes a progressive decrease. RbyTaSi exhibits
superior thermal conductivity to KoTaSi across the
entire temperature range studied, which is due to
its electronic structure, which facilitates enhanced
electron mobility. KoTaSi, on the other hand, ex-
hibits diminished thermal performance, which may
be due to structural characteristics that impede
heat transport. The findings indicate that both ma-
terials demonstrate an enhancement in thermal con-
ductivity with an increase in temperature, albeit
with varying degrees of dominance. At elevated tem-
peratures, the electronic component becomes pre-
dominant, while the lattice contribution gradually
decreases.

3.5.4. Figure of merit (ZT)

Figure 7d illustrates the evolution of the thermo-
electric figure of merit (ZT') as a function of tem-
perature for KoTaSi and RbyTaSi; one can observe
a gradual decrease in the ZT values with increasing
temperature. At low temperatures (0-200 K), the
ZT values are relatively high, with RbyTaSi slightly
outperforming KyTaSi due to a superior balance
between electrical conductivity, Seebeck coefficient,
and thermal conductivity. In the intermediate tem-
perature range (200-600 K), ZT' continues to de-
crease gradually, with RbyTaSi maintaining a slight
advantage over KoTaSi, reflecting better stability in
the thermoelectric performance. At elevated tem-
peratures ranging from 600 to 1000 K, the ZT val-
ues undergo a steady decrease. However, RbsTaSi
consistently outperforms K5TaSi, attaining a value
of ~ 0.92 as opposed to 0.85. This observation signi-
fies that both materials retain their efficacy in high-
temperature applications. The observed decline in
ZT can be attributed to two phenomena, namely
an increase in the lattice thermal conductivity and
a relative decrease in the electronic conductivity
and Seebeck coefficient with temperature. Notwith-
standing this decline, the ZT values remain signifi-
cant and promising — especially at higher tempera-
tures — making both materials good candidates for
thermoelectric applications, with RbyTaSi showing
a slight overall advantage across the temperature
range studied.
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4. Conclusions

The structural, electronic, magnetic, elastic, op-
tical, and thermoelectric properties of Heusler al-
loys X2TaSi (where X = K and Rb) have been
investigated using the WIEN2k package, which is
a full-potential linearized augmented plane wave
(FP-LAPW) method. The exchange—correlation
energy was treated using both the generalized
gradient approximation (GGA) and the modified
Becke-Johnson potential (mBJ-GGA). Band struc-
ture calculations demonstrated that RboTaSi and
KyTaSi are authentic half-metallic ferromagnets.
These compounds exhibit magnetic moments of 3up
per formula unit and possess direct band gaps of
approximately 1.25 eV and 1.57 eV near the Fermi
level in the minority spin channel, respectively.

The compounds K,TaSi and RbsTaSi exhibit
metallic behavior within specific wavelength ranges
and act as insulators outside these ranges. These
materials primarily absorb light in the ultraviolet
region, exhibiting high reflectivity, which renders
them suitable for a variety of optical and photonic
applications. Therefore, these materials hold great
promise for advanced optoelectronic devices that
operate within the ultraviolet spectrum.

The thermoelectric properties of full-Heusler
X, TaSi alloys were analyzed through a comprehen-
sive study of the variation of the Seebeck coefficient
S, electrical conductivity (o/7), total thermal con-
ductivity K, and figure of merit (ZT) as a function
of temperature. The results indicate that these com-
pounds behave as N-type semiconductors, as evi-
denced by their negative S across the entire stud-
ied temperature range. Furthermore, RbyTaSi and
K-TaSi demonstrate notably high ZT values (cal-
culated based on electronic contributions), particu-
larly at low to medium temperatures, underscoring
their considerable promise for thermoelectric appli-
cations.

Mechanical analysis shows that the compounds
RbyTaSi and KsTaSi exhibit mechanical stabil-
ity, with KoTaSi clearly superior in terms of stiff-
ness and resistance to deformation. This is at-
tributed to its higher values of elastic constants Cj;
and Young’s modulus £. Overall, both compounds
demonstrate good mechanical properties, making
them suitable for use in fields that require dura-
bility and adequate mechanical resistance.
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