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This study presents a comprehensive investigation of the structural, electronic, magnetic, elastic, and
optical properties of full-Heusler compounds 0,XF (X = Ca, Sr, Ba) using first-principles calculations
based on density functional theory (DFT). The computations were carried out using the full-potential
linearized augmented plane wave (FP-LAPW) method implemented in WIEN2k. The exchange-
correlation potential was described using the generalized gradient approximation (GGA-PBE), while
the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential was applied to obtain accurate electronic
structures. All compounds are found to crystallize in the Hg,CuTi-type structure with a ferromagnetic
ground state. Elastic constants calculated via the IRelast module confirm their mechanical stability
and ductile nature. Band structure and density of states (DOS) analyses reveal half-metallic behavior:
the majority-spin channel exhibits a semiconducting character, whereas the minority-spin channel
remains metallic. The total magnetic moment of 3 uB per formula unit for all compounds agrees well
with the Slater-Pauling rule Mtot=(24-Ztot) uB. Overall, the O,XF (X = Ca, Sr, Ba) full-Heusler alloys
are identified as mechanically robust half-metallic ferromagnets with 100% spin polarization, making
them strong candidates for future spintronic and sustainable energy applications.

1. Introduction

exhibits a band gap at the Fermi level, resulting in 100%
spin polarization [7]. Such unique behavior has been

Spintronics has emerged as a transformative field that  predicted for numerous material classes, including

goes beyond conventional charge-based electronics by
exploiting the intrinsic spin of electrons in addition to their
charge. This concept enables devices exhibiting
nonvolatility, faster operation, lower power consumption,
and reduced heat generation [1, 2].

In this context, half-metallic (HM) ferromagnets are of
particular interest due to their complete spin polarization at
the Fermi level, which significantly enhances spin injection
efficiency in spintronic devices [3-6]. In HM materials, one
spin channel displays metallic conductivity while the other
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ferromagnetic oxides, diluted magnetic semiconductors,
Zinc Blende compounds, and Heusler alloys [8-13]. For
practical applications, HM ferromagnets must retain their
half-metallic nature under mechanical strain and exhibit
high Curie temperatures (Tc) to ensure stability at room
temperature [14-16].

Among half-metallic materials, Heusler alloys stand out
because of their high Curie temperatures, tunable electronic
and magnetic properties, flexible crystal structures, and
compatibility with semiconductor processing. (Materials
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such as liquid metals are also employed in high-temperature
environments as efficient heat conductors due to their
superior thermal properties [17-19].) The concept of
half-metallicity was first introduced by de Groot and
collaborators in 1983 through their work on NiMnSb and
PtMnSb alloys [20]. Since then, Heusler compounds have
been widely studied for applications in superconducting
devices, light-emitting systems, magnetic tunnel junctions
(MT]Js), and giant magnetoresistance (GMR) technologies
[21-28].

Heusler materials are generally classified into ternary or
quaternary intermetallic compounds [29]. Quaternary
Heusler alloys, denoted as XX'YZ, consist of four
interpenetrating face-centered cubic (fcc) sublattices
located at sites A (0,0,0), B (0.25,0.25,0.25), C (0.5,0.5,0.5),
and D (0.75,0.75,0.75). Recent research has increasingly
focused on ferromagnetic compounds formed from
abundant sp or d° elements, avoiding scarce transition
metals. Several computational studies have predicted
half-metallicity in such Heusler systems, including O,BaX (X
=Na, K, Rb, Cs) [30], XRbSr (X = Ge, C, Si) [31], NaKZ (Z = As,
Sb, P, Ge) [32], LiXGe (X = Ba, Sr, Ca) [33], MNaCs (M =P, As)
[34], N;BaX (X =Rb, Cs, Ca, Sr) [35], and BaNYO (Y = Mg, Ca,
Sr, K, Rb, Cs) [36,37].

The present investigation provides the first
comprehensive first-principles analysis of the full-Heusler
alloys 0,CaF, 0,SrF, and O,BaF, composed exclusively of
non-transition-metal elements. Using density functional
theory (DFT) within the WIEN2k framework, we examine
their structural, electronic, magnetic, mechanical, and
optical properties. Calculations with and without spin
polarization are performed to evaluate potential
half-metallic characteristics. To the best of our knowledge,
no previous theoretical or experimental studies have
reported on these specific full-Heusler compounds.

2. Calculation Method

The crystallographic, electronicc, and magnetic
properties of the full-Heusler alloys 0,XF (with X = Ca, Sr,
or Ba) were investigated using the WIEN2k software
package [38], which employs the full-potential linearized
augmented plane-wave (FP-LAPW) method [39]. Geometry
optimizations and electronic structure calculations were
performed within the generalized gradient approximation
(GGA), wusing the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [40].

The energy threshold separating core and valence
states was set to -6.0 Ry. Core states were treated fully
relativistically, whereas valence electrons were described
using a semi-relativistic approximation. Brillouin-zone
integrations were carried out using a 4000 k-point mesh to
ensure reliable convergence. The basis-set size was
controlled by an RMTKmax value of 9.0, where RMT
denotes the smallest muffin-tin radius and Kmax is the
maximum reciprocal-lattice vector in the plane-wave
expansion. Total energies were converged to within 107™*
Ry.

3. Results and Discussion

3.1.Structural Properties

Full-Heusler compounds typically follow the chemical
formula X,YZ, where X and Y are usually transition metals
and Z is a p-block element. These materials crystallize in
one of two cubic structures: the L2, type, analogous to
Cu,MnAl (space group Fm3m, No. 225), or the XA type,
similar to Hg,CuTi (space group F43m, No. 216). Figure 1
demonstrates the crystal structure of 0:XF (X=Ca, Sr, and
Ba) Heusler alloys: CuzAlMn-type and Hg2CuTi-type.

Cu:MnAl-type

Fig. 1. Crystal structure of 02XF (X=Ca, Sr, and Ba) Heusler alloys:
CuzAIMn-type and Hg.CuTi-type.

The L2; structure consists of four interpenetrating
face-centered cubic (fcc) sublattices. In this arrangement,
the X atoms occupy the Wyckoff position 8c (0.25, 0.25,
0.25), Y is located at 4b (0.5, 0.5, 0.5), and Z at 4a (0, 0, 0).
Consequently, the X atoms fill the B (0.25, 0.25, 0.25) and D
(0.75, 0.75, 0.75) sites, while Y and Z are situated at the C
(0.5,0.5,0.5) and A (0, 0, 0) sites, respectively [Table 1].

In contrast, the XA structure (Hg,CuTi-type) features
two inequivalent X atoms, labeled X; and X;, positioned at
the Wyckoff sites 4a (0, 0, 0) and 4b (0.25, 0.25, 0.25). The
Y and Z atoms occupy the 4c (0.5, 0.5, 0.5) and 4d (0.75,
0.75, 0.75) positions, respectively. This distinct atomic
ordering strongly influences the electronic and magnetic
properties, highlighting the importance of structural
stability for practical applications.

To assess the lattice stability of 0,CaF, O,SrF, and
0,BaF, total energies were calculated as a function of
unit-cell volume under both non-magnetic and
ferromagnetic configurations [Fig. 2]. The results indicate
that the ferromagnetic state is energetically favored. In the
optimized XA-type structures, oxygen atoms occupy the C
sites, the X atoms (Ca, Sr, Ba) reside at the B sites, and
fluorine atoms are located at the A sites.
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Equilibrium lattice parameters (ag), bulk moduli (B),
and their pressure derivatives (B") were obtained by fitting
the energy-volume data to the Birch-Murnaghan equation
of state [42], with the corresponding values summarized in
Table 2. For the XA-type phase, the calculated lattice
constants are 5.71 A for 0,CaF, 5.99 A for 0,SrF,and 6.31 A
for O,BaF. This increasing trend reflects the larger ionic
radii of the X-site atoms.

Cohesive energy (Ec) and formation enthalpy (Er) were
also evaluated to determine the chemical and thermal
stability of these compounds. Both quantities exhibit
negative values, confirming that the O,XF alloys are
energetically favorable and potentially synthesizable.

With structural stability established, we proceeded to
examine the mechanical, electronic, optical, and magnetic
properties of the 0,XF (X = Ca, Sr, Ba) alloys in their XA
configuration, providing a comprehensive understanding
of their potential for advanced technological applications.

EQPXT = EQYT — (2Eo + Ex + Er) 1)

In this equation, EQ2XF denotes the balanced total

energy for the O,XF alloys, whereas Eo, Ex (X = Ca, Sr, Ba),
and Er represent the overall energies of the corresponding
free atoms. Each isolated atom's energy was computed
employing a face-centered cubic (FCC) crystal structure
featuring a lattice constant of 20 atomic units.

The formation energy determines the thermodynamical
stability and used to previse whether the material can be
synthesised experimentally. The formation energy is given
by :

BT = QX — (2B + Ex + Er) (2)

where EQ2XF represents the total ground-state energy per

formula unit of O,XF, and Eo, Ex, and Er denote the
ground-state energies of the constituent O, X, and F atoms,
respectively. The calculated formation energies of the 0, XF
compounds are reported in Table 2. The negative values of
Er indicate thermodynamic stability, suggesting that these
materials are experimentally synthesizable. The calculated
Debye temperatures (6p) for the studied compounds are
listed in Table 3.

The computed cohesive energy (Ec) and formation
enthalpy (Ef) for all compounds in the cubic phase are also
summarized in Table 2. The presence of negative values for
both Ec and Ef confirms the strong chemical bonding and
thermodynamic stability of the 0, XF series, indicating that
these compounds are highly promising candidates for
experimental realization.

3.2. Elastic properties

Understanding the elastic properties of materials is
essential for gaining insights into their bonding
characteristics, anisotropic behavior, and overall structural
integrity. In particular, the elastic constants provide
valuable information about internal atomic interactions
and the mechanical performance of crystalline solids. By
calculating these constants (Cj;), one can assess both the

mechanical stability and the response of a material to
external stresses.

In this study, the primary elastic constants C44, C12, and
C44 were calculated for the cubic fluoride compounds
0,CaF, 0,SrF, and 0,BaF using the IRelast module of the
WIEN2k software package [43]. These moduli characterize
the lattice response to different deformation modes: Cy1
measures resistance to uniaxial stress, C;, reflects the
response to uniform volumetric strain, and C44 quantifies
resistance to pure shear deformation. The numerical
values, presented in Table 4, confirm the structural
robustness of the investigated phases.

Understanding the elastic properties of materials is
essential for gaining insight into their bonding
characteristics, anisotropic behavior, and overall structural
integrity. In particular, the elastic constants provide
valuable information about internal atomic interactions
and the mechanical performance of crystalline solids. By
calculating these constants (Cj), both the mechanical
stability and the response of a material to external stresses
can be assessed.

In this study, the primary elastic constants C4,, C12, and
C44 were calculated for the cubic fluoride compounds
0,CaF, 0,SrF, and O,BaF using the [Relast module of the
WIEN2k software package [43]. These moduli characterize
the lattice response to different deformation modes: Cy4
measures the resistance to uniaxial stress, C;, reflects the
response to uniform volumetric strain, and C44 quantifies
resistance to pure shear deformation. The numerical
values, presented in Table 4, confirm the structural
robustness of the investigated phases

e (Cy, positive

C44 positive

e (Cy1-C42>0

C11+2C12>0

C12 < bulk modulus B < C;

A solid’s mechanical reliability is governed by its elastic
behavior, a prerequisite for virtually every engineering use.
Consequently, the measured elastic constants act as
quantitative yardsticks of the material’s load-bearing
capacity, estimating mechanical parameters such as the

bulk modulus B = £1*24z Voigt (Gv) and Reuss (Gr)

3 )
polycrystalline elastic modulus are given as follows G, =

C11-C12F3C 5(C12—C12)C .

AL Lz ot G = M, while the shear modulus
5 4C44+3(C11—C12)
Gr+Gy s 1 .

Gy = serves as a gauge of the material’s resistance to

shape-changing (shear) forces.

In addition to the elastic constants, several derived
properties were calculated to provide a more
comprehensive understanding of the materials' mechanical
behavior. These properties include the anisotropy
parameter (A), Cauchy's pressure (C"), Kleinman factor (),
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Young's modulus (E), and Poisson's ratio (v). They were
determined using the following equations:

. 2c
Anisotropy parameter : A = —*—
C11—C12

Cauchy's pressure : C" = C12 - Ca4

. Cy1+8C
Kleinman factor: { = —22—22
7C11+2C15
9BG
Young's modulus : E =
3G+B
. ' . 3B-2G
Poisson's ratio : v = .
2(3B+G)

Young’s modulus (E) quantifies a material’s resistance
to elastic deformation. Among the studied compounds,
0,BaF exhibits the highest Young’s modulus, indicating the
greatest stiffness, followed by 0,CaF and O,SrF. The bulk
modulus (B) further reflects the material’s resistance to
volumetric compression.

The ductility or brittleness of the materials was
assessed using Pugh’s ratio (B/G), where values above 1.75
indicate ductile behavior [45]. All three compounds were
found to be ductile, making them suitable for applications
involving mechanical stress. This conclusion is reinforced
by Poisson’s ratio (v > 0.25), suggesting predominantly
ionic bonding, and by positive Cauchy pressures [46].

The elastic anisotropy factor (A) indicates the degree of
directional dependence in elastic behavior. A value of A=1
corresponds to isotropic elasticity, whereas deviations
from 1 reflect anisotropic behavior. As shown in Table 4,
the compounds exhibit varying degrees of anisotropy:
0,BaF is the closest to isotropic behavior, while O,SrF
shows the highest anisotropy. This variation implies
differences in how mechanical properties change along
different crystallographic directions.

The Debye temperature (0p) is a critical parameter for
understanding the thermodynamic and vibrational
properties of solids, including specific heat, melting
temperature, elastic stiffness, and thermal conductivity
[61]. A higher Op typically indicates stronger bonding,
higher thermal conductivity, and a higher melting point.

At low temperatures, lattice vibrations are dominated
by acoustic phonon modes, which are closely linked to the
Debye temperature. One reliable approach to estimate 6p
relies on elastic constants and derived parameters related
to the material’s average sound velocity (vy,). This velocity
depends on both longitudinal and shear wave velocities,
which can be calculated from the elastic constants C44, C12,
and Cyy.

This method, which often yields results comparable to
specific-heat measurements [47, 48], allows precise
determination of the Debye temperature using only elastic
data. Consequently, by analyzing the elastic properties of
0,BaF, 0,CaF, and 0,SrF, 6p can be calculated to provide
insights into their thermal behavior and conductivity. The
following classical relation can be employed for this
estimation [49, 50]:

Op = % G )3Um (3)

Here, h represents Planck’s constant, ks denotes
Boltzmann’s constant, Na is Avogadro’s number, p signifies
the density, M stands for the molar mass, and n indicates
the number of atoms within the unit cell. From specific heat
measurements, 6p can be determined via the subsequent
relation [51]:

6y = (2 ﬁ) @
D V% M

In this equation, V represents the molar volume (in
cm?®/mol), M is the molar mass (in g/mol), and T denotes
the melting point (in Kelvin).
For polycrystalline materials, the average sound velocity vim
can be computed using the following formula [49, 52]:

U = [u73 +v7%)/3]7 Y3 (5)

Here, v¢ and vi correspond to the transverse and
longitudinal elastic wave velocities, respectively. These
velocities can be derived from the shear modulus G, the
bulk modulus B, and the density p by applying Navier’s
equation, as detailed in references [53-55] and given
below:

vy = [u® +v7?)/3]73 (6)
v, =[(3B +46)/(3p)]"/2 (7)

Table 3 presents the computed values for transverse
sound velocity (v;), longitudinal sound velocity (v;), mean
sound velocity (v), and Debye temperature (8p) for the
0,CaF, 0,SrF, and 0,BaF compounds in the Hg,CuTi phase.
These calculations are essential for predicting the thermal
behavior and mechanical stability of these materials.

The Debye temperature (6p) is notably higher in O,BaF
compared to 0,CaF and O,SrF, suggesting a stiffer crystal
lattice and a potentially higher melting point. This indicates
that O,BaF possesses a more rigid structure, requiring
greater energy to excite phonons, and is therefore well
suited for applications demanding thermal resistance, such
as thermoelectric power generation.

Moreover, a Debye temperature above 300 K typically
signifies high thermal conductivity within a material.
Although the Debye temperatures for the studied
compounds are slightly below 300 K (281.74 K for O,BaF,
221.99 K for 0,CaF, and 165.72 K for O,SrF), they still
exhibit relatively high thermal conductivity. This makes
these compounds promising candidates for thermal
management applications, where efficient heat dissipation
is crucial.

Given the lack of prior theoretical or experimental
documentation of these materials, the findings presented
here offer a valuable reference for future experimental and
theoretical studies. The high 6p values, particularly in
0.BaF, highlight the potential of these compounds for
thermoelectric and high-temperature applications.
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Table 1. The preference in ordering between the standard L21 structure (specifically CuzMnAl) and the inverted XA arrangement (as exemplified by
Hg2CuTi for 02XF (X=Ca, Sr and Ba) compounds, is determined by the occupants assigned to the four designated Wyckoff positions: A at (0, 0, 0), B at

(0.25,0.25, 0.25), C at (0.5, 0.5, 0.5), and D at (0.75, 0.75, 0.75).

Type/Atom 0 0 (X=Ca, Sr and Ba) F
L21 4b (0.25, 0.25, 0.25) 4d (0.75, 0.75, 0.75) 4¢ (0.5,0.5,0.5) 4a (0,0,0)
XA 4a (0,0,0) 4c(0.5,0.5,0.5) 4b (0.25,0.25, 0.25) 4d (0.75, 0.75, 0.75)
\I T T T T T T T T T
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Fig. 2. Total energies as functions of volume per formula unit are compared for the ferromagnetic (FM) and non-magnetic (NM) states for the 02XF
(X=Ca, Sr, and Ba) Heusler alloys using the GGA-PBE approximation, in the CuzMnAl and Hg2CuTi-type structures.
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Table 2. The equilibrium lattice constant (a), bulk modulus (B), its pressure derivative (B"), cohesive energy (E.) in electron volts (eV), formation
energy (Ef) also in eV, and the energy separation AE=Enu-Erm (eV) have been determined for compounds denoted as 02XF compounds where X
represents Ca, Sr and Ba. These calculations consider both the ferromagnetic (FM) and non-magnetic (NM) spin configurations within the
framework of the generalized gradient approximation with the Perdew-Burke-Ernzerhof prescription (GGA-PBE) for structures analogous to

CuzMnAl and Hg2CuTi-type.

Compound structure Method a B (GPa) B’ Ec Ef AE (Ev)

Y] (Ry) (Ry)

O2BaF Hg2CuTi GGA-PBE FM 6.31 54 5.14 -1.48 -0.72 1.18
NM 6.25 59 4.52 -1.39 -0.66
CuzMnAl FM 6.33 50 4.49 -1.41 -0.68
GGA-PBE NM 6.22 52 4.55 -1.34 -0.61

02CaF Hg2CuTi FM 5.71 80 4.55 -1.47 -0.74 0.95
NM 5.68 92 3.40 -1.40 -0.67
CuzMnAl GGA-PBE FM 5.78 74 4.49 -1.39 -0.66
NM 5.73 78 4.42 -1.32 -0.59

02SrF Hg2CuTi FM 5.99 70 446 -1.46 -0.75 1.10
GGA-PBE NM 5.93 73 5.14 -1.39 -0.67
CuzMnAl FM 6.05 62 4.51 -1.39 -0.67
NM 6.00 64 4.46 -1.31 -0.60

Table 3. The longitudinal (v;), transverse (v,), and mean (v,,) sound velocities, expressed in meters per second (m/s), along with the Debye
temperature (@) in Kelvin (K), for the 0.XF compounds where X represents Ca, Sr and Ba.

Compound v, v, Vavg &p
02BaF 4103.05 2116.84 2370.13 281.74
02CaF 5268.99 1783.61 1692.04 221.99
02SrF 4277.8 1160.61 1324.18 165.72

Table 4. Elastic parameters C; (in GPa), along with the bulk modulus B (GPa), shear modulus G (GPa), Young's modulus E (GPa), Poisson's ratio v,
degree of anisotropy A, the ratio B/G (Pugh's ratio), and Cauchy pressure C" (all in GPa), determined for the 02XF compounds where X represents Ca,

Sr and Ba.

Compound C11 Ciz Cy4 By Br Bn Gv Gr GH E A v B/G c’
0:BaF 80.35 40.88 24.19 54.04 54.04 54.04 2241 2218 2229 5880 122 031 242 16.69
0:2CaF 11282 64.08 2.06 80.33 80.33 80.33 1098 3.25 7.12 2075 0.08 045 11.28 62.02
02SrF 99.25 5619 132 7054 7054 7054 940 211 575 1681 0.061 046 12.26 54.87

3.3. Electronic properties

Calculations for the electronic band structures of the
0,XF series (with X = Ca, Sr, Ba) were performed at their
optimized lattice parameters, utilizing both the GGA-PBE
and mBJ-GGA approximations, as visualized in Figures 3
through 5. These plots illustrate the allowed electronic
energy states along designated high-symmetry paths
traversing the initial Brillouin zone, specifically
emphasizing the Hg,CuTi-type. Structural motif across the
W,L AT, A X, Z, W, and K vectors. Investigation covered
both the majority (spin-up) and minority (spin-down) spin
projections.

Calculations for the electronic band structures of the
0.XF series were performed at their optimized lattice
parameters, utilizing both the GGA-PBE and mBJ-GGA
approximations, as visualized in Figures 3 through 5. These
plots illustrate the allowed electronic energy states along
high-symmetry paths traversing the first Brillouin zone,
specifically emphasizing the Hg,CuTi-type structural motif
across the W, L, A, T, A, X, Z, W, and K points. Both majority
(spin-up) and minority (spin-down) spin channels were
investigated.

The calculated band structures reveal that the Fermi
level intersects only the minority-spin bands, while a
well-defined band gap exists in the majority-spin channel,

confirming the half-metallic nature of the 0,XF compounds.
In this context, two key quantities must be distinguished to
correctly characterize the electronic behavior: the
spin-resolved fundamental band gap (Eg) and the
half-metallic band gap (E(HM,). The conventional band gap,
Eg, corresponds to the energy difference between the
valence-band maximum (VBM) and the conduction-band
minimum (CBM) within the same spin channel. For all
compositions, this gap appears exclusively in the spin-up
channel, indicating that the majority-spin electrons exhibit
semiconducting behavior. In contrast, the minority-spin
channel remains metallic due to bands crossing the Fermi
level.

The half-metallic gap (EHM,) is defined as the smallest
energy separation between the CBM (of the gapped spin
channel) and the Fermi level, or between the Fermi level
and the VBM, depending on which is smaller. This quantity
determines the energetic stability of the half-metallic state:
larger E(HM, values indicate greater robustness against
thermal excitations, spin fluctuations, and structural
perturbations that could otherwise destroy full spin
polarization. The values listed in Table 5 show that 0,SrF
exhibits the largest Eg, while 0,CaF presents the highest
EHM,, indicating particularly robust half-metallic
behavior. Moreover, the TB-mB]J functional systematically
enhances both Eg and EHM, compared to GGA-PBE,
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reflecting its improved description of the exchange
potential and its ability to open more realistic band gaps,
particularly near the I point.

Overall, the presence of a finite Eg, exclusively in the
majority-spin channel, combined with a nonzero E(HM, and
metallic minority-spin states, provides unambiguous
evidence that the 0,XF compounds are true half-metallic
ferromagnets with strong spin polarization at the Fermi
energy.

The results reveal that in the minority-spin channel, the
energy bands cross the Fermi level, whereas in the
majority-spin channel, this level resides clearly within a
forbidden energy region (band gap). This behavior
demonstrates full spin polarization at the Fermi energy,
thereby confirming the ferromagnetic half-metallic (HM)
nature of these materials. Owing to the strong similarity
among the calculated band structures, the following
discussion primarily focuses on the 0,BaF compound,
assuming the Hg,CuTi-type crystal structure.

For O,BaF, the minority-spin channel comprises six
bands extending from -1.08 eV to 1.18 eV. In contrast, the
majority-spin channel contains six bands located between
-3.74 eV and -0.89 eV, which are mainly derived from the
oxygen p orbitals. Additionally, three distinct bands
appearing in the energy range -9.5 eV to -8.7 eV, present in
both spin channels, originate from the fluorine p states.
Finally, three deeper bands, localized between -17 eV and
-16 eV, can be attributed to the barium p orbitals.

The key parameters characterizing half-metallic
materials are the fundamental band gap (Eg,), associated
with either the majority- or minority-spin channel, and the
half-metallic gap (E(HM,). The conventional band gap, E g,
is defined as the energy difference between the
valence-band maximum (VBM) and the conduction-band
minimum (CBM) within a given spin channel. In contrast,
EHM, represents the minimum energy separation between
the CBM or VBM and the Fermi level, depending on which
is closer. Our calculations indicate that the band gap opens
exclusively in the spin-up (majority) channel, thereby
confirming the presence of a majority-spin band gap.

Table 5 summarizes the calculated E g and E(HM, values
for the O,XF series. 0,SrF exhibits the largest E g, indicating
greater resistance to external perturbations, such as
temperature or pressure variations. In contrast, 0,CaF
displays the highest EHM,, implying an exceptionally
robust half-metallic character. The significant E(HM, values
obtained using both GGA-PBE and mBJ]-GGA approaches
highlight the intrinsic stability of the half-metallic state
against external disturbances. Furthermore, the TB-mB]
functional efficiently opens the band gap at the I' point,
resulting in a more accurate representation of the
electronic structure.

To further elucidate the electronic characteristics of the
0,XF compounds, we analyzed the total and partial density
of states (DOS) for the Hg,CuTi-type configuration.
Figures 6-8 display the DOS distributions for O,BaF, 0,CaF,
and O,SrF, respectively, clearly revealing the
orbital-resolved contributions to the electronic structure.
The presence of minority-spin states at the Fermi level,
together with a distinct band gap in the majority-spin
channel, provides additional confirmation of the
half-metallic nature of these alloys. In the majority-spin

channel, electronic states in the energy window -3.64 eV to
-0.98 eV are dominated by oxygen and fluorine p orbitals.
Similarly, in the minority-spin channel, states ranging from
-2.47 eV to 0.98 eV originate primarily from the same
atomic orbitals.

The formation of the majority-spin band gap can be
attributed to two fundamental mechanisms. First, the weak
hybridization and limited orbital overlap among the O, X
(Ca, Sr, Ba), and F atoms near the Fermi level facilitate the
opening of the gap. Second, the exchange-splitting effect
separates the spin-up and spin-down states, shifting the
majority-spin states to lower energies below the Fermi
level while pushing the minority-spin states upward. As a
result, the Fermi level intersects only the minority-spin
bands, producing a stable and well-defined half-metallic
state.

In summary, the DOS analysis fully supports the
conclusions drawn from the band-structure calculations,
unequivocally demonstrating a spin-polarized electronic
configuration. These findings confirm that the O,XF
compounds are stable

Co,-based full Heuslers (e.g., Co,MnSi, Co,FeSi) are
prototypical half-metals with large Curie temperatures and
magnetic moments that often closely follow Slater-Pauling,
they remain metallic in one spin channel with a minority
(or majority, by convention) gap that can be affected by
disorder and pressure. These materials illustrate how
robust exchange splitting and favorable hybridization lead
to large Tc and stable half-metallicity a useful contrast for
0.XF, which gains its gap through weaker p-d (O/X/F)
hybridization and exchange splitting rather than strong d-
d bonding.

3.4.Magnetic Properties

For the O0,XF compounds, where (X = Ca, Sr, Ba), the
calculated total magnetic moment at the equilibrium lattice
spacing consistently registers as 3.00 puB per unit cell,
regardless of whether the GGA-PBE or mBJ-GGA methods
are employed. This value strongly indicates a
ferromagnetic ground state, a conclusion supported by the
fact that the moment is an exact integer. The specifics of
these total magnetic moments, broken down into
contributions from individual atoms alongside any
moments found in the interstices of the unit cell, are
detailed in Table 5.

The bulk of the magnetic moment originates with the
oxygen and fluorine atoms, mainly due to the significant
exchange splitting observed between the spin-up and spin-
down electronic states of oxygen. Within certain chemical
structures, the localized magnetic moments associated
with sp atoms orient oppositely to those of O and F, leading
to a ferrimagnetic contribution.

For alloys possessing the full-Heusler structure, the
overall spin magnetic moment adheres to the extended
Slater-Pauling relationship. More precisely, the cumulative
magnetic moment per equivalent unit (Mtot) is connected
to the overall count of valence electrons (Ztot) according to
the formula:

Mot = Ztor — 24 (8)

The calculated total magnetic moment satisfies the rule
of the Slater-Pauling behavior in the full-Heusler alloys. In
this rule, Mtot is related to total valence electrons (Ztt) of
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alloys. In order to obtain Slater-Pauling equations for HM
0,XF (X = Ca, Sr, Ba) compounds, the band structures of
these alloys should be considered. The majority spin bands
are occupied with 12 electrons (8 spin p and 4 spin s of the
two atoms of O) Thus, the number of occupied minority
states (N!) is calculated as:

NU = Zior- NT= Zior -12 9)

where NT is the number of occupied majority (spin-up)
states. Therefore, Mtot is calculated as:

S Majority Spins
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Miot = (N! - NT) uB =(2NT-Ztot) uB =(24-Ztot) uB (10)

0.XF (X = Ca, Sr, Ba) compounds have 21 valence
electrons (Zwt=21, 12 from the two O atoms, 2 from (Ca, Sr,
Ba) and 7 from F), according to equation (10) Mt obtained
equal to 3 uB for the O, XF which are in a good agreement
with the results of Table 5, as expected, all HM
ferromagnets investigated exhibit an integer magnetic
moment.
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Fig. 3. Comparison of GGA-PBE and mBJ-GGA-PBE spin-polarized band structures (a) spin up, and (b) spin down of Oz2BaF, calculated at the equilibrium
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equilibrium lattice constant. The horizontal dashed line indicates the Fermi level.

Table 5. The magnetic moments, both total, partial, and interstitial, calculated per formula unit for the 02XF compounds where X represents Ca, Sr

and Ba, along with their half-metallic gaps (HM) in eV and energy gaps (Eg) in eV, as determined by the GGA-PBE and mBJ-GGA-PBE methods.

Methods Hinters Ho HF px (X=Ba, Htot HM Eg Band gap

(uB) (mB) (uB) Ca, ;;) (nB) gap(eV)  (eV)

0:BaF GGA-PBE 041 138 0.14 g.lm 3.00 0.96 8.57 direct (I'-T)
mBJ-GGA-PBE 004 169  0.11 0.01 3.00 2.33 10.56

02CaF GGA-PBE 037 144 0.8 0.00 3.00 1.00 8.05 direct (I-T)
mBJ-GGA-PBE -0.07 1.77 0.15 -0.01 3.00 2.60 10.08

02SrF GGA-PBE 0.39 141 0.16 0.00 3.00 0.93 8.96 direct (I'-T)
mBJ-GGA-PBE -0.07 1.74 0.13 -0.00 3.00 2.43 11.24
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3.5.Optical Properties

The equilibrium lattice parameters, which are derived
theoretically, serve as the basis for investigating the
entirety of optical properties. The complete set of optical
features can be thoroughly analyzed by means of the
dielectric function, ¢ (®).

3.5.1.  Dielectric function (The real and imaginary part)

The real component of the dielectric constant reveals
how much a material polarizes, conversely, its imaginary
part signifies the energy dissipated within the dielectric
system [59]. Determining the loss tangent involves
calculating the quotient of the imaginary part by the real
part, which serves as an indicator of the energy absorbed
by the material. The entire dielectric function, which varies
with frequency, denoted as g(w), is structured as follows:

& (w)=e1(w)+i e2(w). Here, €1 (w) denotes the real term, and
€2(w) represents the imaginary term.

The computed real &;(w) and imaginary &,(w) parts of
the dielectric function for 0,XF structures, derived via the
GGA-PBE functional, are depicted across figures 9 through
11, covering photon energies extending to 30eV.
Specifically, the g;(w) term governs the extent of wave
damping and energy loss, while the &;(w) corresponds to
the materials' capacity for polarization and the storage of
energy.

When the photon energy approaches zero, the static
dielectric constants, denoted as €,(0), are calculated to be
7.57, 6.95, and 6.63 for 0O,BaF, O,SrF, and O0,CaF,
respectively. This variation indicates that O,BaF possesses
a higher dielectric polarizability, which reflects a stronger

interaction between the electromagnetic field and the
electronic structure compared with the other two
compounds.

According to the Penn model, materials with larger
static dielectric constants are generally expected to exhibit
narrower electronic band gaps, while smaller &, (0) values
correspond to wider band gaps. The present results follow
this inverse relationship, demonstrating that the calculated
dielectric responses are fully consistent with the
corresponding electronic energy gaps obtained from
band-structure calculations.

An optical energy gap is clearly observed in the
imaginary part of the dielectric function, €;(w), for the
majority-spin  (spin-up) channel, confirming its
semiconducting behavior. In contrast, the minority-spin
(spin-down) channel exhibits a pronounced onset at low
photon energies, which is characteristic of metallic
behavior arising from allowed interband transitions across
the Fermi level.

These optical features are in excellent agreement with
the  previously  discussed  band-structure  and
density-of-states (DOS) results, thereby unambiguously
confirming the half-metallic nature of the O,XF (X = Ca, Sr,
Ba) compounds.

3.5.2.  The optical parameters n (w) and k (w)are often
discussed together

The index of refraction, denoted as n (w), represents a
crucial optical characteristic for investigating the
prospective uses of a substance in the realm of optical and
photonic apparatus [58]. This refractive index is
mathematically expressed as:
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The calculated refractive indices for 0,BaF, O,SrF, and
0,CaF are presented in Figures 9-11(c), exhibiting
behaviors analogous to the real component of the dielectric
function, €1(w). The refractive indices observed at zero
frequency (static values) are recorded as n(0)=1.32 for
0,BaF, n(0)=1.31 for 0,SrF, and n(0)=1.32 for O,CaF. As
photon energy escalates, these indices reach maximum
values: 1.85 for O,BaF at an energy of 9.56 eV, 1.82 for
0,SrF at 9.83 eV, and 1.82 for O,CaF at 8.66 eV. Refractive
indices exceeding unity signal a reduction in the speed of
photon propagation, directly resulting from their
engagement with the electronic structure within the
substance.

The refractive index is instrumental in understanding
light bending, a property vital for applications in
photoelectric and photonic hardware. An elevation in n(w)
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signifies a greater temporal lag for photons, stemming from
a more intense interplay with the material's electron
density.

As illustrated in Figures 9-11(d), the extinction
coefficient, denoted as k(w), mirrors the pattern of the
imaginary component of the dielectric function, &2(w),
thereby quantifying the material's propensity for optical
absorption. Greater magnitudes of k(w) correlate with
increased absorption and subsequent fluorescence. For the
0, XF series, the maximal k(w) values are found near 18.08
eV (0,BaF), 24.38 eV (0,SrF), and 27.74 eV (0,CaF), with
noticeable abrupt increases in absorption (absorption
edges) occurring around 13.24 eV, 11.50 eV, and 9.80 eV,
respectively. O,BaF displays the most pronounced peak,
suggesting a stronger capacity for absorbing ultraviolet
radiation and possibly yielding greater fluorescence in that
specific spectral window. Conversely, across the low-
energy spectrum encompassing the infrared and visible
lightranges, k(w) approaches zero for all three compounds,
indicating they are transparent in these spectral bands.
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4. Conclusions

This study has enhanced our understanding of the
structural, mechanical, electronic, magnetic, and optical
properties of the full-Heusler 0,XF (X Ca, Sr, Ba)
compounds. Using the full-potential linearized augmented
plane wave (FPLAPW) method implemented in the
WIEN2k code, we determined the most stable structure
and evaluated the key structural parameters, including the
lattice constant, bulk modulus, and its pressure derivative.
The calculated elastic constants satisfy the cubic stability
criteria of the Hg,CuTi-type structure, confirming the

mechanical
compounds.

Electronic properties were examined through density of
states (DOS) and band structure analyses using both the
GGA-PBE and mB]J-GGA-PBE approaches. In all cases, the
majority-spin (spin-up) channel exhibits an energy gap
near the Fermi level, while the minority-spin (spin-down)
channel remains metallic, indicating a robust half-metallic
character with 100% spin polarization. The total magnetic
moment of 3 pB per formula unit aligns well with the
Slater-Pauling rule M;,; = (24 — Z;o¢) UUp-

stability and ductile nature of these
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The optical properties were examined over the
photon-energy range of 0-30 eV. The dominant peak in the
imaginary part of the dielectric function for the
majority-spin channel originates from interband electronic
transitions between the valence and conduction bands.
These results, combined with the half-metallic electronic
structure and mechanical robustness, indicate that the
0,XF compounds are promising candidates for spintronic
and high-performance electronic applications, further
supported by their favorable optical response.

As no prior theoretical or experimental reports are
available for these materials, the present study constitutes
the first comprehensive theoretical prediction of the
structural, elastic, electronic, magnetic, and optical
properties of the O,XF series. Accordingly, this work
provides a solid foundation for future experimental
validation and may stimulate further research toward
technological development and practical applications
based on these full-Heusler compounds.
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