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Abstract The spin–orbit coupling effect and the modified Becke-Johnson potential have been employed to calculate the ground-
state response of quaternary Heusler CoFeTiZ (Z � Ge, Sb) alloys. For this purpose, we use the full-potential linearized augmented
plane wave method along with the spin-polarized calculations implemented in WIEN2k simulation code. The optimization curves
and the negative formation energies of both alloys confirm their stable structures. The mechanical stability is achieved through the
calculation of the elastic parameters. A metallic nature is observed in the spin-up states. The spin-dn states show a semiconductor
behavior with energy gap values of 0.842 and 0.949 eV for CoFeTiGe and 0.772 and 0.809 eV for CoFeTiSb with mBJ and mBJ +
SOC, respectively. The contribution of Co and Fe atoms is dominant to the overall magnetic behavior of alloys. The optical response
is evaluated through several optical parameters. The maximum absorption is observed in the visible region for both alloys. The
calculated properties reveal the potential of studied alloys for spintronic and optoelectronic applications.

1 Introduction

The coexistence of electronic charge and spin makes the spintronic devices more special than regular electronic devices [1].
Half-metallic ferromagnetic (HMF) compounds have 100% spin-polarization (SP) with the electron states present at the Fermi
level. Heusler alloys are particularly remarkable among HMFs because of their high spin-polarization (SP) and tunable electronic
structure [2, 3]. Heusler alloys are important because of their novel functions and significant prospective uses in spintronics [4–6].
Spintronics is a fast-growing field concerned with the transportation of the spin-polarized electrons [7]. Electrons travel quicker
in totally spin-polarized materials than in typical semiconducting materials and nonpolar compounds. The strongly spin-polarized
charge carriers in HM materials make them a feasible candidate for spintronic devices [8]. Spintronic-based devices have large data
storage capacity, faster data processing and a faster data transmission rate [9–11]. Recently, Heusler alloys have been extensively
studied theoretically and experimentally [12–17]. A novel class of Heusler alloys, notably the equiatomic quaternary Heusler alloys
(EQHA), shows a lot of interest due to their distinctive and exciting properties, such as high spin-polarization and spin gapless
semiconductor (SGS) [18–21]. Several researchers have recently become interested in Heusler alloys, particularly the equiatomic
quaternary Heusler. The characteristics of CoMnCrSb have been theoretically described in the literature by Saadi Berri et. al.
[22]. Several other equiatomic quaternary Heusler alloys (EQHAs), like CoFeScZ (Z � Sb, P, As) [4], CoMnTiZ (Z � Sb, P, As,)
[23–26] CoRhMnZ(Z � Al, Ga, Ge, Si) [27] and CoFeMnZ(Z � As, Si, Sb) [23], have been intensively discussed in the literature.
Recently, quaternary half-metallic Heusler alloys CoFeTiSn and CoFeTiGa1-xSbx have been investigated deeply to understand their
electromagnetic properties [28, 29]. The structural formula for full-Heusler alloys is X2YZ having L21 structure and half Heusler
alloy is XYZ having C1b structure, where X and Y are transition metals and Z is a main-group element. One more class is the
quaternary Heusler alloys (QHAs) with the formula XX′YZ. Certain theoretical studies, particularly in Co-based alloys with the
L21 structure predicted the HM behavior in Heusler compounds [30–36]. The fascinating properties of Heusler alloys have attracted
researchers, and they have studied a large number of QHAs as presented in the literature. These alloys motivated and inspired the
research community due to their demand in industry and the digital world to explore new potential quaternary Heusler alloys. We
have studied the new quaternary Heusler alloys CoFeTiGe, and CoFeTiSb in the present research work. The previous work done
on these alloys not only underestimated the bandgap values but also did not include the spin–orbit coupling effect, which is an
important parameter in determining the accurate properties of magnetic materials. Various properties such as structural, elastic,
electromagnetic and optical properties are investigated using different potentials implemented via WIEN2k code.

a e-mail: junaid_ij2000@yahoo.com (corresponding author)

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-022-03454-4&domain=pdf
http://orcid.org/0000-0002-8347-2622
mailto:junaid_ij2000@yahoo.com


 1243 Page 2 of 14 Eur. Phys. J. Plus        (2022) 137:1243 

2 Computational methodology

The first principle method, along with the spin-polarized calculations, is used to determine the physical properties of CoFeTiZ (Z �
Ge, Sb) alloys. The density-functional theory-based calculations are performed using the full-potential linearized augmented plane
wave (FP-LAPW) approach implemented in the WIEN2k computational code [37]. The electrical structure of the compounds can
be calculated using the well-known Kohn–Sham (KS) equations.(

−1

2
∇2 + υK−S

eff,σ (r)
)

ψi,σ (r) �∈i,σ ψi,σ (r) (1)

where νK−S
eff,σ � Vext+VH+Vxc,σ is the Kohn–Sham’s external potential, and it is the sum of external, Hartree, and exchange–correlation

(xc) terms. ψi,σ is the one-electron wave function [38]. The mBJ scheme is applied to investigate the electronic properties, anticipating
good results for band structure in semiconductors, particularly for half-metallic (HFs) ferromagnetism [39]. The modified Becke
Johnson expresses as [40].
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where νmBJ
x (r) represents the Becke–Roussel (BR) potential, c is the system-dependent parameter linked with BJ potential and its

equal to unity which can be found by the following empirical relation.
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Vcell is the unit cell volume. The α and β are used to fit the bandgap.
The spin–orbit coupling (SOC) effect must be significant in the materials containing heavy metals. We have included the SOC

in our computation using the second variational technique [41], and the Hamiltonian can be expressed with the following relation:

H � − �

2m
∇2 + Veff + HSO (4)

HSO is known spin–orbit coupling defined as:

HSO � 1
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0 0

)
(5)

�σ Pauli spin matrix.
During the calculations, the spherical harmonics expansion is limited to lmax � 10, and the plane waves are set up to RMTKmax � 7.

The reduced muffin-tin radii (RMT) (a.u) of the individual atoms are Co � 2.3, Fe � 2.3, Ti � 2.19, and Ge � 2.19 for CoFeTiGe
and Co � 2.29, Fe � 2.35, Ti � 2.35 and Sb � 2.35 for CoFeTiSb. For the upper limit expansion of the potential and charge,
Gmax � 24 a u−1 is chosen. The energy cutoff −9.0 Ryd separates the valence and core states. A number of K-points 1300 are used
to get the results with great accuracy in the first Brillouin zone. The energy convergence is improved to 10−4 [Ry] by involving the
iteration procedure.

3 Results and discussion

3.1 Structural stability

The quaternary Heusler alloys (QHAs), having general formula XX′YZ with the space group F43m, are investigated. The unit
cell consists of four formula units occupying four Wyckoff positions: 4a (0; 0; 0), 4b (0.25; 0.25; 0.25), 4c (0.5; 0.5; 0.5) and 4d
(0.75; 0.75; 0.75). First, we optimize the crystal structures to find the ground-state lattice parameters. Structure optimization graphs
of both alloys are shown in Fig. 1.

The structures are optimized in both non-magnetic (NM) and ferromagnetic (FM) states to check the most stable state. The lowest
ground-state energy is achieved in the FM state, making it more stable than the NM state, and depicted from the optimization curves.
Birch–Murnaghan equation of state (EOS) [42] is utilized to calculate the lattice constants which represented as:
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Here E0 is the minimum ground-state energy achieved during the optimization, unit cell volume is V and equilibrium volume is V0.
B0 is the Bulk modulus and its derivative is presented with B ′. The stability of the studied alloys is further confirmed with the
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Fig. 1 Crystal structure and optimization curve in a CoFeTiGe and b CoFeTiSb for both QHAs, respectively

Table 1 Calculated lattice parameters of CoFeTiZ (Z � Ge, Sb) alloys

Lattice parameters a
(
A0

)
Bulk modulus B (GPa) B′

Vo E0(Ry) Formation energy

Our work Other work Our work Other work Our work Our work Our work Our work

CoFeTiGe 5.81 5.8 207.31 11.98 331.32 − 11,238.4886 − 1.69 eV/atom

CoFeTiSb 6.08 – 195.15 – 5.98 379.99 − 20,007.5210 − 1.55 eV/atom

formation energy. Formation energy is basically the difference in energy between the bulk material and its individual elements. It
can be found by using the following relation:

EF � E(CoFeTiZ (Z�Ge,Sb)) − E(Co) − E(Fe) − E(Ti) − E(Z) (7)

Here, E(CoFeTiZ (Z=Ge, Sb)) is the total energy of the alloys and the subsequent terms show the individual energies of each atom.
The negative values of formation energy are achieved for both alloys, which means that the cubic phases of the alloys can be easily
synthesized. The elastic parameters are presented in Table 1.
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Table 2 Calculated mechanical
parameters of CoFeTiZ (Z � Ge,
Sb) alloys

Alloys C11 C12 C44 G B Y B/G υ A

CoFeTiGe 320.89 170.98 73.31 88.27 208.27 203.23 2.78 0.35 0.8

Other work 328.45 138.62 71.10 74.05 201.89 197.81 2.72 0.34 0.8

CoFeTiSb 290.73 162.81 73.39 82.88 197.54 191.89 4.09 0.38 1.0

Other work – – – – – – – – –

4 Elastic properties

Elastic properties are investigated to check the mechanical stability of the alloys. The ability of a material to retain its original
shape after removing the stress is called elasticity. The elastic parameters of solids are related to technological applications, such
as thermoelastic stress, load deflection, sound velocities, fracture toughness on elastic qualities and internal strain [43]. These
properties can provide critical information on the forces acting on solids and materials’ phase stability and stiffness. There are three
independent elastic constants C11, C12 and C44 for the cubic symmetry. These elastic constants provide information related to the
stability and stiffness of the materials. C11 identifies the longitudinal deformation while C12 measures the compound’s transverse
expansion, and C44 identifies the shape elasticity. Mechanical parameters such as anisotropy ratio (A), Young’s modulus (Y ), bulk
modulus (B), shear modulus (G) and elastic constants C11, C22, and C44 are calculated. These parameters are presented in Table 2.

The shear modulus (G) of a compound can be used to figure out its hardness more accurately. G and B provide information about
the resistance to plastic deformation and resistance to fracture, respectively. The results of G and B illustrate the compressibility and
stiffness of materials as given by the following relations [44].

B � C11C12

3
(8)

G � GV + GR

2
(9)

CV � C11 − C12 + 3C44

5
(10)

GR � 5C44(C11 − C12)

4C44 + 3(C11 − C12)
(11)

where GR and GV express the Reuss shear modulus and Voigt.
Pugh’s ratio (B/G) is the most helpful criterion for predicting material nature. The calculated Pugh’s ratio falls in criteria [34];

according to this, if B
G > 1.75, the material nature becomes ductile; other than, the material behaves brittle. It is clear from the results

in Table 4 that B
G > 1.75, which indicates that both alloys have ductile characteristics. Poisson’s ratio (ν) is another elastic parameter

that measures compressibility.

υ � 3B − 2G

2(3B + G)
(12)

Most Heusler alloys have Poisson’s ratio in the range of 0.2–0.49. In our case, the values of ν for both studied alloys are suitable
for this range, as predicted in Table 2. It is clear from the table that the calculated Poisson’s ratio for both alloys are 0.32 and 0.38,
respectively, which shows that these alloys are stable against external deformation and less compressible. Furthermore, Poisson’s
ratio provides extra information about the bonding forces’ properties [45]. Anisotropy factor (A) is investigated by applying these
elastic parameters as,

A � 2C44

C11 − C12
(13)

Young’s modulus Y by,

Y � 9BG

3B + G
(14)

From the results, it is clear that the results satisfy the generalized stability criteria. This proved that the compound is mechanically
stable.

Spin-polarized contour plots of electron density along (110) planes are used to calculate the bonding nature of the atoms in the
alloys, as shown in Fig. 2.

Figure 2a shows the localized charge distribution between Co and Fe atoms in both spin-up and spin-dn states and hence confirms
the ionic bonding. A weak covalent bonding can be seen between Ti and Ge atoms. In the case of CoFeTiSb, Co and Fe show ionic
bonding, while Ti and Ge possess week covalent bonds in spin-up states. In spin-dn states, all atoms show weak covalent bonding.
The mixed nature of bonding (both ionic and covalent) is observed in both alloys. The change in the shape of Co and Fe (Spin-up)
from spherical to (Spin-dn) dumbbell for both alloys is due to the electronic transition from filled to partially filled d-bands.
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Fig. 2 Contour plots of electron
density along (110) plane of
a CoFeTiGe and b CoFeTiSb
alloys

5 Electronic properties

Electronic properties play a crucial role in reporting compounds’ half-metallic response and play a significant part in understanding
the material’s efficiency for spintronic/memory/smart devices in modern technology. The band structure, total and partial densities
of states are essential to elaborate the electronic nature of the compounds. The optimized lattice parameters are used to simulate the
spin-polarized band structures of the selected alloys CoFeTiZ (Z � Ge, Sb) in both majority (↑) and minority (↓) spin states with
mBJ and mBJ + SOC potentials and are presented in Fig. 3. The energy bands illustrate the achievable energy of an electron as a
wave vector function. As a result, reciprocal space is used to symbolize these bands. The minimum difference between the lowest
energy of the conduction bands of minority and majority spin states with respect to Fermi level (EF), and the absolute value of the
highest energy of the valence band of minority and majority spin states causes the half-metallic bandgap (EHM) [46, 47]. In terms
of high symmetry directions, Fig. 3 displays the band structure in the first Brillouin zone associated with the ground state [48, 49].
It is shown that the majority (↑) spin states possess a metallic character and minority (↓) spin states show a semiconducting nature
for both alloys with the respective potentials. In the case of CoFeTiGe, the maxima of the valence band lie at − 0.016 eV and the
minima of the conduction band at 0.826 eV resulting in an energy gap of 0.842 eV around the Fermi level for the minority (↓) spin
states with mBJ potential. An improvement in the bandgap, i.e., 0.949 eV is achieved with mBJ + SOC potential. For CoFeTiSb, the
obtained bandgap in the minority (↓) spin states is 0.772 eV with mBJ while introducing the SOC enhanced its value up to 0.809 eV.
The comparison of the calculated bandgap values with the available literature is given in Table 3. It can be seen that the computed
bandgap values in our work are higher and more accurate than the already studied values.

The existence of the bandgap conduces the full spin-polarization at the Fermi level and endorses the half-metallic nature of
both alloys. The materials with half-metallic characteristics are also called the spin-flip gap materials and the half-metallic nature
measures the mandatory energy to transfer spin-dn states (↓) electrons to the Fermi level of spin-up states (↑) electrons. Practically
those compounds have significant utility in modern applications.

The number of electronic states per unit energy is known as the density of states (DOS) and the Fermi level is used as a reference
point to describe the DOS. The density of states is an essential parameter to deeply understand the electronic properties of the
material. Figure 4 shows the total density of states (TDOS) as a function of energy. A half-metallic nature is observed for both alloys
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Fig. 3 Calculated band structure of CoFeTiGe (a, b) and CoFeTiSb (c, d) alloys with mBJ and mBJ + SOC potentials

Table 3 Calculated bandgap of
CoFeTiGe and CoFeTiSb with
mBJ and mBJ + SOC potential

Eg (ev)

Alloys Our work Other work

mBJ mBJ + SOC

CoFeTiGe 0.842 0.949 0.383[50], 0.424[51], 0.489[52], 0.07[53]

CoFeTiSb 0.772 0.809 0.53[54], 0.02[53], 0.13[55]

which is the confirmation of the band structure profile results. The detailed interpretation of the individual contribution of dissimilar
states of different atoms can be presented with the partial density of states (PDOS). Galanakis et al. [56] show the link between
hybridization and the origin of the energy gap. The origin of the minority bandgap (↓), including the orbital hybridization of both
alloys can be explained on the basis of classical molecular orbital approach. The orbital hybridization of d-states of Ti, Fe, and Co
atoms is only considered because the sp-bands are situated at deep energy and make a contribution to the top. The d-orbitals of Fe
and Co split into doubly degenerate eg

(
d2
z , dx2−y2

)
and triply degenerate t2g

(
dxy, dyz, dzx

)
orbitals. Double degenerate orbitals at

Co site can only couple with double degenerate orbitals at the other Co site or at the Fe site [56].
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Fig. 4 The calculated total spin-polarized density of state for CoFeTiZ (Z � Ge, Sb) compounds with mBJ and mBJ + SOC potentials

The extraction of the half-metallic characteristics of CoFeTiZ (Z � Ge, Sb) alloys can be done by introducing the conceivable
hybridization between the ingredient atoms schematically. The d−d hybridization in transition metals causes the bandgap generation
in the minority spin (↓) states and, as a result, the half-metallic character in the QHAs alloys.

To demonstrate the individual contribution of each element, the partial density of states (PDOS) is computed and presented in
Fig. 5. The t2g states show the main contribution in the valence band for spin-up and spin-dn states, while their contribution is
smaller in the conduction band with both potentials. A noticeable contribution of eg states is observed in the valence band for both
spin states with mBJ and mBJ + SOC potentials. The maximum contribution of eg states can be seen in the spin-dn states of the
conduction band with both potentials. The contribution of the other states is negligibly small, so they are not included in the figure.

The magnetic properties of the selected quaternary Heusler alloys are also investigated. The individual and total magnetic moment
of CoFeTiZ (Z � Ge, Sb) alloys are summarized in Table 4.

The calculated magnetic moment of Co and Fe is positive, which shows FM coupling among Co and Fe. The Ge and Sb have a
negative values, which is due to the induced magnetic polarization of these elements that is antiparallel with Co and Fe atoms.
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Fig. 5 Calculated spin-polarized partial density of states for CoFeTiZ (Z � Ge, Sb) with mBJ and mBJ + SOC potentials

6 Optical properties

The optical properties are significant for assessing the material’s behavior in the presence of incident electromagnetic waves [59].
The optical parameters are essential to find the efficient applications of the materials for optoelectronics and photovoltaic devices.
One of the most important parameters, i.e., optical conductivity, is associated with the dielectric constant. Optical conductivity is the
electrical conductivity due to the electric field. The optical term is not only associated with the visible region but also covers the entire
frequency range of the spectrum. The Drude model well explains the optical parameters [60]. The optical properties of CoFeTiZ
(Z � Ge, Sb) alloys are calculated to examine their optical response. The first thing is to understand the complex dielectric function
ε(ω) � ε1(ω) + ιε2(ω), where the imaginary component ε2(ω), is calculated using the following formula from the electronic band
structure [61].

ε2(ω) � V 2
e

m2ω2

∫
d3k
nm′

∣∣∣−→< kn
∣∣∣p

∣∣∣�kn′ >

∣∣∣2(�kn
)[

1 − f
((�kn′)]

E�kn − E�kn′ − �ω
)

(15)
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Table 4 Calculated total and
partial magnetic moments of
CoFeTiGe and CoFeTiSb alloys

Alloy Co Magnetic moment (μB)

Fe Ti Ge/Sb Interstitial Total

CoFeTiGe

mBJ 0.559 0.845 − 0.233 − 0.011 − 0.159 1.001

mBJ + SOC 0.697 0.775 − 0.243 − 0.020 − 0.210 0.998

Other work 0.55 [57] 0.69 [57] − 0.23 [57] − 0.01 [57] – 1.00 [57]

0.56 [51] 0.72 [51] − 0.32 [51] 0.04 [51] – 1.00 [51]

CoFeTiSb

mBJ 1.172 1.431 − 0.336 0.001 − 0.267 2.001

mBJ + SOC 1.211 1.313 − 0.278 0.005 − 0.252 1.998

Other work 1.02 [58] 1.38 [58] − 0.48 [58] 0.08 [58] – 2 [58]

Fig. 6 The real and imaginary a,
b of CoFeTiGe and real ε1(ω),
and imaginary c, d for CoFeTiSb
with different potentials mBJ and
mBJ + SOC

Here, the momentum operator is �p, the initial and final states are indicated with
∣∣∣�kn〉

and
∣∣∣�kn′

〉
, k, n, and n′ are the wave vector

and band index with corresponding energy of E�kn and E�kn′ , respectively. Also f
(�kn

)
and f

(�kn′
)

represent the Fermi Dirac

distribution of initial and final states. The term δ
(
E�kn − E�kn − �ω

)
stands for the Dirac function. Kramers–Kronig relations present

the possibility of arising the real part, which expresses as [62]:

ε1 � 1 +
2

π

∞∫
0

ε2
(
ω′)ω′dω′

ω
′2−ω′ (16)

The real part ε1(ω) helps to explain the dispersion of an electromagnetic wave while ε2(ω) describes the energy loss in the
medium. We also have calculated other significant optical parameters such as; reflectivity R(ω), refractive index n(ω), absorption
coefficient σ(ω), and energy loss L(ω).

Real and imaginary parts of ε(ω) for both alloys are shown in Fig. 6 with mBJ and mBJ + SOC potentials. The selected energy
range for both alloys is 0–14 eV. The ε1(ω) have frequency-dependent spectra. At static point ε1(0), the dielectric constant values
are 56.35 and 31.12 for CoFeTiGe and CoFeTiSb, respectively.
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Fig. 7 Refractive index a, b and
reflectivity c, d of CoFeTiZ (Z �
Ge, Sb) alloys with mBJ and mBJ
+ SOC potentials

The maximum peak is observed at 1.72 and 1.70 eV for CoFeTiGe with mBJ and mBJ + SOC potentials, respectively. For
CoFeTiSb, the first peak is observed at 0.44 eV with mBJ and 0.51 eV with mBJ + SOC while the maximum peak is seen at 1.56 eV
with mBJ and 1.61 eV with mBJ + SOC potentials. These peaks appear due to the interband transition from the top most valance
electrons to the bottom of the conduction band [63]. With further increase in energy, the peaks show a decreasing trend and reach the
negative values at 2.8 eV for CoFeTiGe and 2.7 eV for CoFeTiSb. The ε2(ω) explain the material’s internal structure and absorptive
nature. It is directly linked with the electronic band structure of the material. Figure 6b, d displays the imaginary part ε2(ω) in the
energy range of 0–14 eV. There are several peaks observed for CoFeTiGe alloy. The calculated peak values are 2.63 eV and 2.66 eV
with mBJ and mBJ + SOC potentials, respectively. In the case of CoFeTiSb, the peak values are observed at 1.94 eV and 1.99 eV
with mBJ and mBJ + SOC potentials, respectively. It can be seen that the peak values lie in the visible region for both alloys.

The calculated refractive index n (ω) of the selected alloys CoFeTiZ (Z � Ge, Sb) is illustrated in Fig. 7a, b. It is an important and
dimensionless quantity that determines the transmission of light through the optical medium. The refractive index (n(ω) � (ω) + ik
(ω)) explains the refraction phenomenon, which plays an essential role in digital electronic devices such as solar cells, detectors,
and photonic crystals. At static point, refractive index n(0) values are 7.53 and 7.51 for CoFeTiGe and 5.61 and 5.57 for CoFeTiSb
with mBJ and mBJ + SOC potentials. Beyond zero frequency (ω � 0), limit refractive index n(ω), increase and attain a maximum
value at 1.85 eV and 1.89 eV for CoFeTiGe with mBJ and mBJ + SOC. For CoFeTiSb, the maximum values are achieved at 1.60 eV
with mBJ and 1.65 eV with mBJ + SOC. The reflectivity of CoFeTiZ (Z � Ge, Sb) alloys as a function of photon energy is shown
in Fig. 7c, d. Reflectivity is the ability of a material which measure the reflected light when incident on it. It is the ratio of the
reflected wave energy at the surface to the incident wave energy at the surface [64]. At zero energy, reflectivity starts from 0.587 with
mBJ and 0.586 with mBJ + SOC for CoFeTiGe and 0.486 with mBJ and 0.484 with mBJ + SOC for CoFeTiSb. There are several
peaks observed in the visible and ultraviolet regions for both alloys. The evaluated optical conductivity profile for both alloys is
demonstrated in Fig. 8a, b. It is a significant optical parameter that is an extension of electrical transport to optical frequency and is
represented as:

σ(ω) � 2WCV�ω

�E2
0

(17)

where WCV is the transition probability per unit time [65]. The current density is generated when photons with absolute frequency
are incident on the material, and this process is explained with the help of optical conductivity. The maximum optical conductivity
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Fig. 8 The calculated optical
conductivity (a, b) and absorption
coefficient c, d for CoFeTiZ (Z �
Ge, Sb) with mBJ, and mBJ +
SOC potentials

Fig. 9 The calculated energy loss
function a, b of CoFeTiZ (Z �
Ge, Sb) with mBJ, mBJ + SOC
approximation

σ(ω) for the CoFeTiGe compound is 13165 at 2.66 eV with mBJ and 13,690 at 2.69 eV with mBJ + SOC potential. Furthermore,
for the second alloy CoFeTiSb, the maximum optical conductivity is 9776 at 2.2 eV and 10,357 at 2.2 eV with mBJ and mBJ +
SOC, respectively.

The ability of any material to absorb incident photons of specific energy (E � �ω) is directly related to its absorption coefficient
α(ω) [66]. The absorption coefficient α(ω) also delivers data related to the optimum solar energy transformation efficiency. It
provides evidence about the penetration of the specific energy light in the material before being absorbed. The absorption coefficient
is zero when the light frequency is equal to the bandgap as shown in Fig. 8c, d. From the graphs, it is observed that both alloys
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express similar behavior with very minor variations. The peak absorption values are observed at 2.45 eV with mBJ and 2.71 eV
with mBJ + SOC for CoFeTiGe. In the case of CoFeTiSb, the maximum values are observed at 2.19 eV with mBJ and 2.23 eV with
mBJ + SOC. The maximum absorption for both alloys occurred in the visible region, which shows their potential for optoelectronic
devices. Furthermore, these alloys can also be used to absorb visible solar light for energy storage purposes in electronic devices.

Figure 9 personifies the optical loss function for CoFeTiZ (Z � Ge, Sb) alloys. The optical energy loss factor L(ω) measures the
loss per unit area due to heating, plasma resonance, and scattering. It is a significant optical parameter that defines the utility of the
materials against fast-moving electrons. Several peaks are observed in the calculated plots of both alloys. The minimum loss is seen
in the visible region, which corresponds to the maximum absorption for both alloys.

7 Conclusion

We report the physical properties of quaternary Heusler alloys CoFeTiZ (Z � Ge, Sb) under the umbrella of density-functional
theory employed via WIEN2k code. Our calculation shows that both structures are more stable in their ferromagnetic phase. A
half-metallic nature is observed for both alloys, as depicted from the bandgap profile. The computed spin-polarized DOS illustrates
a good agreement with the electronic band structure of the materials. The electron density plots predict the mixed bonding nature
among the atoms in both alloys. The calculated total magnetic moments are 1.001 μβ and 0.998 μβ for CoFeTiGe and 2.001 μβ

and 1.998 μβ for CoFeTiSb with mBJ and mBJ + SOC potentials, respectively. We have also investigated the optical behavior of
the selected alloys by calculating the dielectric function, refractive index, optical conductivity, absorption, reflectivity and energy
loss function. Maximum absorption and minimum energy loss are observed in the visible region for both alloys. The overall effect
of SOC on the physical properties of both alloys is minimal because there is only a slight increase in the bandgap values with SOC.
All calculated characteristics show that the studied quaternary Heusler alloys are potential candidates for various key applications
such as energy storage and optoelectronics.

Data Availability Statement All data generated or analyzed during this study are included in this published article.
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