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udy on novel Fe-based quaternary
Heusler alloys, with robust half-metallic,
thermoelectric and optical properties†

Roshme Prakash and G. Kalpana *

This work aims are studying new and unique Fe-based quaternary Heusler alloys for data storage, energy

conversion and optoelectronics applications. The structural, magnetic, mechanical, electrical, thermal,

and optical properties of novel FeCrYZ (Y = Ti, Zr, & Hf and Z = Sn, and Sb) alloys have been

theoretically explored making use of density functional theory (DFT). Except for FeCrHfSb, all the alloys

are found to exhibit a stable ferromagnetic ground state during the energy minimization process, also

half metallic ferromagnetism exhibiting 100% spin-polarization at the Fermi level obeying Slater–Pauling

rule with total integer magnetic moments of 2.00mB and 1.00mB respectively. FeCrTiSn, FeCrTiSb and

FeCrZrSb alloys have mechanical and dynamical stability under ambient conditions. Boltzmann transport

theory was used to investigate the thermoelectric performance of the materials in the temperature range

of 100–900 K. The estimated dimensionless figure of merit (ZT) for FeCrTiSb is 1.76, FeCrZrSb is 0.61,

and FeCrHfSb is 0.86 at 900 K. Optical spectra reveal that absorption occurs across the visible and near

UV ranges of the region. Results show that the narrow bandgap, spin polarization and high ZT value of

FeCrTiSb make it a promising candidate for spintronic, thermoelectric and optoelectronic applications.
Introduction

Thermoelectricity (TE) is viewed as a promising energy conver-
sion technology with the potential to be among the most envi-
ronmentally friendly and sustainable remedies to the world's
growing energy crisis. Thermoelectric materials have the
potential to use waste heat to generate electricity, which could
be a useful alternative source of energy. They are employed in
a wide range of applications, including refrigeration, power
generation, and temperature measurement. The application
possibilities are limited because the performance of a TE
material is determined by the generally conicting necessity for
a material's physical properties: electrical conductivity should
be high while thermal conductivity should be low. The ther-
moelectric efficiency of a material is measured using a dimen-

sionless quantity called the gure of merit, ZT ¼ S2s
k

T : Where

S, s, k, and T, are the Seebeck coefficient, electrical conductivity,
electronic thermal conductivity, and temperature respectively.
These parameters (S, s, ke) are related to the electronic
component of thermal transport.

Heusler alloys, which were rst found in 1903, are commonly
utilized in electronic spin devices, such as magnetoresistive
ty, Chennai 600025, India. E-mail:

nauniv.edu

tion (ESI) available. See DOI:

the Royal Society of Chemistry
random access memory (MRAM),1 giant magnetoresistance
(GMR)2 andmagnetic sensors.3 Heusler alloys (HA) were gaining
attraction due to their extensive functional properties in elec-
tronics, spintronics, magnetism and thermoelectrics among
other elds. The half-metallic (HM) character of these materials
makes them particularly well-suited for use in magneto-
electronic devices. A metallic-type band structure can be found
in any of the two spin states of HM materials and a semi-
conducting-type band structure can be found in the other
spin state as can be found in many HA. Quaternary Heusler
Alloys (QHA) have attracted a lot of attention as a result of their
special physical characteristics, which include a higher Curie
temperature, strong magnetism, and a large energy gap.
However, there hasn't been much research done on Fe-based
QHA.

Many Heusler alloys have recently been discovered to offer
TE qualities comparable to traditional Bi2Te3 and PbTe-based
TE materials.4 Fe-based Heusler alloys have recently been
identied with thermoelectric and spintronic applications. The
computed total magnetic moment of FeRhCrZ (Z= Si and Ge) is
3.00mB per formula unit conrms that the alloys are half-
metallic ferromagnets and reported maximum ZT of 0.45 at
high temperature.5 p-Type FeTaSb and n-type FeMnTiSb show
high ZT values of 0.72 and 0.46 at 1100 K respectively.6 The total
spin magnetic moment of FeCr-based QHA is found to be 1.00
to 4.00mB per formula unit conrms that the alloys are half-
metallic ferromagnets in nature.7 In recent years, half
metallic, thermoelectric and optical properties in Heusler alloys
RSC Adv., 2023, 13, 10847–10860 | 10847
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Fig. 1 (a) The crystal structure of FeCrYZ (Y = Ti, Zr, & Hf, Z = Sn & Sb)
quaternary Heusler alloys. (b) Total energy vs. volume for FeCrTiSb
quaternary Heusler alloy.
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and perovskite have received a lot of attention from
researcher,8–11 XTiCl3 (X = Rb, Cs),12 FeCrMnSb,13 FeNbScZ (Z =

Al, Ga, Ge, Si),14 FeCrRuZ (Z = Al, Ga, In & Si),15 Fe2TaZ (Z = Al,
Ga & In),16 Fe2VAl,17 Fe2TiZ (Z = Ga, Ge, As, In, Sn & Sb),18 Fe2-
TiSi, Fe2TiGe and Fe2ZrSi,19 Fe2CrSb,20 Fe2TaZ (Z = Al, Ga, In),21

FeZrTiZ (Z= Si, Sn, Pb),22 FeCrRuSi,23 CoZrCrZ (Z= Al, Ga, In),24

Mn2MgGe,25 XRuCrZ (X = Co, Ni, Rh and Pd; Z = Si and Ge),26

XCaB (X = Li, Na, K and Rb),27 ZrTiRhZ (Z = Ge, Sn),28

CoFeVSb,29 YFeCrZ (Z= Al, Sb & Sn),30 CoFeXSn (X= Ru, Zr, Hf &
Ta),31 CoFeRGa (R = Ti, V, Cr, Mn, Cu and Nb),32 MNiSn33

Mn2ZrX (X = Ge, Si).34 Alloys have been discovered to be half-
metallic. Additionally, in recent years, experimental research
have examined the spintronics and thermoelectric application
of Heusler compounds.35–41 In this case, A. El-Khouly, et al.
synthesized FeV0.24Nb0.4Hf0.16Ti0.2Sb Heusler alloys by
employing arc melting followed by induction melting and
investigated the thermoelectric properties of these alloys.39

Their method led to, with low thermal conductivity and gure of
merit value of 0.44 at 725 K for FeV0.24Nb0.4Hf0.16Ti0.2Sb, suit-
able for thermoelectric applications. Deepika Rani et al. con-
ducted a comprehensive experimental and theoretical
investigation of the structural, electronic, magnetic, and
transport properties of the quaternary Heusler alloys
CoRuMnGe and CoRuVZ (Z = Al, Ga) for spintronic applica-
tions.36 The experimental magnetic moments of CoRuMnGe
and CoRuVGa are in close agreement with the theoretical values
this result predicted by the Slater–Pauling rule.

As a rst step, we examine and evaluate the detailed ground-
state parameters of FeCrYZ (Y = Ti, Zr & Hf, Z = Sn & Sb) alloys,
with a focus on electronic structure, mechanical, dynamical
stability, magnetic, thermoelectric and optical properties. The
remaining portion of this article are set up as follows: Compu-
tational details, Results and discussion and Conclusion.

Computational details

The present calculations for FeCrYZ (Y = Ti, Zr & Hf, Z = Sn &
Sb) alloys are performed using the full-potential linearized
augmented plane wave (FP-LAPW) technique within the density
functional theory as implemented in the Wien2k code. The
exchange–correlation potential was considered within the
generalized gradient approximation (GGA) of Perdew–Burke–
Ernzerhof (PBE)42,43 and modied Becke–Johnson (mBJ)44

potential. Oen, GGA undervalues the energy gap of semi-
conductors; therefore, the modied Becke–Johnson potential
(mBJ) was employed to obtain a more accurate energy gap. The
thermoelectric transport properties were determined utilizing
the semi-classical Boltzmann transport equation using the
BoltzTraP code. A plane wave cut-off of RMT. Kmax = 8.0 in the
interstitial range, with a maximum value of lmax = 10 is used.
Gmax = 12 was used to treat the Fourier expanded charge
density. In the irreducible wedge of the Brillouin zone 3000 k-
points are used for integration. During SCF calculations, the
energy and charge are set to converge be 0.0001 Ry and 0.0001e,
respectively. To compute the transport coefficients, a large k-
point mesh with 120 000 k-points were employed. To study the
dynamic stability of these alloys and the phonon dispersion
10848 | RSC Adv., 2023, 13, 10847–10860
spectra Quantum Espresso code is used, which is based on
pseudopotentials and operates within the PBE framework.
Results and discussion
Structural and mechanical properties

Quaternary Heusler alloys (QHA) are intermetallic alloys that
belong to the space group F�43m (no. 216) and have the stoi-
chiometric formula XX′YZ.45 The Fe and Cr atoms are located at
the Wyckoff sites 4a (3/4, 3/4, 3/4) and 4b (1/4, 1/4, 1/4), Ti/Zr/Hf
and Sn/Sb are situated on 4c (1/2, 1/2, 1/2) and 4d (0, 0, 0)
respectively. The atomic arrangements in QHA are depicted in
Fig. 1a. To evaluate the ground state properties, structural
phase stability, as well as magnetic state of FeCrYZ (Y = Ti, Zr &
Hf, Z = Sn & Sb) alloys, total energy is examined in a basis of
relative volume and t onto a Birch–Murnaghan equation of
state.46,47 To illustrate, the total energy curve relates to the
relative volume of FeCrTiSb in nonmagnetic (NM) and ferro-
magnetic states (FM) is depicted in Fig. 1b. Table 1 shows the
equilibrium lattice constants and DE, which is the difference in
energy between NM and FM (DE = ENM − EFM). It is indicated
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Equilibrium lattice constant a0, and DE (DE = ENM − EFM) the
total energy difference between NM and FM for the FeCrYZ (Y = Ti, Zr
& Hf, Z = Sn & Sb) alloys

Alloys Magnetic phase a0 (Å) DE (Ry)

FeCrTiSn NM 6.11 0.07
FM 6.17

FeCrZrSn NM 6.35 0.04
FM 6.38

FeCrHfSn NM 6.31 0.03
FM 6.34

FeCrTiSb NM 6.08 0.02
FM 6.12

FeCrZrSb NM 6.29 0.02
FM 6.32

FeCrHfSb NM 6.27 0.00
FM 6.29
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that the FM state is more stable when DE > 0, whereas the NM
state is more robust when DE = 0. From Table 1, almost all
alloys were stable in the FM state, except for the FeCrHfSb alloy
which is stable in the NM state.

The elastic constants of solids link a crystal's mechanical
and dynamic properties. Table 2 displays the computed C11, C12,
and C44 elastic constants, along with the bulk modulus B, shear
modulus G, Young's modulus E, B/G ratio, Cauchy pressure Cp,
Poisson's ratio n, and shear anisotropic factor A for FeCrYZ (Y =

Ti, Zr, & Hf, Z = Sn & Sb) at ambient conditions. The angular
behaviour of atomic bond formation in metals alloys can be
described by Cauchy pressure Cp = (C12 − C44). The negative
Cauchy's pressure denotes brittleness, whereas the positive
Cauchy's pressure denotes ductility. Table 2 shows that the
calculated positive value Cp indicates that FeCrTiSn, FeCrTiSb
and FeCrZrSb alloys are ductile by nature and the negative value
Cp indicates that FeCrZrSn, FeCrHfSn and FeCrHfSb alloys are
brittle in nature. The macroscopic mechanical properties of
FeCrYZ (Y = Ti, Zr & Hf, Z = Sn & Sb) alloys, such as B, G, E, B/G
ratio, and n were computed using the given equations. The bulk
modulus B of a material, which measures its resistance to
volume change, is

B ¼ 1

3
ðC11 þ 2C12Þ (1)

A material's stiffness and resistance to plastic deformation
can be determined using its shear modulus (G), which is given by
Table 2 The calculated elastic constants (GPa), bulk modulus B (GPa),
pressure Cp (GPa), Poisson's ratio n and shear anisotropic factor A for Fe

Alloys C11 C12 C44 B G

FeCrTiSn 244.344 135.533 120.438 171.581
FeCrZrSn 271.911 103.695 208.624 159.802 1
FeCrHfSn 411.154 73.155 198.619 186.672 1
FeCrTiSb 239.928 162.758 63.027 188.166
FeCrZrSb 239.360 140.347 95.575 173.181
FeCrHfSb 409.137 72.087 174.676 184.589 1

© 2023 The Author(s). Published by the Royal Society of Chemistry
G ¼ 1

5
ðC11 � C12 þ 3C44Þ (2)

Young's modulus (E), mechanical properties, measures both
stiffness or exibility of solid materials, and Poisson's ratio (n),
a mechanical parameter, is particularly helpful for dening the
malleability of materials (brittle or ductile) and denes the type
of atomic bond formation in the particles, with a critical value
of 0.26 (ref. 48) distinguishing between covalent and ionic
bonding.

E ¼ 9BG

ð3Bþ GÞ (3)

n ¼ 3B� 2G

2ð3Bþ GÞ (4)

Pugh's49 ratio, dened as B/G, is also used to explain the
ductility and brittleness of an alloy. The material is brittle if B/G
< 1.75 and Poisson's ratio (n) < 0.26; else, it is ductile. The
computed B/G ratio and Poisson's ratio (n) in Table 2 reveal that
FeCrTiSn, FeCrTiSb, and FeCrZrSb alloys are ductile, whereas
FeCrZrSn, FeCrHfSn and FeCrHfSb alloys indicate their brittle
nature. For the mechanical stability of cubic crystals, the
following are the basic and sufficient requirements for the
elastic constants.50

C11 > 0, C44 > 0, C11 − C12 > 0, C11 + 2C12 > 0 (5)

The FeCrTiSn, FeCrTiSb, and FeCrZrSb alloys are elastically
stable as indicated in Table 2 since predicted elastic constants
satisfy the aforementioned constraints.

Anisotropic materials are those whose physical properties
vary depending on their orientation. This is because the atomic
densities in the crystal directions differ. The shear anisotropy
factor calculates the degree of elastic anisotropy (A). The elastic
isotropic material is represented by the value (A = 1), whereas
the anisotropic properties are represented by (A s 1). The
anisotropy factor for a cubic structure is written as follows in
terms of elastic constants:

A ¼ 2C44

C11 � C12

(6)

Furthermore, we examine elastic anisotropy by computing
the directional dependent shear modulus and Poisson's ratio,
shear modulus G (GPa), Young's modulus E (GPa), B/G ratio, Cauchy
CrYZ (Y = Ti, Zr & Hf, Z = Sn & Sb) alloys at equilibrium conduction

E B/G Cp n A

94.025 238.509 1.83 15.095 0.269 2.214
58.82 357.891 1.00 −104.9 0.127 2.481
86.772 420.181 0.99 −125.5 0.125 1.176
53.251 145.981 3.54 99.731 0.371 1.634
77.148 201.519 2.25 44.772 0.307 1.931
72.216 394.089 1.08 −102.6 0.144 1.037

RSC Adv., 2023, 13, 10847–10860 | 10849
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Fig. 2 Directional dependence shear modulus for FeCrTiSb in (a) 3D and (b) 2D.

Fig. 3 Directional dependence Poisson's ratio for FeCrTiSb in (a) 3D and (b) 2D.
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and the elastic tensor analysis (ELATE) code visualises their 2D
projections and 3D surface constructions. For illustration,
elastic anisotropy for FeCrTiSb are shown in Fig. 2 and 3. Table
2 clearly shows that FeCrYZ (Y = Ti, Zr & Hf, Z = Sn & Sb) alloys
are classied as elastically anisotropic material.
Phonon dispersion

Using Quantum Espresso, phonon calculations are performed
in two stages to explore the dynamic stability. The density
functional perturbation theory (DFPT) is applied. First, the
crystal structure was optimised with Quantum Espresso (a
approach based on the plane-wave pseudopotential). The
Fig. 4 (a) Phonon dispersion curve and (b) total and partial density of st

10850 | RSC Adv., 2023, 13, 10847–10860
optimised results agreed well with the WIEN2K code. The
phonon calculations were carried out on a 2 × 2 × 2 mesh in
the phonon Brillouin zone. To the author's knowledge,
phonon dispersion curves of FeCrYZ (Y = Ti, Zr, & Hf, Z = Sn &
Sb) alloys have not yet been theoretically and experimentally
examined. Fig. 4a and b illustrate the phonon dispersion, total
and partial density of states (DOS) for FeCrTiSb. Positive
frequencies are observed in the phonon mode, indicating that
novel FeCrTiSn and FeCrTiSb are dynamically stable. There are
three acoustical and nine optical sections for FeCrTiSn and
FeCrTiSb the maximum acoustic phonon frequency are
136.57 cm−1 and 151.58 cm−1 respectively. A so transverse
ates (DOS) of FeCrTiSb.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electronic charge density of contour plots FeCrTiSb for a majority and minority spin in (110) plane.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 1
2:

23
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
acoustic mode has been discovered for FeCrZrSn, FeCrZrSb,
FeCrHfSn, and FeCrHfSb. In FeCrZrSn phonon becomes
imaginary in the X and L direction, X and K in FeCrZrSb, X in
FeCrHfSn, and X in FeCrHfSb alloy indicate that it is dynam-
ically unstable. The results for FeCrTiSn, FeCrZrSn, FeCrHfSn,
FeCrZrSb, and FeCrHfSb are shown in Fig. 1a–e, which can
nd in the ESI document.

Electronic charge density

The electronic charge density clearly depicts the type of chem-
ical bonding and is commonly utilized in charge distributions
Fig. 5 illustrates the charge density contours for both majority
and minority spins in the (110) plane to forecast the chemical
bond's nature in FeCrTiSb alloy. These contour planes show
that the charge distributions of Fe and Sb are spherically
symmetric, implying ionic bonding. The rest of the atoms have
a distorted spherical charge distribution, implying electron
sharing and the formation of covalent bonds. The charge
density gure indicates that the nature of bonding in FeCrYZ (Y
= Ti, Zr & Hf, Z = Sn & Sb) alloys are a combination of covalent
and ionic, as well as polar covalent bonding is maintained in
these crystal structures.

Electronic properties

The spin-polarized electronic band structure of quaternary
Heusler alloys FeCrYZ (Y = Ti, Zr, & Hf, Z = Sn & Sb) calculated
within generalized gradient approximation (GGA) with modi-
ed Becke–Johnson (mBJ) exchange–correlation potentials were
plotted in the Brillouin zone along selected high symmetry
lines. The band structure for FeCrTiSb in the ferromagnetic
state at its equilibrium volume is illustrated in Fig. 6, the
minority-spin bands cross the Fermi level and show metallic
nature. While the majority spin has an indirect energy band gap
near the Fermi level, resulting in an HM ferromagnetic alloy
with 100% spin-polarized conduction electrons. The mBJ
approach is used with GGA to provide a precise band structure
because the GGA approach undervalues the energy band gap.
For FeCrTiSn, FeCrZrSn, FeCrHfSn and FeCrZrSb alloys, the
overall prole of the band structure is the same. Whereas for
FeCrHfSb, there is no spin-polarization of energy levels around
the EF, indicating that it is non-magnetic. FeCrYZ (Y= Ti & Zr, Z
© 2023 The Author(s). Published by the Royal Society of Chemistry
= Sn & Sb) and FeCrHfSn alloys can be considered excellent
candidates for spintronics applications due to its wider spin-ip
band gaps and robust half-metallicity.

To further investigate the electronic structures of FeCrYZ (Y
= Ti, Zr, & Hf, Z = Sn & Sb) alloys, the total density of states
(TDOS), and partial density of states (PDOS) were estimated at
their respective equilibrium lattice parameters. Fig. 7 and 8
show the plotted TDOS and PDOS of FeCrTiSb computed using
the GGA and mBJ approximations. PDOS provides information
on the energy states that exist in each energy interval. The Cr-3d
states, Fe-3d states, Zr-4d states, and Hf-5d states made the
major contribution to the DOS near the Fermi level. The
signicance of 5p-like states of Sn or Sb is very small near the EF.
The spin polarization (P) at the Fermi level of FeCrYZ (Y = Ti &
Zr, Z = Sn & Sb) and FeCrHfSn alloys are examined using the
estimated TDOS using the equation:

P ¼ n[ðEFÞ � nYðEFÞ
n[ðEFÞ þ nYðEFÞ � 100% (7)

where n[ (EF) and nY (EF) denote the spin-dependent DOS
surrounding the Fermi level. FeCrYZ (Y = Ti & Zr, Z = Sn & Sb)
and FeCrHfSn alloys exhibit 100% P near the Fermi level,
implying half-metallic behaviour.
Origin of half metallic gap

The gaps in half-metallic materials are formed through charge
transfer, covalent bonding, or d–d hybridization. In Heusler
alloys (HA), d–d hybridization predominates and is consequently
responsible for the energy band gap. Hence, the presence of a gap
in FeCrYSn (Y = Ti, Zr & Hf), FeCrTiSb and FeCrZrSb can be
inferred by illustrating potential d–d hybridization, as depicted in
Fig. 9 for FeCrTiSb alloy. The main group Sb-5p states are most
electronegative of all components and require three electrons to
fulll its octet, which are contributed by 3d states of Fe and Ti
consequence, it contributes the least to band structure just at the
Fermi level, as demonstrated by the Sb-p state in PDOS. First,
we'll discuss Fe–Ti hybridization once s-electrons are removed, Ti-
d has three electrons and Fe-d has six electrons in transition
metals, the Jahn–Teller distortion eliminates the degeneracy of d-
orbitals to reduce energy. The d-states orbital is divided into
doubly degenerate states 2eg (dx2−y2, dz2) and triply degenerate
RSC Adv., 2023, 13, 10847–10860 | 10851
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Fig. 6 Electronic band structure of FeCrTiSb quaternary Heusler with GGA and mBJ in majority and minority spin.

Fig. 7 The total density of states (TDOS) of FeCrTiSb with GGA and mBJ.
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states 3t2g (dxy, dyz, dzx). This hybridization generates both
bonding (2eg and 3t2g) and anti-bonding (2eu and 3t1u) states.
Further hybridization happens when tetrahedral bonding d-
states of Fe–Ti interact with the d-states of Cr that have
10852 | RSC Adv., 2023, 13, 10847–10860
tetrahedral symmetry. Non-bonding 2eu and 3t1u states have no
interaction with Cr-d states because of different symmetry. The EF
is situated between the states of 2eu and 3t1u. In this study, the
properties of alloys are determined by strong d–d hybridization.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Partial density of states (PDOS) of FeCrTiSb with modified Becke–Johnson (mBJ).

Fig. 9 The d–d hybridizations between the majority spin of Cr, Fe, and
Ti transition metals of FeCrTiSb quaternary Heusler alloy is depicted
schematically.
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Several other studies have shown that the sp atoms have a drastic
impact on the electronic properties of HA. As a result, we may say
that HA parameters are acquired by p–d and d–d hybridizations.
Magnetic properties

The magnetic nature of a substance can be explained using the
total magnetic moment. Table 3 displays the total, individual,
interstitial magnetic moments, and band gap of FeCrYZ (X= Ti,
© 2023 The Author(s). Published by the Royal Society of Chemistry
Zr & Hf, Z = Sn & Sb) alloys using the GGA and mBJ potential.
FeCrYZ (Y= Ti & Zr, Z= Sn & Sb) and FeCrHfSn alloys satisfy the
Slater–Pauling formula MT = ZT − 24 and have excellent half-
metallic properties with total integer magnetic moments of
2.0mB and 1.0mB respectively. It is evident from Table 3 that Cr
atoms make a signicant contribution to the overall magnetic
moment. Interstitial has a value close to zero, this indicates that
there is very little charge leak into the alloys' interstitial regions.
Both GGA and mBJ exchange–correlation produce almost the
samemagnetic moments. The contributions of Ti/Zr/Hf and Sn/
Sb atoms to the magnetic moment are negligible in comparison
to Cr and Fe atoms. Indicated by their negative magnetic
moments, the Ti/Zr/Hf and Sn/Sb atoms' spin magnetic
moments are antiparallel to those of the Fe and Cr atoms.
Thermoelectric properties

For efficient TE materials, high values of S and s/s with low ke/s
are expected. When these values are optimal, the dimensionless
ZTmay be optimized. However, these parameters are connected
to each other. To gain insight into the TE performance of
quaternary Heusler alloys, we compute the S, s/s, ke/s, power
factor (PF), and ZT of FeCrYZ (Y= Ti, Zr, and Hf, Z = Sn and Sb)
alloys. Electronic transport properties are examined using
Boltzmann theory. Because the PBE function is known to
underestimate the gap between the bands, the thermoelectric
properties were estimated using the TB-mBJ function. The
transport characteristics are evaluated across a temperature
range of 100–900 K, and the results were shown in Table 4.

The Seebeck coefficient (S), commonly known as thermo-
power, quanties the material's ability to transform a tempera-
ture differential into voltage. The Seebeck coefficient (S) of
FeCrYZ (Y = Ti, Zr, and Hf, Z = Sn and Sb) alloys is depicted in
RSC Adv., 2023, 13, 10847–10860 | 10853
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Table 3 The calculated partial, interstitial, total magnetic moment, band gap and half metallic EHM gap for FeCrYZ (Y = Ti, Zr & Hf, Z = Sn & Sb)
alloys

Alloys Fe (mB) Cr (mB) Ti/Zr/Hf (mB) Sn/Sb (mB) Int. (mB) Total (mB) Eg (eV) EHM (eV)

FeCrTiSn GGA mBJ 0.51 1.85 −0.37 −0.03 0.03 1.99 1.25 0.05
0.51 1.81 −0.31 −0.02 0.01 2.00 1.42

FeCrZrSn GGA mBJ 0.33 1.67 −0.10 −0.02 0.11 1.99 0.26 0.41
0.33 1.70 −0.10 −0.02 0.09 2.00 0.88

FeCrHfSn GGA mBJ 0.39 1.60 −0.07 −0.0 1 0.09 2.00 0.48 0.04
0.39 1.60 −0.07 −0.01 0.09 2.00 0.62

FeCrTiSb GGA mBJ 0.49 0.73 −0.26 −0.00 −0.01 0.99 0.93 0.10
0.51 0.79 −0.30 −0.00 −0.00 1.00 1.16

FeCrZrSb GGA mBJ 0.33 0.67 −0.04 −0.00 0.04 1.00 0.30 0.69
0.35 0.80 −0.11 −0.01 0.03 1.00 0.92

Table 4 The calculated Seebeck coefficient S, electrical conductivity s/s, thermal conductivity ke/s, power factor S2s, and figure of merit ZT for
FeCrYZ (Y = Ti, Zr & Hf, Z = Sn & Sb) alloys

Alloys T (K) Type S (mV K)
s/s
1019 U−1 m−1 s−1

ke/s
(1014 W m−1 K−1 s−1)

S2s/s
(1011 W m−1 K−1) ZT

FeCrTiSn 300 p 14.2 3.19 0.42 6.61 0.47
900 n −1.78 11.41 9.65 0.03 0.01

FeCrZrSn 300 n −33.6 2.19 0.85 23.1 0.88
900 n −21.99 18.43 11.53 87.6 0.69

FeCrHfSn 300 n −42.3 0.21 0.19 0.42 0.61
900 n −21.75 10.49 11.19 50.9 0.39

FeCrTiSb 300 n −110.1 2.42 16.1 29.3 0.55
900 n −161.22 4.14 57.27 107.6 1.79

FeCrZrSb 300 n −49.6 7.89 52.9 18.4 0.11
900 n −92.01 7.78 103.91 65.81 0.61

FeCrHfSb 300 n −54.3 6.04 42.8 17.8 0.13
900 n −111.00 6.79 99.39 83.35 0.86
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Fig. 10(a) and 11(a) and the values are listed in Table 4. The
Seebeck coefficient is calculated using the electronic density of
states (DOS) obtained from the rst-principles calculation.
Seebeck coefficient for FeCrTiSn alloy reduces signicantly
around 600 K, and additional temperature increase caused
a sign shi from p-type to n-type. In mild temperatures of 900 K,
both p-type and n-type contributions cancel each other leading
to a low S as shown in Fig. 10(a). Whereas S of FeCrZrSn and
FeCrHfSn alloys show a maximum at 300 K given in Table 4, it
decreases as temperature increases. Thus, decreasing nature of
Seebeck coefficients, particularly in semiconducting materials,
is caused by an increase in carrier concentration, producing
more electron–hole pairs, causing more scattering effects,
leading to a decrease in the S. A negative S indicates that the
alloys are n-type, and the majority carriers are electrons.
Fig. 11(a) depicts Seebeck coefficients of FeCrYSb (Y = Ti, Zr &
Hf) alloys. At 300 K S increase with increasing temperature and
reach a maximum at 900 K given in Table 4. The highest values
of the S are according to the band degeneracy, in accordance
with which the effective mass directly relates to band degener-
ation ðm* ¼ NV

2=3m*
bÞ here NV and m*

b denote the effective mass
related to a single valley degeneracy that can increase. Likewise,
the effect of the S on the effective mass is illustrated by the Mott
relation shown below in eqn (8). As a result, the increase in S is
due to the decrease of carrier concentration.
10854 | RSC Adv., 2023, 13, 10847–10860
S ¼ 8p2kB
2

3eh2
m*T

�p

3n

�2=3

(8)

where m* represents the effective mass, n represents the carrier
concentrations, kB represents the Boltzmann's constant, e
represents the electronic charge, h represents Planck's constant,
and T represents the temperature.

The electrical conductivity (s/s) of FeCrYZ (Y= Ti, Zr, and Hf,
Z= Sn and Sb) alloys are depicted in Fig. 10(b) and 11(b) and the
values are given in Table 4. It shows that the electrical
conductivity rises as the temperature rises and peaks at 900 K
the high electrical conductivity is induced by the high density of
charge carriers, which is a common trend in semiconductor
materials. The electronic thermal conductivity (ke/s) of FeCrYZ
(Y= Ti, Zr, and Hf, Z= Sn and Sb) alloys are plotted in Fig. 10(c)
and 11(c) and values are given in Table 4. Wiedemann–Franz
law ke = LsT relates thermal conductivity with electrical
conductivity. Thus, it is logical to expect thermal conductivity to
behave similarly to electrical conductivity. High thermoelectric
efficiency suggests that k is dominated by electrons within
a band. Thermal conductivity rises as temperature rises and
reaches its peak at 900 K. The power factor (PF) of FeCrYZ (Y =

Ti, Zr, and Hf, Z = Sn and Sb) alloys are depicted in Fig. 10(d)
and 11(d) and values are given in Table 4. The S and s/s were
used to determine the PF of a material which measures
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Calculated (a) Seebeck coefficient S, (b) electrical conductivity s/s, (c) thermal conductivity ke/s, (d) power factor S2s as a function of
temperature for FeCrYSn (Y = Ti, Zr & Hf).

Fig. 11 Calculated (a) Seebeck coefficient S, (b) electrical conductivity s/s, (c) thermal conductivity ke/s, (d) power factor S2s as a function of
temperature for FeCrYSb (Y = Ti, Zr & Hf).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 10847–10860 | 10855
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Fig. 12 Calculated figure of merit ZT as a function of temperature for (a) FeCrYSn (Y = Ti, Zr & Hf) and (b) FeCrYSb (Y = Ti, Zr & Hf).
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a material's efficiency. The study reveals that the PF rises as
temperature rises, maximum at 900 K.

Only the electronic part of ke/s was included while evaluating
the ZT in this case. The ZT of FeCrYZ (Y = Ti, Zr, and Hf, Z = Sn
& Sb) alloys are depicted in Fig. 12(a) and (b). In Fig. 12(a)
among FeCrYSn (Y = Ti, Zr, and Hf) alloys, FeCrTiSn has the
lowest ZT value of 0.01. This is because FeCrTiSn has a lower
Seebeck coefficient than other alloys. Furthermore, the high
electrical conductivity of FeCrTiSn might result in a high elec-
tronic contribution to thermal conductivity, which substantially
reduces the value of ZT. The maximum ZT values are attained by
FeCrZrSn and FeCrHfSn at temperatures of about 100 K and
whereas for FeCrTiSn is around 300 K. Fig. 12(b) shows FeCr-
TiSb has a maximum ZT that is close to 1.79 at a higher
temperature of 900 K. Table 4 shows the ZT value at 900 K. As S,
s/s and ZT increase with temperature, FeCrTiSb alloys could be
employed in thermoelectric technology.
Optical properties

The optical properties of FeCrYZ (Y = Ti, Zr, & Hf, Z = Sn & Sb)
alloys were examined, using the FP-LAPW technique and
modied Becke–Johnson (mBJ). The analysis of optical prop-
erties focused on energy absorption or dissipation using the
Kramer–Kronig relation (3(u) denotes the dielectric function),
which is described as

3(u) = 31(u) + i32(u) (9)

where 31(u) is the real part of the dielectric function which
represents the dispersion relation of electromagnetic waves,
and i32(u) is the imaginary part of the dielectric function that
represents the difference between the wave functions of occu-
pied and unoccupied levels as calculated by the momentum
matrix element.

From the Drude model, intraband transitions contribute to
the infrared absorption by free electrons. As can be seen, the
real parts 31(u) and imaginary parts i32(u) for FeCrYZ (Y= Ti, Zr,
and Hf, Z = Sn & Sb) in which the highly free electron charge
carriers are found to be present in the materials indicates the
intraband transitions. Fig. 13(a) and 14(a) indicates the real part
10856 | RSC Adv., 2023, 13, 10847–10860
of 31(u), for FeCrYZ (Y = Ti, Zr, and Hf, Z = Sn & Sb) alloys with
respect to photon energy ranging from 0–14 eV. The real part of
FeCrTiSn shows that it has a high polarisation value of 42,
whereas FeCrZrSn has 26, FeCrTiSb has 24, FeCrZrSb has 4,
FeCrHfSb has 5. Furthermore, we see that real parts decline
with energy from 0 to 3 eV and nearly vanish at high energies.
Whereas the real part of the static dielectric function shis to
13.5 eV for FeCrHfSn alloy; this suggests a negative value of
31(u), in the energy band 0–0.3 eV demonstrating the loss of
light transit of FeCrHfSn alloy. We see that 31(u) in the 0.36 eV
for FeCrHfSn. Where 31(u)= 0 occurs, the alloy does not react to
incident light, owing to plasmon oscillations. Fig. 13(b) and
14(b) indicates the imaginary part of 32(u), for FeCrYZ (Y = Ti,
Zr, and Hf, Z = Sn & Sb) alloys with respect to photon energy
ranging from 0–14 eV. The majority of transit occurred in the
infrared region (energies less than 0.1 eV), implying that these
alloys are metals. In other words, the electrons are transferred
intraband due to the low energy content of incident photons.
However, at energy 0.1 eV, the 32(u) curves of all alloys rapidly
decrease, which again indicates plasmon oscillation.

Fig. 13(c) and 14(c) depicts absorption coefficient I(u) of
FeCrYZ (Y = Ti, Zr, and Hf, Z = Sn & Sb) alloys with respect to
photon energy ranging from 0 to 14 eV. As expected, because
these alloys are metals, absorption begins at extremely low
photon energies. In the visible range, the absorption curve
quickly ascends andmaxima at 2 eV. A signicant portion of the
light received in the infrared (IR) and visible spectrums signif-
icantly contributed to the electron transition. The conductivity
decreases dramatically in the IR range, yet the absorption
approaches saturated in the UV limit. Fig. 13(d) and 14(d) depict
reectivity R(u) of FeCrYZ (Y = Ti, Zr, & Hf, Z = Sn & Sb) alloys
with respect to photon energy ranging from 0 to 14 eV. The
reective coefficient of a material is calculated by the sum of
wave energy reected to wave energy incident at the material's
surface. All these alloys have a strong metallic character, with
a static reection index greater than 95%. However, during
plasmonic oscillation, this value drops to 40%. Notably, for all
graphs in the IR, visible, and UV ranges, FeCrTiSn and FeCrTiSb
respond more strongly to incident photons than FeCrYZ (Y = Zr
& Hf, Z = Sn & Sb).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Real 31(u), (b) imaginary 32(u), (c) absorption coefficient I(u), (d) reflectivity R(u), (e) energy loss function L(u), (f) refractive index n(u), (g)
extinction coefficient K(u), and (h) optical conductivity s(u) for FeCrYSn (Y = Ti, Zr & Hf) QHA.
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Fig. 13(e) and 14(e) depicts energy loss function L(u) of
FeCrYZ (Y = Ti, Zr, & Hf, Z = Sn & Sb) alloys with respect to
photon energy ranging from 0 to 14 eV. Excitations caused by
fast-moving electrons and optical spectra created by them are
dened by incident photon energy. The L(u) is caused by elec-
tron excitations, which happen when a fast electron passes
through a substance energy loss increases as incident photon
© 2023 The Author(s). Published by the Royal Society of Chemistry
energy increases. Most energy loss in the ultraviolet region,
around 13.5 eV.

Fig. 13(f) and 14(f) depicts refractive index n(u) of FeCrYZ (Y
= Ti, Zr, and Hf, Z = Sn & Sb) alloys with respect to photon
energy ranging from 0 to 14 eV. The refractive index is signi-
cant when trying to gure out how light interacts with matter. It
also gives information on phase velocity, which is dened by the
RSC Adv., 2023, 13, 10847–10860 | 10857
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Fig. 14 (a) Real 31(u), (b) imaginary 32(u), (c) absorption coefficient I(u), (d) reflectivity R(u), (e) energy loss function L(u), (f) refractive index n(u), (g)
extinction coefficient K(u), and (h) optical conductivity s(u) for FeCrYSb (Y = Ti, Zr & Hf) QHA.
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dielectric function's real portion. We see a decreasing rela-
tionship between n(u) and photon energy. Peak values at zero
energy are calculated to be 23.7, 27.5, 30.9, 29.4, 32.9, and 35.3
for FeCrTiSn, FeCrZrSn, FeCrHfSn, FeCrTiSb, FeCrTiSb,
FeCrZrSb, and FeCrHfSb respectively.
10858 | RSC Adv., 2023, 13, 10847–10860
Fig. 13(g) and 14(g) depicts extinction coefficient K(u) of
FeCrYZ (Y = Ti, Zr, and Hf, Z = Sn & Sb) alloys with respect to
photon energy ranging from 0 to 14 eV. Light absorption by
matter is measured by the extinction coefficient. The metallic
nature of the material shows that the maximum extinction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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coefficient occurs in the infrared and at the zero-energy range.
However, as the incident photon's energy increases, the quan-
tity of extinction coefficient rapidly decrease to the range of 1 eV
and then continues to decrease.

Fig. 13(h) and 14(h) depicts optical conductivity s(u) of FeCrYZ
(Y= Ti, Zr, & Hf, Z= Sn & Sb) alloys with respect to photon energy
ranging from 0 to 14 eV. FeCrYZ (Y= Ti, Zr, & Hf, Z= Sn & Sb) are
ideal for optoelectronic applications due to their high absorption
coefficients and outstanding visible-range optical conductivities.
The rst peak occurs in the infrared range, implying that they
could be employed as infrared detectors and sensors. The
following peaks are in the ultraviolet and above region, which
makes them suitable for UV device applications.

Conclusion

Full-potential linearized augmented plane wave (FP-LAPW)
approach in the DFT was used to explore the structural,
mechanical, electrical, magnetic, thermal, and optical proper-
ties of unique FeCrYZ (Y = Ti, Zr & Hf, Z = Sn & Sb) alloys that
were predicted theoretically. Except for FeCrHfSb, all of the
alloys are discovered to have stable HM ferromagnetic ground
states during the energy minimization process, to total
magnetic moments of 1.00mB, and 2.00mB respectively obeying
the Slater–Pauling law. Based on phonon dispersion curves
FeCrTiSn, FeCrTiSb and FeCrZrSb are stable. At 900 K, the
calculated ZT for FeCrTiSb is 1.76, FeCrZrSb is 0.61, and
FeCrHfSb is 0.86. Optical spectra reveal that absorption occurs
in the visible and near ultraviolet ranges of the spectra.
According to current research, a narrow band gap, spin polar-
isation, and high ZT values are all excellent candidates for
spintronics and thermoelectric applications. We believe that
our ndings, indicating the potential of novel FeCrTiSb alloy as
promising spintronics, thermoelectric, and optoelectronics
material, will motivate and promote experimenters to investi-
gate these materials.
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