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Ab initio investigations of the structure-stability,
mechanical, electronic, thermodynamic and optical
properties of TiFeAs Heusler alloy
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In this study, we employed density functional theory coupled with the full-potential linearized augmented
plane-wave method (FP-LAPW) to investigate the structural, electronic, and magnetic properties of the
TioFeAs alloy adopting the Hg,CuTi-type structure. Our findings demonstrate that all the examined
structures exhibit ferromagnetic (FM) behaviour. By conducting electronic band structure calculations,
we observed an energy gap of 0.739 eV for Ti FeAs in the spin-down state and metallic intersections at
the Fermi level in the spin-up state. These results suggest the half-metallic (HM) nature of Ti,FeAs, where
the Ti-d and Fe-d electronic states play a significant role near the Fermi level. Additionally, the obtained
total magnetic moments are consistent with the Slater—Pauling rule Moy = Ziot — 18), indicating 100%
spin polarization for these compounds. To explore their optical properties, we employed the dielectric
function to compute various optical parameters, including absorption spectra, energy-loss spectra,
refractive index, reflectivity, and conductivity. Furthermore, various thermodynamic parameters were
evaluated at different temperatures and pressures. The results obtained from the elastic parameters
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DOI: 10.1039/d3ra07249e reveal the anisotropic and ductile nature of the Ti,FeAs compound. These findings suggest that Ti FeAs
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1. Introduction

Spintronics, a rapidly growing field in electronics, utilizes the
intrinsic angular momentum or spin of electrons to process
information. The discovery of giant magnetoresistance (GMR)
in 1988 paved the way for significant advancements in nano-
magnetism and spintronics.’” In this field, materials known
as spintronic materials, such as ferromagnetic metals, magnetic

“Department of Physics, Applied Science Cluster, University of Petroleum and Energy
Studies, Bidholi via Premnagar, Dehradun, Uttrakhand 248007, India

*Department of Applied Science, Feroze Gandhi Institute of Engineering and
Technology, Raebareli, 229001, Uttar Pradesh, India

“Palestinian Ministry of Education and Higher Education, Nablus, Palestine
“Department of Material Science, Malawi University of Science and Technology, Limbe,
Malawi. E-mail: mailme_moyal23@gmail.com

“Department of Physics, College of Sciences, Umm Al-Qura University, Al Taif HWY,
Mecca 24381, Saudi Arabia

/College of Sciences and Arts in Mahayel Asir, Department of Physics, King Khalid
University, Abha, Saudi Arabia

¢Department of Physics, Govt. Motilal Vigyan Mahavidyalaya College, Bhopal, Madhya
Pradesh, India

"Department of Physics, School of Chemical Engineering & Physical Sciences, Lovely
Professional University, Delhi-Jalandhar Highway, Phagwara-144411, Punjab, India.
E-mail: vipsri27@gmail.com

t Computational Materials and Photonics, FB 16, University of Kassel,
Wilhelmshoher Allee 71, 34121, Germany.

6762 | RSC Adv, 2024, 14, 6762-6775

has potential applications in temperature-tolerant devices and optoelectronic devices as a UV absorber.

semiconductors (with or without doping), and a special class
called “half metals,” play a crucial role. Among them, half-
metallic ferromagnets (HMFs) are desirable due to their
unique characteristic of 100% spin polarization at the Fermi
level. This means that they conduct electricity only with one
spin orientation, while acting as insulators for the other,
thereby exhibiting both metallic and semiconducting behav-
iours.® HMFs serve as efficient spin filters, enabling high spin-
polarized currents and playing a vital role in various spin-
dependent phenomena such as tunnelling magnetoresistance
(TMR) and spin injection into semiconductors.””® These mate-
rials are identified through spin-dependent band-structure
computations and hold potential importance as sources and
analysers of polarized electrons in spintronic devices. De Groot
et al. reported the first prediction of half-metallic behaviour
while studying NiMnSn using ab initio calculations.' The other
materials investigated in this field include double perovskites,
Heusler alloys, rare-earth nitrides, zinc blende transition metal
pnictides, and chalcogenides."™"” Specifically, Heusler alloys
show relatively high Curie temperatures, showing an advantage
over other half-metallic systems.’**" Thus, they have been
explored for application as spin filters, tunnel junctions, and
GMR devices.”»** Half-Heusler alloys such as NiMnSb have
attracted significant interest and full-Heusler alloys have also
been extensively studied due to their diverse magnetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phenomena.>*?® The transition from a ferromagnetic phase to
an antiferromagnetic phase by modifying the carrier concen-
tration has become a prominent area of study in full-Heusler
alloys.* Full-Heusler alloys are the X,YZ type, where X and Y
represent transition metals or lanthanides and Z represents an
atom from the main group (III or IV) of the periodic table.*
These alloys crystallize in an L2, structure, consisting of four
FCC sublattices. The full-Heusler alloys containing cobalt were
first synthesized, and compounds such as Co,MnZ (Z = Si and
Ge) were proposed to be half-ferromagnets.**** The complex
nature of the full-Heusler alloys, which have two X atoms, adds
to their intrigue for magneto-electronic applications due to
their = semiconductor-like structure and high Curie
temperature.

For the development of high-performance spintronic
devices, three crucial requirements need to be satisfied for
HMFs, as follows: (1) a high Curie temperature for room-
temperature applications, (2) a large bulk magneto-crystalline
anisotropy energy to counteract unwanted spin switching
caused by thermal fluctuations and (3) a wide half-metallic gap
to effectively prevent spin-flip transitions due to thermal exci-
tation.® Therefore, understanding the stability and Curie
temperature of HM materials is essential for their development
and utilization in spintronic devices. Our present study on DFT
calculations for Ti,FeAs was motivated by considering a litera-
ture review on the marvellous applications of similar Heusler
alloys in the field of technology. The integration of spin-based
electronics is expected to revolutionize the fields of informa-
tion technology, memory technology, and telecommunications,
offering numerous advantages.

This paper is organized as follows: Section 2 describes the
methods and essentials of the code to calculate physical prop-
erties. Section 3 presents the potential results and discussion on
the various physical properties of the Ti,FeAs compound. In
Section 4, the results are concluded with the scope of this study.

35-38

2. Computational details

The calculations for determining the electronic structure were
performed by the implementation of the FP-LAPW method***
based on density functional theory (DFT)*** via the WIEN2k
code.*” To account for the exchange-correlation effects, the
generalized gradient approximation (PBE-GGA) by Perdew,
Burke, and Ernzerhof*® as well as the local spin-density
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approximation (LSDA) by Perdew and Wang*” was employed.
Furthermore, for the accurate determination of electronic
properties, the modified Becke-Johnson (mBJ]) exchange
potential developed by Trans and Blaha (TB)* was utilized. The
TB-mBJ(GGA) approach was employed to address the underes-
timation of the band gap using GGA and increase the accuracy
of other related properties. The real space was partitioned into
two areas using the FP-LAPW approach, as follows: (1) incor-
porating non-overlapping spheres escorted by a muffin-tin
radius (Ry) around the atomic sites and (2) corresponding to
the interstitial region. Inside the first domain, the wave func-
tions, electron density, and potential were enlarged using
spherical harmonic combinations up to /,.x = 10, while in
domain 2, a Fourier series or plane waves up to a cutoff radius of
Rymr X Kmax = 8 were employed. The chosen muffin-tin radii for
Ti, Fe, and As were 2.20 a.u, 2.00 a.u, and 2.00 a.u, respectively,
to ensure non-overlapping of the muffin-tin spheres. The
specific values of Ry utilized in this study are provided in
Table 1. The maximum vector responsible for Fourier expansion
of the density (Gpay) was set to a magnitude of 14. For sampling
the first Brillouin zone, a total of 1000 special k points was
selected. The power-cut zone, which separated the valence and
core region, was set to —6.0 Ry. Within 0.1 mRy, when the total
energy stabilised, the self-consistent computations were regar-
ded as having converged. In our calculations, the electronic
configuration of Ti [Ar]: 3d?, 4s®; Fe [Ar]: 3d°, 4s% and As [Ar]:
3d'°, 4s?, 4p® were treated as valence states.

3. Results and discussion
3.1 Structure stability

As stated in the Introduction, Heusler alloys have the chemical
formula of X,YZ, where X and Y represent transition elements
and Z denotes a main group atom. The ordered cubic alloy X,YZ
can adopt two distinct structures, ie., the “regular” type,
exemplified by Cu,MnAl with the L2, prototype structure (space
group Fm3m no. 225) and the “inverse” Heusler type, such as
Hg,CuTi (XA), which follows the Li,AgSb structure (space group
F43m no. 216). In, the present study, the structural, electronic,
and magnetic properties of the Ti,FeAs (Hg,CuTi, prototype XA)
structure, as shown in Fig. 1, with the space group F43m no. 216
were calculated. The LSDA and PBE-GGA methods were used to
study the structural properties. To examine the magnetic
stability of the Ti,FeAs compound, we initiated the calculation

Table1 The calculated lattice parameter ag, volume Vo, bulk modulus By, derivative of the bulk By equilibrium total energy Eo, cohesive energy
(Econ) and formation energy (AH); for Ti,FeAs for phases in the NM and FM states using the GGA-PBE and LSDA approximation

Econ (AH)f
Ti,FeAs Phases ao (A) Vo (a.u?) B Eo (Ry) (eV per atom) (eV per atom) AE (Ry) = Enm — Eem
PBE-GGA M 6.07 379.04 6.36 —10483.105 5.37 —-0.71 0.016049
NM 6.06 376.26 7.80 —10483.089
LSDA M 6.07 378.54 6.11 —10483.103 66.99 —0.64 17.71
NM 5.93 352.13 3.15 —10465.391
Ref. 54
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Fig. 1 TioFeAs in the F43m space group regular-type (Hg,CuTi,
prototype XA) structure.

by determining the energy difference (AE = Exy — Exm) between
the nonmagnetic (NM) and ferromagnetic (FM) configurations.
In this case, we employed the Birch-Murnaghan equation of
state,* which characterizes the energy variation with respect to
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Fig.2 Curve between energy (Ry) and volume of (a) LDA and (b) PBE-
GGA for non-magnetic and ferromagnetic properties.

6764 | RSC Adv, 2024, 14, 6762-6775

View Article Online

Paper

volume (as depicted in Fig. 2). The lattice parameter utilized in
our calculations is the predicted value obtained from earlier
works.?*** The obtained equilibrium lattice constants (a,), bulk
modulus (B,), pressure derivative (By), and minimum total
energies (E) for both the FM and NM configurations, together
with other relevant theoretical data®-*> are presented in Table 1.
The results confirmed that the ferromagnetic configuration is
stable for LSDA and PBE-GGA (Table 1) with the same energy.
Our findings indicate an energy difference (AE) of 0.01604 eV
between the FM and NM states, suggesting the increased
stability of the FM configuration of Ti,FeAs. It is worth noting
that available literature does not contain any confirmed theo-
retical or experimental information about the structural char-
acteristics of Ti,FeAs, thus making our results a prediction for
this compound.

The assessment of stability can be approached from various
perspectives, including physical, chemical, and mechanical
aspects. One method to evaluate physical stability is through
the calculation of cohesive energy, which quantifies the binding
force between the atoms in a solid. The cohesive energy can be
computed using the following relation:*

Ecogy = 2EN 4 EFe 4 pAs _ plibeas

atom atom atom total (1)

where Ecop is the total energy of the compound at equilibrium
and E™ and E™ and E* are the total energies of each atom. The
physical stability is ensured by the calculated positive value of
the cohesive energy (Table 1).

In addition, the formation energy, which determines the
chemical stability of a compound, is calculated as follows:**

(AH)r = Etipeas — 2E1i — Epe — Eas (2)

where Erj peas; Ei; Ere, and Exg are the total energies of Ti,FeAs
calculated at equilibrium. The calculated low value of formation
energy (Table 1) ensures the chemical stability and confirms
that the compound can be fabricated experimentally.

3.2 Mechanical properties

The elastic properties were calculated using the IRelast®
method developed by J. Morteza as implemented in WIEN2k.
Moreover, the mechanical stability was determined by calcu-
lating the elastic constants, which are only three for a cubic
crystal, i.e., C11, C13, and C,4, and the mechanical stability of the
material cannot be ensured unless®®

B— Cn +2C12>

e, ®)
Cy—C2>0, (4)
Cas >0, (5)

The elastic properties provide insightful information about
the bonding nature between adjacent atomic planes. The elastic
constants are utilized to evaluate the mechanical stability of the
deformation of a crystal, given that they represent the coeffi-
cients that relate applied stress to strain. These constants

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated values of elastic constant (Cy), bulk modulus (B),
shear modulus (G), Young's modulus (E), Poisson'’s ratio (¢), Pugh ratio
(B/G), Frantsevich ratio (G/B), shear anisotropy factor (A), Cauchy
pressure C7, sound velocities (m s, and Debye temperature fp (K) of
TiFeAsat P=0GPaand T=0K

Material property Calculated value

Elastic constant Cy; (GPa) 126.54
Elastic constant C;, (GPa) 69.04
Elastic constant C,, (GPa) 15.08
Bulk modulus, B (GPa) 88.21 (ref. 55)
Shear modulus, G (GPa) 20.55
Young's modulus, E (GPa) 57.21
Poisson ratio, ¢ (GPa) 0.39
Vickers hardness 1.49
Pugh ratio, B/G 4.29
Frantsevich ratio, G/B 0.23
Shear anisotropy factor, A (GPa) 0.52
Cauchy pressure C* (GPa) 53.96
Transverse sound velocity (m s™*) 1738
Longitudinal sound velocity (m s ") 4200
Average sound velocity (m s™) 1967
Temperature 6, (K) 192
Melting temperature Tere (K) 1762.3

describe the response, strength, and mechanical stability of
a material under compression. In the case of a cubic crystal,
mechanical stability is achieved when specific conditions are
satisfied for the elastic constants (Cy;, Cy, and C,4). These
conditions include C;; +2Cy, > 0, C;; > 0, C44 > 0, C;; — Cy15 > 0,
and Cy, < B < Cy;1.%°

Table 2 presents the computed elastic constants Cj; (i,j = 1,2),
different elastic moduli, Poisson ratio, Vickers hardness, Pugh
ratio, Frantsevich ratio, anisotropy factor, Cauchy pressure,
different velocities, Debye temperature and melting tempera-
ture of Ti,FeAs. It can be concluded from Table 2 that the
studied compound is mechanically stable given that all the
elastic constants are positive and fulfil the stability conditions
for the crystal lattice. C;; and C;, describe the response of the
crystal to unidirectional compression, while C,, is proportional
to the shear modulus and indicates shear deformation. The
value of Cy; is 88% higher than that of C,,4, indicating greater
resistance to compression compared to shear deformation.
Table 2 demonstrates that the calculated bulk modulus at zero
pressure, which was derived from the elastic constants, is 1.3%
higher than that obtained through total energy optimization.
Our findings highlight the significance of the C;; constant over
the other constants, emphasizing its importance in resisting
length changes in this compound.

The Hill approximation can be used to derive modulus B,
shear modulus G, Young's modulus E, and Poisson ratio ¢ from
the elastic constants. This approximation is based on the
principles of the Reuss and Voigt approaches.*”**

2
With B = By = By = B and B = @ (Hill's bulk
modulus) and
1 o
G = 3(Gv + Gr) = Gu(Hill's shear), (6)

where Voigt's shear modulus

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1
Gy =

= g(Cll — Cip +3Cy) (7)

Reuss's shear modulus

5(Cii — C12)Cuy
Go — 8
R 3(Cyy — Cpp) +4Cy (8)

The calculated results are presented in Table 2. The value of
E and ¢ are determined by the following relation:

E
B=30-20 ©)

This relation determines the resistance of a material to
volume changes upon the application of pressure with the help
of the bulk modulus.*

In cubic materials, second-order elastic constants are used to
estimate the shear modulus (G), which quantifies the resistance
of a material to plastic deformation. Alternatively, E is an
essential parameter that represents the ratio of tensile stress to
tensile strain. It provides a measure of the stiffness of a solid,
where a higher Young's modulus indicates greater stiffness.
Based on the values presented in Table 2, it can be inferred that
the Ti,FeAs compound exhibits high rigidity due to its elevated
Young's modulus. According to Frantsevich et al,* metals
having ¢ above 1.75 are considered ductile, while those with ¢
below 1.75 are deemed brittle. Therefore, the Ti,FeAs compound
can be classified as ductile. However, due to the lack of available
data for comparison, a direct assessment of our elastic constants,
bulk modulus, and shear modulus results was not possible.

The computed elastic constants were also utilized to calcu-
late the anisotropy parameter (4) using the following equation:

2C.
A= 44

= 10
Cn—Ci (10

This parameter provides crucial information about the
stability of a structure and is closely associated with the
potential development of micro-cracks in materials. Our results
indicate significant anisotropy in the elastic properties of the
compound. A value of A of less than 1 suggests that the rigidity
of the material is along the cube axis, while a value greater than
1 indicates greater rigidity along the diagonals of the body.
According to our findings, the calculated value of 4 is 0.52,
indicating that the material is most rigid along the cube axis of
the considered structure.

According to Pugh's criterion,® the B/G ratio (bulk modulus to
shear modulus ratio) defines the brittleness and ductility of
a material. The material is regarded as brittle if its B/G value is
less than 1.75, whereas ductile if the B/G value is more than or
equal to 1.75. In the case of the considered present material ie.,
Ti,FeAs, its value was calculated to be 4.29. This value serves as an
indicator of the ductility of the material, and considering that it is
larger than 1.75, it confirms its ductile nature. Further, Poisson's
ratio (o) can also be defined as the ratio of transverse contraction

RSC Adv, 2024, 14, 6762-6775 | 6765
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to longitudinal extension in the direction of elastic stress. For
most metals, the lower limit of ¢ is approximately 0.25.

The Debye temperature was determined from the average
sound velocity, as indicated in eqn (11).

o )
k|l4m\ M "
where h denotes Planck's constant, k refers to Boltzmann's
constant, N, represents Avogadro's number, n signifies the
number of atoms per molecule or formula unit, M denotes the
molar mass, p represents the density of the unit cell, and vy,
represents the average sound velocity. Eqn (12) further relates

the average sound velocity to the compressional (/) and shear (s)
sound velocity, as follows:

1/2 1\
B

where v; and v, are the longitudinal and transverse sound
velocities obtained by using the isotropic shear modulus G, the
bulk modulus B and the density g from Navier's equation:

3B +4G\? G\'?
n= Ty and v = [ —
g g

The Debye temperature (fp), along with the compressional
and shear wave velocities, was calculated and presented in Table
2. The Debye temperature is a crucial parameter that is strongly
correlated with the melting point and specific heats of solids.
Notably, our study provides the first reported value of 6y for
Ti,FeAs. A high Debye temperature indicates a rigid crystal
structure and is associated with an elevated melting point. Given
that the Debye temperature represents the energy required to
activate all phonon modes in a crystal, the 6, value implies
greater energy needed to excite phonons, making this material
well-suited for thermoelectric power generation. Moreover,
a Debye temperature of 300 K or higher indicates high thermal
conductivity in the crystal.®® Given that the compound under
investigation exhibits a Debye temperature of 192.8 K, we can
conclude that it possesses high thermal conductivity.

The following empirical relation was used to compute the
melting point of the compounds:**

(11)

(12)

Tmelt = 607 + 9.3 x B + 555 (13)

According to this equation, the higher melting temperature
of Ti,FeAs can be attributed to its higher bulk modulus. These
findings are consistent with the methodology employed in
previous ref. 17 for calculating mechanical properties. The
computed formation energies and mechanical properties for
Ti,FeAs are in agreement with that of other theoretically pre-
dicted Heusler alloys, as reported in ref. 52.

3.3 Electronic properties

The electron spin polarisation (SP) of a substance at Ey is
defined as follows:

6766 | RSC Adv, 2024, 14, 6762-6775
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_ pi(E) —py(Er)
 py(Er) + oy (Er)

where p;(Ef), p(Ef) represent the densities of states for the
majority and minority spins at the Fermi energy. The alloys are
considered as true half-metallic when one of the densities of
states from the majority or minority spins is zero, while the
other is non-zero at the Fermi level Ef.

To explain the electronic structure of the considered alloy,
we employed the optimized lattice constant within the lowest
energy structures. Using three different approximations, i.e.,
LSDA, PBE-GGA, and TB-mB]J, the spin-polarized band struc-
tures along the high-symmetry direction (W-L-G-X-W-K) in
the first Brillouin zone are plotted in Fig. 3(a)-(c), respectively.
Fig. 3 displays the electronic band structures for both spins
and confirms the half-metallic nature of the material. It can be
observed from Fig. 3(a) that according to the LSDA and GGA-
PBE approximations, the conduction and valence bands
overlap at the Fermi level in both spins, indicating the
metallic behaviour of Ti,FeAs. However, given that LSDA and
PBE-GGA often underestimate the band structure, we
employed the improved TB-mBJ functional to reveal the
presence of a gap in the spin-down channels of the Ti,FeAs
alloy. It was confirmed that LSDA and PBE-GGA do not show
100% spin polarization at Er; however, when treated with mB]J,
it showed 100% spin polarization. According to Fig. 3, it is
evident that Ti,FeAs retains its half-metallic (HM) character
with an increased value of band gap in the minority spin state,
which is approximately 1.005 eV, and a half-metallic band gap
of 0.739 eV. A similar trend was observed for the TB-mB]J
approximation, where the spin-up states exhibit conducting
behaviour, while the spin-down states behave as a semi-
conductor. As a result of the majority spin states anchoring
the Fermi level, the band structure of Ti,FeAs demonstrates
metallic characteristics. Conversely, in the minority spin state,
the Fermi level resides within a band gap. Based on our
findings, we can conclude that Ti,FeAs is a highly robust half-
metallic ferromagnetic alloy, featuring an HM gap of 0.739 eV.
This value is notably larger than the HM gaps reported in the
literature for other Ti-based half-Heusler alloys, such as Ti,-
FeSi, Ti,VAl, Ti,VGa, Ti,VIn, Ti,FeGe and Ti,FeSn, which
exhibit HM gaps of 0.45 eV, 0.52 eV, 0.51 eV, 0.59 eV, and 0.60,
respectively.*** Briefly, the band structures of Ti,FeAs exhibit
semiconducting character, with 100% spin polarization at the
Fermi level, indicating the full half-metallic nature of the
Ti,FeAs alloy.

SP x 100 (14)

3.4 Density of states

In general, the utilization of DOS spectral curves is valuable for
providing a detailed description and explanation of the elec-
tronic structure of a material. Fig. 4(a) and (b) display the
calculated spin-polarized total density of states (DOS) for the
Ti,FeAs alloy at its equilibrium state by LDA, PBE-GGA and mB]J-
GGA. It can be clearly observed in Fig. 4(a) and (b) that the
system is not an HMF given that its Er is not located in the gap
of the minority spin with both LSDA and PBE-GGA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Band structures of majority spin up and minority spin down of Ti FeAsfor (a) LSDA, (b) PBE and (c) mBJ approximation.
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Fig. 4 Spin-polarized (a and b) total densities of states of majority spin (up) and minority spin (dn) for TiFeAs alloy, respectively.

approximations but becomes an HMF system when treated with
the mBJ-GGA method.

Several findings can be concluded from the partial density of
states (PDOS) analysis of the Ti,FeAs alloy, as shown in Fig. 5.
The energy bands in the Ti,FeAs alloy, for both the majority and
minority spin states, can be divided into three distinct regions.
The energy bands in the vicinity of the Fermi level, spanning
approximately —5 to 5 eV, are primarily associated with the
d states (tg) at the Ti(1), Ti(2), and Fe atoms. Additionally, the
energy bands within the range of —4 to 4 eV predominantly
originate from the s and p states of the As atoms. The half-
metallic (HM) nature of the Ti,FeAs alloy is confirmed by the
existence of a majority state at the Fermi level and a band gap in
the minority state. It is worth noting that the band gap in the
HM region is due to the strong hybridization between the Ti(1)/
Ti(2) atoms and the Fe atom.

To examine the characteristics of chemical bonding in the
Heusler alloys,** we conducted an analysis of the charge density
distribution and ELF along the (110) plane of the Ti,FeAs
compound, as illustrated in Fig. 6. This plot reveals that there is
a significant distribution of charge located between the TiAs
atoms and between the FeAs atoms.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The calculated atomic magnetic moments for the LSDA, PBE-
GGA and mBJ are presented in Table 3. The total magnetic
moment (M) of these alloys remains constant at 3.0 ug per
formula unit in both the GGA and mB]J approximations. This
consistency is in agreement with the Slater-Pauling equation®
(SP), where My, = Ziox — 18, indicating that M, represents the
total magnetic moment and Z, represents the total number of
valence electrons. In the case of Ti,FeAs, N is equal to 21. The
calculated magnetic moment for Ti,FeAs yields an integer value
of 3 ug, corresponding to the Hg,CuTi-type structure. This result
is consistent with the predictions from the Slater-Pauling rule,
indicating the potential for half-metallicity in the present case.

The magnetic moment of Ti,FeAs is zero due to the interplay
between the 3d electrons of iron and the 3d electrons of titanium,
which align in opposite directions and cancel the overall moment.
The M, in the Ti,FeAs alloy is comprised of contributions from
four entities: Ti(1), Ti(2), Fe, and As atoms. Analysis of the inter-
stitial region reveals that in principle, the participation originates
from the M, of the Ti(1) atoms. The Ti(1) and Ti(2) atoms exhibit
positive magnetic moments, while the Fe atom shows a negative
magnetic moment. The As atoms contribute minimally to the
overall magnetic moment, with very small values.*
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Fig. 5 Spin-polarized partial densities of states of majority spin (up) and minority spin (dn) for Ti;FeAs alloy for Fe (a), As (b), Ti(1) (c) and Ti(2) (d).

The Curie temperature will be discussed in the next section
because it is crucial in real-world use. In comparison to the state
with spin polarisation, the calculations for the paramagnetic
state without spin polarisation demonstrate a superior total
energy value. The Curie temperature can be described using the
nearest neighbour Heisenberg model within the conventional
statistical approach. In this context, the simplest mean-field
approximation (MFA) is employed. According to the MFA, the
Curie temperature is the temperature at which the average
magnetic moment of a three-dimensional Heisenberg ferro-
magnet cancels out. Consequently, the energy difference
between the ferromagnetic ground state and the nonmagnetic
state directly provides an estimate of the TMFA C value.
Subsequently, this relation was employed to determine the
transition temperature of the standard three-dimensional Hei-
senberg ferromagnet within the mean-field approximation,® as
follows:

2 AE
TMFA — 2= =& 15
where AE represents the energy needed to align adjacent slabs
in a ferromagnetic manner and K denotes the Boltzmann
constant. Using these parameters, the calculated Curie
temperature for Ti,FeAs was determined to be 566 K, corre-

sponding to the lattice parameter (a,) obtained from volume

6768 | RSC Adv, 2024, 14, 6762-6775

optimization. This Curie temperature exceeds the temperature
typically associated with room temperature.®*%’

3.5 Thermodynamic properties

The thermodynamic properties of Ti,FeAs were determined
using the quasi-harmonic Debye model, which utilizes the non-
equilibrium Gibbs function G*(V;P,T).*®

GH(V:P,T) = E(V) + PV + A [V.T] (16)
where E(V) is the total energy of the crystal and PV is the
constant hydrostatic condition. The vibrational term A4,;;, can be
considered and understood from ref. 69 and 70.

The thermal characteristics were computed in the tempera-
ture range of 0 to 1200 K. Also, the effect of pressure was
calculated in the range of 0 to 180 GPa.

Fig. 7(a) depicts the correlation between the bulk modulus
and pressure, showing linearity in the temperature range of 0 to
1200 K. At a given temperature, the bulk modulus of the Ti,FeAs
alloy increases with pressure, whereas it decreases with
temperature at a given pressure, exhibiting similar behaviour.
The bulk modulus represents a measure of the resistance of the
compound to volume change when subjected to compression.

In the temperature range of 0 to 100 K, the bulk modulus (B)
remains nearly constant. However, for temperatures above 100

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6
compound for (b) spin up and (c) spin down, respectively.

Table 3 The total and atomic magnetic moments of the Ti,FeAs
compound by different exchange—correlation potentials (XC) (LSDA,
PBE-GGA and mBJ-GGA). M (ug): total magnetic moment; M+; (ug):
Ti magnetic moment; M+ (ug): Ti magnetic moment; Mg (ug): Fe
magnetic moment; Mas (ug): As magnetic moment; and M (ug): the
magnetic moment in the interstitial region

Ti FeAs Magnetic moments

XC LSDA PBE mB]
Mine (15) 0.42059 0.47275 0.38518
My (us) 1.05515 1.27260 1.29355
My (us) 0.32871 0.38989 0.30102
Mre (us) 0.66295 0.79218 1.01465
Mg (1) 0.02388 0.02199 0.00579
Mot (1tn) 2.49127 2.94942 3.00020

© 2024 The Author(s). Published by the Royal Society of Chemistry
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K, at a constant pressure, B declines linearly as the temperature
increases. Additionally, at a specific temperature, the
compressibility grows significantly with pressure, suggesting
that the Ti,FeAs structure becomes more malleable as it enters
a new bonding arrangement. At the earliest state of zero
temperature and pressure, the estimated bulk modulus is
157.50 GPa, which is reasonably consistent with the value of
153.641 GPa obtained from structural characteristic. Further-
more, at 300 K and zero pressure, the measured bulk modulus is
88.21 GPa. These observations indicate that the studied mate-
rial exhibits significant compressibility and strong hardness.
Fig. 7(b) illustrates the variation in the unit cell volume with
temperature at a fixed pressure in the range of 0 to 180 GPa. It is
evident that at a given temperature, the volume decreases as the
pressure increases. Conversely, at a given pressure, the volume
shows a very slow increase with temperature. Analysis of the
data in Fig. 7(b) reveals that the determined volume for Ti,FeAs
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at zero pressure and zero temperature is 346.17 bohr’, which
agrees well with the data obtained from the structural proper-
ties (344.795 bohr?).

The specific heat capacity (C,) is a crucial parameter that
provides valuable insights into the motion of molecules, lattice
vibration, and phase transitions in crystals. Fig. 7(c) illustrates
the relationship between C, and temperature at various pres-
sure values for the Ti,FeAs compound. It can be observed that
C, exhibits a rapid increase with temperature, following the
Debye law (C, « T%).”* As the temperature reaches 600 K, the rate
of increase in C, is slow, eventually approaching a value of 75 J
mol ™" K", This value corresponds to the Dulong-Petit classical
limit, which is a common phenomenon observed in all solids.”

In the quasi-harmonic method, the Debye temperature (6p,)
serves as a fundamental parameter, which provides valuable

6770 | RSC Adv, 2024, 14, 6762-6775

insights
including elastic constants, specific heat, and melting temper-
ature. Within the quasi-harmonic Debye model, the highest
parameter concerning crystal vibration is 6. Fig. 7(d) illustrates

into various physical characteristics of solids,

the relationship between pressure and 6 at a constant
temperature. It can be observed that increasing the pressure
from 0 to 180 GPa leads to an augmentation in fp, while it
decreases linearly with temperature. At room temperature and
0 GPa, A was estimated to be approximately 201.65 K.”*
Additionally, the thermal expansion coefficient (), which
characterizes the propensity of a material to change size with
avariation in temperature, was calculated. Fig. 7(e) displays the
variation in the thermal expansion coefficient («) as a function
of temperature at a pressure in the range of 0 to 180 GPa, where
a exhibits a linear increase with temperature up to 400 K,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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particularly at 0 GPa. However, at high temperatures (7> 400 K),
the rate of increase slows down, eventually converging to
a constant value.” Fig. 7(e) demonstrates that pressure has the
opposite effect on the coefficient of thermal expansion; as
pressure increases, the thermal expansion decreases. At
a temperature of 400 K and pressure of 0 GPa, the coefficient of
thermal expansion («) was measured to be 2.56 x 10> K™ *. On
average, the values of the thermal expansion coefficient at 0 GPa
range from about 22.6 x 107> K~ ' at ambient temperature to
approximately 54 x 10~° K" at 1200 K.” This behaviour can be
attributed to the influence of the harmonic term in the cohesive
energy, which governs the small displacements of the atom

View Article Online
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The entropy (S) is a significant thermodynamic property that
is subjected to investigation. It provides crucial insights into the
vibrational properties of a material and describes the precise
physical state of a system. Entropy plays a vital role in the
functioning of various devices, including refrigerators, heat
pumps, and heat engines. Fig. 7(f) presents the variation in
entropy (S) as a function of temperature at different pressures
for Ti,FeAs. Observing the curves, it can be noted that they
originate from an entropy value of zero at 0 K and 0 GPa.
Subsequently, as the temperature increases, the entropy rises
exponentially. Under the conditions of 300 K and 0 GPa, the
entropy reaches a value of 80.38 ] mol ' K. Additionally, for

around its equilibrium position. temperatures exceeding 700 K, the entropy becomes
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on energy. (a) Dielectric function, ¢, (b) optical function, (c) optical

conductivity, g, (d) absorption coefficient, «, (e) reflectivity, R, and (f) energy loss spectra, L.
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significantly high. This indicates that elevated temperatures
contribute to an increase in the vibrational entropy of the
material, while simultaneously decreasing its cohesive energy.”®

3.6 Optical properties

The development of optical technology and its applications
depends on exact and reliable measurements of the optical
characteristics of materials. These measurements include
dielectric functions, index of refraction, optical conduction,
absorbance, reflectance, transmittance, and emittance. The
electronic band structure of a material mostly affects its optical
characteristics. Consequently, optical investigations are
frequently employed to determine the electronic band structure
of solids in a quantitative manner. In this regard, the optical
performance of Ti,FeAs was examined using the WIEN2k code.

Firstly, the dielectric function ¢(w) provides valuable insights
into the optical properties of a material, given that it quantifies
the linear response of the system to an external electromagnetic
field, as described by the following equation:”

&(w) = e1(w) + iex(w). (17)
The formula for the imaginary part ¢,(w) is
2
w 3
2= 87t3pc3r (18)

Moreover, the Kramers-Kronig transformation (KKT) gives
the value of the real part of ¢(w) i.e. &(w)

w 7 ’
e(w) =1 +EMJ de’

19
T 0 W — w? (19)

We also calculated the refractive index n(w) acquired in
connection with the complex dielectric function as follows:”®

%(81 L (812 n 822)1/2)1/2

n(w) = (20)

The reflectivity R(w) of Ti,FeAs is obtained directly from ¢;(w)
and &,(w).

Fig. 8(a) illustrates the real and imaginary components of the
total dielectric function for Ti,FeAs. The presence of peaks in
these components can be attributed to the transitions occurring
in the spin-down channel, as deduced from the analysis of the
band structure and density of states (DOS). Notably, the calcu-
lated values of the real component ¢;(w) at (0 eV) exhibit striking
similarity. Furthermore, the significant magnitude of the
imaginary component of the dielectric function, &,(w), serves as
evidence for the metallic nature of the compounds.

The refractive index of a material plays a crucial role in
photoelectric applications. Fig. 8(b) depicts the refractive index
of Ti,FeAs, showing peaks in the lower energy region, which
gradually approach zero in the visible domain. These peaks
originate from interband transitions between the valence and
the conduction band. The presence of peaks in the infrared
region indicates nonlinear behaviour in the refractive index.

6772 | RSC Adv, 2024, 14, 6762-6775
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Additionally, a few smaller peaks are observed at higher ener-
gies due to this nonlinearity. The optical conductivity depicted
in Fig. 8(c) characterizes the metallic behaviour of the material,
emphasizing its ability to conduct light.

Fig. 8(d) displays the absorption coefficients, indicating the
presence of peaks in the high energy region. Further, according
to this figure, the absorption of photons occurs in the range of
3-4 eV and mostly in the higher energy side of 6-9 eV (UV-
region).

Fig. 8(e) presents the reflectivity, showing the maximum
reflectivity in the lower energy region. The reflectivity remains
relatively constant in the intermediate energy range, but a peak
is also observed at higher energies. Furthermore, the real part of
the dielectric function (¢1(w)) becomes negative for energetic
photons, resulting in reflectivity peaks. This observation further
confirms the metallic nature of the compound, given that it
exhibits an energy range where it becomes highly reflective to
incident photons.

4. Conclusion

The structural, mechanical, electronic, optical, thermodynamic
and magnetic properties of the Ti,FeAs alloy of the Hg,CuTi-
type structure were investigated using DFT calculations. We
carried out our analysis within the modified Becke and Johnson
potential (mB]) exchange-correlation potential, the generalised
gradient approximation (GGA), and LDA using the first-
principles plane-wave (FP-LAPW) technique. Additionally, the
mechanical stability of the Ti,FeAs alloy was determined by its
high melting temperatures. Our calculations demonstrated that
Ti,FeAs exhibits characteristics of a half-metallic (HMF) ferro-
magnet with a spin-gap value of 0.739 eV, as evidenced by the
electronic band structure calculations. At the equilibrium
volume for mBJ approximations, the compound possesses
a magnetic moment of 3.0 up per formula unit. The analysis of
the real and imaginary parts of the dielectric function, reflec-
tivity, and optical conductivity revealed that the compound
displays optical metallic behavior, as reflected in the imaginary
part of the dielectric function (¢,). The alloy exhibits optical
activity at both lower and higher energies, indicating its highly
nonlinear nature. The magnetic moments are reasonably
consistent with the Slater-Pauling rule, confirming 100% spin
polarization at the Fermi level, which is crucial for spintronic
applications. The structural optimization further established
the stability of the compound and satisfies the requirement of
a relatively high Curie temperature. The heat capacity, thermal
expansion, Debye temperature, and entropy factors were all
calculated. Furthermore, neither experimental nor theoretical
data are available for this compound; however, it is anticipated
that these data will validate the present numerical data.
Therefore, the full-Heusler metal Ti,FeAs would be significant
in the applications of spintronics, design cues and UV-absorber.
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