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The structural, electronic, optical, and vibrational properties of half-Heusler compound TilrBi have been
investigated by using the Generalized Gradient Approximation (GGA) and GGA plus modified Becke and Johnson
(GGA + mBJ) functional within the Density Functional Theory (DFT). The obtained formation enthalpies and
energy-volume curves for the three different atomic arrangements (o, , and y) show that y phase is the most
energetically favorable phase. Additionally, among the paramagnetic (PM), ferromagnetic (FM), and antiferro-
magnetic (AFM) magnetic systems considered for the y -phase of this compound, the paramagnetic system is
found to be the most stable. The spin-polarized electronic band calculations of the TilrBi compound demonstrate
that this material has a semiconductor nature in both the majority and minority spin channels with the direct
bandgap of 0.56 and 0.87 eV using the GGA and GGA + mBJ approach, respectively. The obtained formation
enthalpy and phonon dispersion curves for y -crystal structure of TilrBi compound show that this material is both
thermodynamically and dynamically stable. We have also examined the optical properties by computing the
optical parameters such as real and imaginary parts of the dielectric function, refractive index, extinction co-
efficient, optical conductivity, and reflectivity of the half-Heusler compound TilrBi in the photon energy range of
0-16 eV. The collected results indicate that the TilrBi compound has a direct bandgap semiconductor, which
makes it a convenient material for technological applications in optoelectronics.

1. Introduction compounds in the space group 225 (Fm-3m) are known as full-Heusler

compounds expressed by the general formula X;YZ [11]. In case one

Heusler compounds were firstly discovered in the early 1900s by
Friedrich Heusler who a German chemist and mining engineer [1]. He
observed that although the elements that make up the CupMnAl com-
pound do not show magnetic properties, it is ferromagnetic at room
temperature. Thanks to their extraordinary properties, these materials
are used in many areas of device technology. Besides, Heusler com-
pounds are quite stimulating and popular nominees for large-scale
technological applications such as solar cells, magneto-optical devices,
magnetic tunnel junctions, multi-functional tools, thermoelectrics, and
spintronic devices [2-10]. Thus far, there are presently more than 1000
compounds sorted as full-Heusler and half-Heusler whose characteristics
can be estimated by calculating the number of their valence electrons.
Heusler compounds consist of four interpenetrating face-centered cubic
(fcc) sublattices and crystallize in the L2; crystal structure. These
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of the sublattices is empty, the corresponding material is called a
half-Heusler compound. Such compounds crystalize in cubic C1; crystal
structure with space group 216 (F-43 m) [12]. The chemical composition
of the half-Heusler compound is written as XYZ. Generally, X and Y are
transition elements, while Z is the main group element. Half-Heusler
compounds with 8 or 18-valence electrons per formula unit usually
signify bandgaps subtending to s, p, and d electron shells. The basic
physical properties of materials with 8-valence electrons are very similar
to conventional semiconductors such as GaAs and Si [13-15]. While
semiconductors with 18 valence electrons contain an almost filled
d-electron shell, which induces a strong hybridization of the d states of
the X and Y elements. It also allows the creation of a closed-shell
configuration and a bandgap [16,17]. The compositional modifica-
tions permitted by the structure result in adjustable bandgaps in the
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width of 0-1eV for the 18-valence electron system, whereas the
maximum limit of this gap for all half-Heusler compounds could arrive
at 4eV [18]. As for the 8-valence electron system, the greater electro-
negativity between the X and Y atoms, the greater the value of the
arising bandgap. The bandgap values of half-Heusler systems with 18
valence electrons make them attractive as potential thermoelectric
materials [19].

Half-Heusler compounds have attracted considerable interest over
the past decade because of their numerous desirable properties such as
half-metallic ferromagnets [20], superconductors [21], compensated
ferrimagnets [22], shape memory alloys [23], nonmagnetic semi-
conductors [24], topological insulators [25], and heavy fermion systems
[26]. Besides, there are large numbers of investigations regarding these
materials in several types of magnetic order, namely, the paramagnetic
[27,28], ferromagnetic [29-31], and ferrimagnetic [32].

The Ti, Zr, Hf; Co, Rh, Ir; and As, Sb, Bi atoms successively are part of
the IV-IX-V groups, which can be alloyed into countless significant
materials with exciting physical features [33,34]. These ternary
half-Heusler materials have aroused a great deal of interest within the
past decade, and also these compounds have been the subject of many
theoretical and experimental investigations in relation to their appli-
cations in thermoelectric, optoelectronics, and electronics devices [18,
24,35-43]. Experimentally, Sekimoto et al. [35] have successfully syn-
thesized (Ti, Zr, Hf)CoSb samples employing arc melting technique and
also measured the thermoelectric properties of their such as electrical
resistivity, thermoelectric power, and thermal conductivity. They
emphasized that these alloys have the potential to be an unexplored
group of thermoelectric material owing to their great thermoelectric
strength and low thermal conductivity. Similarly, Zhao and co-workers
[36] synthesized polycrystalline of Pd-doped ZrCo; xPdxBi (x =0, 0.03,
0.06, 0.09) half-Heusler samples by rapid hot-pressing sintering and arc
melting technique. They clearly stated in their study that the Seebeck
coefficient and electrical conductivity of the ZrCo; xPdyBi rise owing to
the replacement of the Pd with the Co atom. On the theoretical side,
phonon and thermoelectric properties of ternary half-Heusler compound
HfRhSb have been inspected employing Quantum Espresso package by
Kaur et al. [24]. They have reported that HfRhSb has an indirect
bandgap of 1.21 eV. With the help of first-principles density functional
theory, Ma et al. [37] studied electronic properties and thermoelectric
transport properties of the half-Heusler compounds MCoBi (M = Ti, Zr,
and Hf). They have shown that these compounds could be a kind of
up-and-coming potential nominee for thermoelectric applications. On
the other hand, using Heyd-Scuseria-Ernzerhof (HSE) hybrid functional,
Gautier et al. [38] estimated over 400 half-Heusler compounds which
are devised to be very worthwhile in piezoelectrics, thermoelectrics, and
topological insulators. Lately, Dey and co-workers [18] have studied the
electronic, structural, optical, and thermoelectric properties of
Bismuth-based ZrRhBi, ZrIrBi, and HfRhBi ternary half-Heusler com-
pounds using the full potential linearized augmented plane wave
(FP-LAPW) method. The authors pointed out that these three materials
have many technological applications as thermoelectric materials in
fields such as electronics and optoelectronics.

Aside from these studies, the main physical properties of Bi-based
half-Heusler compounds, including HfRhBi, ZrIrBi and ZrRhBi [17],
XCoBi (X = Ti, Zr, Hf) [28], ZrXBi (X = Co, Rh) [40], HfRhZ (Z = As, Sb
and Bi) [41], HfIrX (X = As, Sb and Bi) [42,43], PtXBi (X = Mn, Fe, Co
and Ni) [44], XFeBi (X = Hf and Ti) [45], PtLaBi [46], XX’ Bi (X =Na, K,
Rb, Cs; X'= Ca, Sr) [47], and PrNiBi [48] have been studied using the
density functional theory by different groups.

Although many studies on ternary Bi-based half-Heusler compounds
have been presented so far, there is no research in the literature con-
cerning the basic physical properties of the TilrBi compound. In the
current investigation, the structural, magnetic, electronic band struc-
ture, and optical properties of this compound for three different phases
(a, B, and y) are extensively computed using GGA approximation besides
modified Becke-Johnson (GGA + mBJ) potential. The obtained all
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parameters have been matched with those of other Bi-based half-Heusler
compounds to yield a deep understanding of the title compound.

2. Methodology of calculation

The structural, magnetic, electronic, and optical properties of the
ternary TilrBi half-Heusler compound were implemented using the
Vienna Ab Initio Simulation Package (VASP) [49,50] with the projector
augmented wave scheme (PAW) [51]. Additionally, electron exchange
and correlation potentials were also treated within the generalized
gradient approximation of Perdew- Burke-Ernzerhof (GGA-PBE) [52]
and modified Becke-Johnson (GGA + mBJ) [53-55] potential. The
semi-core and valence electrons are in the 3s? 3p® 3d2 4s? configuration
for Ti, 552 5p® 414 5d” 6s? configuration for Ir, and 5s2 5p°® 414 5d1° 652
6p> configuration for Bi. The kinetic energy cut-off was 500 eV for the
plane-wave basis functions and Monkhorst-Pack type 12 x 12 x 12
k-point [56], which is located at the I'-point of the zone center and
automatically generated, for Brillouin zone integration were taken.
However, the 18 x 18 x 18 k-point was used as the examination of
optical properties, and electronic band structures which requires more
precise calculations. For self-consistent field calculations, the conver-
gence criterion of the total energy and charge was set to 10~ eV and
1077 eV/A, respectively. Additionally, the smearing technique was
applied to the Fermi surface to get a perfectly accurate electronic state
density and the smearing parameter was selected as 0.225 eV [57]. The
computed crystallographic structure types have been depicted by the
VESTA code [58].

3. Results and discussion
3.1. Crystal structure stability of the @, f§, and y phases

The ternary intermetallic compounds, in which X and Y are transition
metal atoms and Z are main group atoms are well-known half-Heusler
compounds. These compounds crystallize with space group F-43m in
MgAgAs-type (C1,) cubic structure. The compounds with structure C1,
are having three interpenetrating face-centered-cubic sub-lattices with
rock-salt and zinc-blende structure. In this type of structure, there are
three different atomic arrangements with «, 8, and y phases in which the
Wyckoff positions of atoms are given in Table 1.

Besides, the crystal structures of the title compound with «, , and y
phases are also presented in Fig. 1, respectively. The total energy plots as
a function of unit cell volume for all structural phases (a, $, and y) are
depicted by fitting to the Murnaghan equation of state [59].
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where E, refers to the ground state energy, Ko symbolizes the bulk
modulus, K, represents its first derivative concerning the pressure, and
Vo unit cell volume. As well as the structural stability, structural pa-
rameters like lattice constants, bulk modulus, and first derivatives of its,
and unit cell volumes have been computed by the fitting process and are
summarized in Table 2.

The minimization of total energy procedure is used to know the most
stable structural phase among the three phases a, f, and y of the
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Table 1
The Wyckoff position of the atoms for TilrBi half-Heusler compound with a, f,
and y phases.

Phase Ti Ir Bi

(0.5, 0.5, 0.5) (0, 0, 0) (0.25, 0.25, 0.25)
B (0.25, 0.25, 0.25) (0.5, 0.5, 0.5) (0, 0,0)

(0, 0, 0) (0.25, 0.25, 0.25) (0.5, 0.5, 0.5)




A. Candan and A.K. Kushwaha

a-TilrBi

B-TilrBi

Materials Today Communications 27 (2021) 102246

(c)

y-TilrBi

Fig. 1. The crystal structure of TilrBi half-Heusler compound in (a) a phase, (b) § phase, and (c) y phase.

Table 2
The calculated structural parameters and formation enthalpies of TilrBi half-
Heusler compound for a, , and y phases.

F-43m Phase ao (A) Ko (GPa) K, 23 AHy (eV/atom)

Vo (A)
6.358 106.5 4.54 257.060 0.440
TilrBi p 6.324 104.4 4.19 252.955 0.061
14 6.309 123.7 4.70 251.139 —0.423

examined compound TilrBi. Fig. 2 represents that the y phase of the
examined compound is the most stable. The lattice constant, bulk
modulus, and derivative of its for y -TilrBi half-Heusler compound are
obtained as 6.309 A, 123.7 GPa, and 4.54, respectively. We could find
neither experimental nor other theoretical computations about the
TilrBi compound to confirm our results. Therefore, to compare these
predicted outcomes for TilrBi with those of the compounds with similar
characteristics, HfIrBi, and ZrIrBi compounds is the nearly most
convenient one in that Hf, Zr, and Ti elements have the same number of
valence electrons in the outer orbital. In two different studies about
ZrIrBi and HfIrBi, the values of the lattice constant (ap), bulk modulus
(Ko), and its pressure derivative (K(')) have been reported 6.410 A,
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Fig. 2. Total energies as a function of unit cell volume for TilrBi half-Heusler
compound in a, f, and y phases.

150.30 GPa, and 4.84 for ZrIrBi [39]; 6.381 A, 153.25 GPa, and 4.20 for
HfIrBi [42]. The computed lattice constant for y -TilrBi deviates from
roughly 1.58 % for ZrIrBi, and 1.13 % for HfIrBi, respectively.

Additionally, to mean the chemical stability of the examined ternary
half-Heusler TilrBi compound, the formation enthalpies AH; (eV/atom)
for all phases are obtained and given in Table 2. The computed forma-
tion enthalpy values can be used to determine the phase that is most
stable in terms of the energy of a crystal in any structural phase [60]. The
formation enthalpy is defined as:

Aty = By, = [+ B+ B @

where E%L. is the total energy per formula unit; 2%, E?4%, and E54* are
the total energy per atom of the pure Ti, Ir, and Bi in their bulk stable
states, respectively. As seen in Table 2, @ and f phases of the examined
compound are having positive formation enthalpy while the y phase is
having negative formation enthalpy. This result suggests that the « and
phases are thermodynamically unstable while the y phase is thermody-
namically stable. It is clear from the calculated formation enthalpy that
TilrBi with y phase can be synthesized experimentally. There is no other
data available in the literature for comparison.

3.2. Magnetic and electronic structure properties

The paramagnetic (PM), ferromagnetic (FM), and antiferromagnetic
(AFM) calculations have been done for the TilrBi compound in the stable
y -phase and the total energy-volume plots are presented in Fig. 3. From
Fig. 3, it can be concluded that the most stable magnetic state is PM
because of having the minimum ground state energy.

With the intent of studying the electronic nature of the title com-
pound, the spin-polarized electronic band structures along the high
symmetry directions have been obtained for both GGA and GGA + mBJ
methods and plotted in Fig. 4. The modified Beck-Johnson (mBJ)
exchange-correlation potential, which was proposed by Tran and Blaha
[54], has been reported to be much more successful than the GGA and
LDA approach in estimating bandgaps for large numbers of insulators
and semiconductors [61]. It is quite clear for both methods from Fig. 4
that the valence band maximum (VBM) and the conduction band min-
imum (CBM) arise at the I'-point verifying a direct bandgap. These direct
bandgaps with GGA and GGA-mBJ approximations are 0.56 eV and
0.87 eV, respectively. The plotted band structures of TilrBi semi-
conductor for both methods are almost like each other in the energy
regions varying from — 6 to 3 eV. One striking point when comparing
obtained electronic band structures is that the conduction band shifts
towards higher energy and the bandgap is slightly opened within the
GGA + mBJ method. As a result, the usage of GGA + mBJ potential in
contrast to the GGA approach increases the computed bandgap of TilrBi
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Fig. 3. Total energies as a function of unit cell volume for y -TilrBi half-Heusler
compound in different magnetic systems.

semiconductor.

To elucidate in more detail the nature of the electronic band struc-
ture, the spin-polarized total and partial density of electronic states of
the y -TilrBi compound are calculated by GGA and GGA + mBJ methods
and these are presented in Figs. 5(a-b), and 6 (a-b), respectively. It is
obvious in Figs. 5 and 6 that the lower energy band region between -
6eV and -3 eV in the valence band has been constructed by the main
contribution of electrons of the p-orbitals of Bi-atoms, s- and d-orbitals of
Ir-atoms, and also the main contributions of the electrons of s- and d-
orbitals of Ti-atoms and small contributions of the electrons of the rest of
the orbitals. The upper valence region from - 3 eV to 0 eV is formed by
the fundamental contribution of d-orbitals of Ti- and Ir-atoms, p-orbitals
of Bi-atoms for both methods. Besides, as can be seen from Fig. 5, there
are strong d-d hybridizations between d-orbitals of Ti-atoms and d-or-
bitals of Ir atoms in this energy range for both GGA and GGA + mBJ. On
the other hand, almost no contribution from Bi atoms is realized in the
conduction energy region. Therefore, the total density of electronic
states in the conduction energy region is mostly owing to the d-orbitals
of Ti and Ir atoms. Here, we observe a similar partial density of elec-
tronic states for GGA (Fig. 5) and GGA + mBJ (Fig. 6). Furthermore, the
conduction energy band region is exactly composed of the d-orbitals (d-
eg, and d-tzg) of Ti and Ir atoms for both these methods. Given the
foregoing debate, it can be deduced that d-electrons of Ti and Ir atoms
have an important role in thermoelectric properties.

To clarify the interaction of atoms, the electronic charge density
distributions of the investigated compound are drawn using the VESTA
program [58]. The two-dimensional (2-D) electron charge density plot
of the TilrBi compound on the plane (111) is presented in Fig. 7. The
isoelectronic surfaces around all the atoms are spherical in structure,
where the bonds between these atoms are elucidated by the ionic
bonding nature. It was also reported similar characteristics for other
half-Heusler compounds in Refs. [39,62].

3.3. Optical properties

To explain the basic knowledge of optical properties is very impor-
tant for semiconductor materials, and thereby the relationship between
the electronic band structure of a solid crystal and optical properties can
be determined [63]. For this reason, the optical properties of semi-
conductor TilrBi including real and imaginary parts of the dielectric
function as a function of photon energy have been computed with
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GGA + mBJ in the range of 0—16 eV and presented in Fig. 8(a). The
frequency-dependent dielectric function can be written as below [64]:

e () = &) (@) + iez(w) 3

where ¢;(w) and €2 (w) are the real and imaginary parts of the dielectric
function, respectively. The real part of the dielectric function describes a
material’s ability to interact with an electric field (store and remit en-
ergy) without absorbing energy, whereas the imaginary part of the
dielectric function characterizes a material’s ability to permanently
absorb energy from a time-varying electric field. The imaginary part of
the dielectric function is derived from the electronic band structure
computations with the help of the following relation [65]:

& (@) *(:Z;JZ/ MO — f)5(E; — B — 0)dk @

where e, m, ® and M represent the electron charge, electron mass,
photon frequency, and dipole matrix, respectively. E; is the electron
energy of the initial state, E; is the electron energy of the final state, and
f; is the Fermi occupation factor of the single-particle state i.

The real part ¢ (w) of the dielectric function is obtained from the
imaginary part taking advantage of the Kramers-Kronig transformations
[66,67],

2
el :1+7P/‘”2 )

where P is the Cauchy principal value. As illustrated in Fig. 8(a), the
static dielectric constant of semiconductor TilrBi at zero frequency
(w=0) has been computed as & (0) = 20.87 using the GGA + mBJ
method. As seen from Fig. 8(a), the real part of dielectric function rises
with the rise in photon energy, subsequently; it reaches a maximal value
at a photon energy of 1.76 eV (& (w) = 30.365) by showing normal
distribution character. It starts rapidly to decline by displaying anoma-
lous distribution characters in the range from 1.76 eV to 3.96 eV. On the
other side of 4.2 eV photon energy, it goes below zero, and then it ap-
proaches zero value at higher energy values.

Electronic properties of a crystal are mainly elucidated by utilizing
imaginary part €; (@) of the dielectric function which is associated with
the event of the absorption of photons. The obtained spectra of &2 (@) for
TilrBi compound are plotted in Fig. 8(a). The computed threshold value
of &2 (w) with GGA + mBJ approximation is practically 0.86 eV for TilrBi
semiconductor. The source of this point is by dint of the inter-band
electronic transition (/. — I'y) between the highest valence band and
the lowest conduction band at the I'-point for TilrBi, and also it is called
the fundamental absorption limit. Maximal value of &5 (w) takes place at
approximately 2.20 eV for the TilrBi compound. Thereafter, a descent in
the spectra of this compound can be observed with ascending energy.
The obtained optical bandgap value from &3 (@) is 0.86 eV for TilrBi,
which is in good agreement with the predicted bandgap from electronic
band structure calculations (0.87 eV). Besides, the highest peak values in
the spectra of ¢; (w) occur in the visible and ultraviolet regions of the
electromagnetic spectrum. It can be concluded that the investigated
compound is a substantial nominee for optoelectronic devices.

Afterward, other optical parameters like the refractive index n (o),
extinction coefficient k (w), reflectivity R (w), and optical conductivity
o (w) can be obtained from the calculated values of the real and imag-
inary parts of the dielectric function [42,68].

)= Vef(w) o) + a(w)] " ©)
2

n(w

)
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Refractive index n (w) and extinction coefficient k (w) are significant
constants to comprehend microscopic interactions with light. The
calculated refractive index n (w) spectrum for the TilrBi compound is
plotted in Fig. 8(b), having a parallel form with the ¢; () spectrum. The
value of the refractive index at zero frequency (w=0) boundary is
defined as a static constant of refractive index n (0) of semiconductor
TilrBi compound. This constant is found as 4.57 for the studied com-
pound. This result shows that the static value of refractive index n (0) is
strongly associated with the ¢; (0) by the following correlation [69],

n(0) = /& (0) (10)

It clearly shows that our computations possess the highest grade of
trustworthiness. The calculated spectrum of the extinction coefficient
k (w) for the TilrBi compound are given in Fig. 8(c). It can be observed in

Fig. 8(a) and (c) that k (w) and €, (@) exhibit similar changes with the
increase in photon energy values. Similar to the spectrum of ¢, (w), the
threshold value of the extinction coefficient is almost 0.90 eV. As can be
seen from these two spectrums, there is a rapid decline after reaching the
highest value.

Optical conductivity o (@) is one of the prominent optical parameters
indicating the carrying of electrons in the current state of electromag-
netic radiation. This parameter obtained for a substance puts forward its
effectuality in applications of optoelectronic devices and systems. The
optical conductivity ¢ (@) as a function of photon energy for TilrBi using
mBJ-GGA functional has been calculated and plotted in Fig. 8(d). The
optical conductivity begins at approximately 0.90 eV for this compound.
It can be seen that the line form of ¢ (w) is practically similar to k (w) and
&2 (w) spectrums. The highest peak values of ¢ (w) for TilrBi take place
in the energy range between 2.2 eV and 7 eV, indicating the visible and
ultraviolet regions of the electromagnetic spectrum.

Reflectivity is an optical variable that manifests the reflection of
photons from a specific environment. The spectrum of the optical
reflectivity for the TilrBi compound is illustrated in Fig. 8(e). The value
of R (w) at the zero frequency (v = 0) boundary is called the static value
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Fig. 5. (a) The spin-polarized total and partial density of electronic states for y -TilrBi using GGA, (b) Density of electronic states of ty, and e; for Ti-d and Ir-

d using GGA.

denoted by R (0). The static value of reflectivity is determined as 0.41 for
the TilrBi compound. That is, the reflectivity spectrum begins at 41 % for
half-Heusler compound TilrBi, and after that, the reflectivity attains
maximal values about 56 and 55 % for energy values of 2.20 and
3.96 eV, respectively. For this reason, the title compound can act as an
armor to shield from high-frequency electromagnetic radiation in the
visible and ultraviolet regions of the electromagnetic spectrum in
accordance with the high reflectivity grades at these energy values.

3.4. The effect of pressure on the optoelectronic properties

We delved deeper into the electronic and optical characteristics of
the TilrBi compound under pressure from 0 to 50 GPa, with the step of
25 GPa. The computed electronic band structures along the high sym-
metry directions in the Brillouin zone at these values of the applied
pressures are plotted in Fig. 9. At 0GPa, it is clearly seen that this
compound is direct bandgap semiconductors, where the valence band
maximum (VBM) and the conduction band minimum (CBM) located at
the I'-point. This direct bandgap value calculated by the GGA-mBJ
method is 0.87 eV. However, the analysis of the electronic band struc-
tures at 25 GPa and 50 GPa indicates that valence band maximum and
conduction band minimum are not at the same symmetry point, which
certifies their indirect bandgap nature. These values are found at I"-point
and X-point, respectively. As a result, it has become apparent that the

TilrBi compound has a direct bandgap of 0.87 eV without any effect of
pressure. However, after applying hydrostatic pressure, its direct
bandgap changes into an indirect bandgap of 1.21eV and 1.26 eV at
25 GPa and 50 GPa, respectively. Similar results have been found in the
theoretical study conducted in previous years for half-Heusler com-
pounds. Wei et al. [70] have investigated the electronic structure and
optical properties of half-Heusler ZrIrX (X=As, Sb, Bi) compounds
under pressure and they reported that the direct bandgap changes to the
indirect bandgap with increasing pressure for the ZrlrAs and ZrIrBi
compounds.

The variation of the optical properties of half-Heusler materials with
pressure is an interesting phenomenon for practical applications.
Therefore, the pressure-induced variations of real ¢; (w) and imaginary
& (w) dielectric functions in the photon energy range of 0 — 16 eV for
the TilrBi compound are calculated using GGA + mBJ approximation
and given in Fig. 10(a) and (b), respectively. As can be seen in Fig. 10(a),
the calculated values of static dielectric constant ¢; (0) of the TilrBi
semiconductor are 20.87, 18.02, and 17.20 at 0, 25, and 50 GPa,
respectively. Namely, static dielectric constant (e; (0)) of this material
under changing induced pressure is observed to be decreasing with
increasing the pressure. The ¢; (w) spectra are fluctuating to attain their
first peak values of 1.76 eV, 1.82 eV, and 2.33 eV at 0 GPa, 25 GPa, and
50 GPa, respectively.

For a deeper understanding of a material’s response to the incident
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Fig. 7. The charge density plot of the TilrBi compound along the [111] plane.

photons, imaginary parts of the dielectric function ¢ (@) under various
pressures are plotted in Fig. 10(b). It can be clearly observed from
Fig. 10(b), the calculated threshold energies in the imaginary parts of
the dielectric function using the GGA + mBJ approach are 0.86 eV at
0 GPa, 1.19 eV at 25 GPa, and 1.27 eV at 50 GPa. These values, which are
harmonious with the bandgap values obtained from the pressure-
dependent electronic band structures of the TilrBi compound, are in
the infrared region in the electromagnetic spectrum. It can be noted
from Fig. 10(b) that &3 (w) increases and approaches to its maximum
value 2.20eV at 0GPa, 2.73eV at 25GPa, and 2.79eV at 50 GPa.
Additionally, the peaks of e (w) spectra minimally shifted toward
greater energy values under the effect of pressure.

3.5. Vibrational properties

Phonon dispersion curves and detailed phonon state density curves
for the y crystal phase of TilrBi compound were computed by the PHON
program [71], which is based on a supercell approach with the finite
displacement technique [72]. Phonon calculations for TilrBi compound
in MgAgAs-type cubic crystal structure with F-43m crystal symmetry
were made by setting up a2 x 2 x2 supercell containing 96 atoms, and
only 0.02A displacements of the atoms were allowed. The phonon
dispersion curves, total and partial density of states of y -TilrBi com-
pound have been plotted in Fig. 11. Besides, the total and partial density
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of state curves of this material are shown in detail on the right side of
phonon dispersion curves. As can be clearly seen from Fig. 11, there is a
total of 9 phonon modes in the phonon dispersion curve of the TilrBi
compound. Three of these phonon modes are acoustic and the rest are
optical. It should be emphasized that the TilrBi compound is dynami-
cally stable in the F-43 m type cubic structure because no negative mode
is observed in phonon modes. In the phonon dispersion, the total and
partial density of state curves given for TilrBi, there are bandgaps be-
tween the acoustic and optical phonon modes as well as the between
optical-optical phonon modes. The values of these gaps calculated for
this compound are 0.07 THz and 0.81 THz, respectively. Besides, the
values of optical phonon modes in the Brillouin zone center are
measured as 4.689 THz and 5.742 THz.

As for the total and partial phonon density values, the low energy
phonon modes are mainly caused by the vibrations of the Ir and Bi
atoms, whereas very small contributions come from the vibration of the
Ti atoms. Similarly, the vibrations of the phonon modes between
3.65 THz and 4.93 THz are largely owing to the vibrations of Ir and Bi
atoms and the small contributions of Ti atoms. The vibrations of the
phonons in high-frequency optical modes (5.74 THz and 7.45 THz) are
largely owing to the vibrations of the Ti atoms and small contributions of
the vibrations of the Ir and Bi atoms. This situation is expected due to the

mass difference between atoms.
4. Conclusions

Self-consistent spin-polarized calculations have been conducted to
inquire into the structural stability, electronic, magnetic, optic, and
lattice dynamic properties of half-Heusler TilrBi compound with the 18-
valence electron in the cubic MgAgAs-type. Among the structural phases
(a, B, and y), the y phase has found to be the most stable phase based on
both formation enthalpies and energy-volume addictions. When the
energy-volume curves plotted for the TilrBi compound in antiferro-
magnetic (AFM), paramagnetic (PM), and ferromagnetic (FM) configu-
rations are compared, the paramagnetic configuration is found to be
energetically more stable than other magnetic configurations. At the
equilibrium lattice constants, the electronic band structures obtained by
GGA and GGA + mBJ methods signify TilrBi compound is a semi-
conducting material with a direct bandgap of 0.56 eV for GGA and
0.87 eV for GGA + mBJ approaches. The presence of bandgaps can be
elucidated with possible d-d hybridization between the d-electrons of Ti
and Ir atoms. This compound has dynamically and thermodynamically
stable in the y structure. Finally, the different optical properties like real
and imaginary parts of the dielectric function, refractive index,
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extinction coefficient, optical conductivity, and reflectivity have been
calculated with GGA + mBJ potential. We hope that our study will
stimulate experimental work devoted to the synthesis and applications
of TilrBi as it has been proven to be a promising nominee for techno-
logical applications in optoelectronics.
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