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Abstract: This research investigates the structural, electronic, mechanical, and vibrational properties of
double half-Heusler compounds with the generic formula Ti;Pt,ZSb (Z = Al, Ga, and In) using density
functional theory calculations. The generalized gradient approximation within the Perdew-Burke-
Ernzerhof functional was employed for structural optimization and the hybrid HSE06 functional
for electronic properties. Our results demonstrate that these compounds are energetically favorable,
dynamically and mechanically stable. Electronic structure calculations reveal that TipPt, AlSb double
half-Heusler compound is a non-magnetic semiconductor with an indirect bandgap of 1.49 eV, while
TipPtoGaSb and Ti;Pt,InSb are non-magnetic semiconductors with direct bandgaps of 1.40 eV. The
alloys exhibit low lattice thermal conductivity (2.35-2.66 W/mK) and high melting temperature (1211-
1248 K), making them promising candidates for high-technological applications. Further performed
analysis, including phonon dispersion curves, electron localization function (ELF), and Bader charge
analysis, provides insights into the bonding character and vibrational properties of these materials.

Keywords: double half-Heusler alloy; mechanical properties; thermal conductivity; density functional
theory

1. Introduction

Heusler alloys, characterized by their diverse transition metal elements (X, Y) and main group
elements (Z), have emerged as promising materials for exploring novel electronic properties and multi-
functional applications. While full (X,YZ) and half (XYZ) Heusler alloys have been extensively studied
[1-8], double Heusler alloys (X'X"Y2Z,, XoY'Y"Z;, and X;Y,Z'Z") have garnered significant interest
in recent years due to their unique combination of structural symmetry and electronic complexity
[9,10]. The term "double” emphasizes the doubling of the unit cell in comparison to their single-cell
counterparts (XYZ — XpYY'Z,), where Y and Y’ are aliovalent. In the quest for novel materials with
tailored electronic properties and multifunctional capabilities, double-half-Heusler (DHH) alloys have
emerged as compelling candidates for this role. With applications from spintronics to thermoelectrics,
the study of DHH alloys has become a focal point in contemporary materials research.

Anand et al. [9] propose that the thermal conductivity (x) in DHH compounds is primarily
governed by reduced group velocity phonons and constrained by disorder scattering effects, which
should reduce x compared to contemporary ternary half-Heusler thermoelectric materials, whose
efficiency is hindered by their inherently high x. Through the synthesis of Ti;FeNiSb,, they have

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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demonstrated and validated that this DHH alloy exhibits markedly lower thermal conductivity than
its ternary half-Heusler analog TiCoSb, thus presenting a superior foundation for the enhancement
of thermoelectric efficiency [9]. Rached et al. [11] compared the structural, thermoelectric, and
elastic properties of identical half (TiXSb, X = Ru, Pt) and DHH alloys (TipRuPtSb,). The authors have
determined through computational analysis that the Ti;RuPtSb, compound exhibits pronounced peaks
in the absorption coefficient within the ultraviolet (UV) spectral range, suggesting its potential utility
as UV filters and UV photodetectors. The investigated materials have also demonstrated promising
thermoelectric properties, indicating their suitability as potential candidates for thermoelectric device
applications [11-16]. In most instances, DHH alloys exhibit semiconductor behavior [17], exemplified
by the investigations conducted by Bouhadjer et al. [18]. In their study, Ti;FeNiSb, and Ti;Ni,InSb
alloys were observed, displaying band gap energies of 0.64 and 0.43 eV, respectively.

Ding et al. [19] devised a half-metallic DHH alloy, Mn;FeCoSiy, and conducted an investigation
into its electronic structure and magnetism. Additionally, they accurately examined the impact of
atomic irregularities, encompassing six varieties of swap disorders and twelve varieties of antisite
disorders, on the half-metallic properties of MnyFeCoSij [19]. Transitioning to another study, Douinat
et al. [20] explore the valence band contributions in two DHH alloys, Zrp AlBiNi; and Zr,GaBiNij,.
They find that in both alloys, the 3d orbitals of Ni predominantly contribute to the valence band, while
the conduction band is primarily influenced by the 4d and 34 orbitals of Zr and Ni, respectively. So
beyond thermoelectricity, DHH alloys demonstrate potential in spintronics, offering opportunities for
spin injection, manipulation, and detection, which are essential to advancing electronic devices into
the next generation [3]. Furthermore, extensive research has demonstrated the potential of double
Heusler alloys in cutting-edge applications, including photovoltaics, ultraviolet (UV) sensing, solar
cell technologies [21] and transportation [23-25].

It should be noted that despite the advantages and large number of DHH alloys that have been
extensively studied over the past decade, a considerable number of new compound combinations have
not been investigated neither experimentally nor theoretically.

This paper presents a first-time investigation into the structural, electronic, mechanical, and
phonon properties of DHH compounds TiyPtyZSb (where Z = Al, Ga, and In). The results obtained
should help a better understanding of the physicochemical properties and assess the potential suitabil-
ity of the aforementioned alloys for advanced technological applications.

2. Computational Methods

The calculations were performed using the Vienna Ab-initio Simulation Package (VASP) package
within the density functional theory (DFT) methodology [26,27]. The generalized gradient approx-
imation (GGA) within the Perdew-Burke-Ernzerhof functional (PAW) was utilized to account for
the exchange-correlation interaction [28]. A baseline plane wave cutoff of 700 eV was applied in all
instances. Integration of the Brillouin zone was achieved through a 12 x 12 x 6 k-point grid. These
parameter choices demonstrated satisfactory convergence in total energy. Convergence tolerance for
the calculations was set at a total energy difference within the range of 1077 eV /atom. The charge
distribution on the ions was investigated employing topological analysis, utilizing the Bader method.
The phonon calculations were performed using PhonoPy program [29]. Real-space force constants
were calculated using supercell and finite displacement approaches, with 2 x 2 x 1 supercells for all
considered compounds. The elastic stiffness tensor (C;;) of considered compounds was calculated
using the stress (0)-strain (€) relation 0; = Cjje; and from obtained data all desired mechanical proper-
ties were estimated. Lattice thermal conductivity was calculated using a modified Debye—Callaway
model, as implemented in AICON [30]. This approach uses the Debye temperature, phonon group
velocity, and mode-resolved Gruneisen parameter as input, and it was especially appropriate for bulk
crystalline materials.
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3. Results
3.1. Structural Properties

Now we present the obtained results on the new DHH compounds.

The selected DHH compounds, TipPt;ZSb (Z = Al, Ga, and In), crystallize in a body-centered
tetragonal lattice structure with the 1424 space group (No0.122). An example of the crystal structure is
shown in Figure 1. The X (Ti) and Y (Pt) atoms occupy 8c and 84 sites, while the Z (Al, Ga, and In)
and Z’' (Sb) atoms occupy 4a and 4b Wyckoff positions, respectively. The chosen X and Y atoms are
transition metals, while the Z atom is an element of the main group. Table 1 provides an overview of
the key attributes associated with these alloys.

Table 1. Structural data of considered Ti; Pt,ZSb compounds.

Compounds Ti,Ptp AlSb  TipPtp;GaSb  TipPtyInSb
Lattice a=b 6.120 6.121 5.905
parameter c 12.228 12.216 11.826
Coordinates X y Z
Ti 0 0.5 0.495
Atoms Pt 0.75 0.25 0.625
Al/Ga/In 0 0.5 0.25
Sb 0 0 0.5

Stable half-Heusler semiconductor compounds adhere to the 18 valence electron counting (VEC)
rule [31]. Alloys that conform to this rule exhibit notable stability and possess intriguing semiconductor
properties, making them particularly relevant for various branches of physics.

DHH compounds are distinguished by their formation through the combination of 17 and 19
valence electron half-Heusler compounds, resulting in stable 18 valence electron structures. This
transformation from ternary to quaternary compounds enables the creation of a diverse array of new
alloys, suitable for a wide range of applications.

Figure 1. Crystal structure of double half Ti;Pt,ZSb alloys (Z=Al, Ga, In).

In our case, the DHH compound TipPt; AISb which has 18 valence electrons, is considered to be a
combination of the two half-Heuslers: TiPtAl with 17 valence electrons and TiPtSb with 19 valence
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electrons. This rule also works for the other two Ti,Pt,GaSb and Ti;PtoInSb double half-Heusler
compounds with 18 valence electrons. Accordingly, the chosen compounds should be considered
stable. Therefore, further, we investigated the structures for energy, mechanical, and dynamic stability.

Based on the above let us consider whether the selected alloys are energetically favorable. The
expected enthalpy of formation without correction for zero-point energy for the studied chemical
compounds was calculated.

The formation enthalpy calculation was performed using the following formula:

AH(X,Y2ZZ') = H(X,Y2ZZ') — 2H(X) +2H(Y) + H(Z) + H(Z")]

The enthalpies of the TiPt, AlSb, TipPt,GaSb, and Ti; Pt,InSb alloys are equal to -0.87, -1.01, and
-1.06 eV, respectively. The negative values of formation enthalpy indicate that these alloys are stable. As
expected from the 18 valence electron counting rule, the studied alloys were found to be energetically
stable.

3.2. Vibrational Properties

The vibrational properties of the material are analyzed to describe the dynamic stability. The
phonon dispersion curves and phonon density of states of Ti;Pt,ZSb alloys are shown in Figure 2.
Results of phonon dispersion curves are displayed in the first Brillouin zone. Since all three compounds
have 12 atoms in the primitive cell, there are 36 vibrational modes in the phonon band structure with
followed mechanical representation M = 2A; + 3A + 4By + 5B, + 11E. The first three acoustic
modes (T'ycoustic = Bz + E) represent the movement of the center of mass, while the optical modes
(Loptic = 2A1 + 3A; + 4By + 4B, + 10E) characterize the relative motion between atoms. According
to a group theoretical analysis, there are 30 Raman active (I'rgman = 2A1 +4B1 + 4By + 10E), 24 IR
active (I')r = 4B, + 10E), and 3 silent (I's;je,,y = 3A32) modes for TipPtpZSb compounds. Calculated
vibrational modes at I'-point are presented in Table 2.

Analyzing the density of phonon states, it can be seen that for all three compounds in the frequency
from 0 to 4 THz, the main contribution to acoustic modes corresponds to Pt atoms, while from 4 to 6
THz to Sb atoms. For TipPtyGaSb and TipPt,InSb alloys in the frequency ~ 5.5-6.2 THz a phonon band
gap is observed. Conversely, TioPty AlSb exhibits two smaller phonon band gaps in the frequencies ~
7.3-7.4 THz and ~ 8.1-8.5 THz. Additionally, a fifth phonon band with frequencies exceeding 9 THz,
primarily influenced by the vibrations of the lighter aluminum atoms.

According to the performed calculation of the phonon dispersion, no imaginary modes in the
whole Brillouin zone were found, which means that when the system is perturbed, the atoms return to
their equilibrium positions. This fact proves that the considered alloys are dynamically stable.
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Figure 2. Calculated phonon dispersion curves and phonon density of states for Ti;Pt;ZSb compounds.
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Table 2. Calculated optical modes (w) of TipPt,ZSb (Z = Al, Ga, and In), their activity and corresponding Mulliken

symbols.
Mulliken Activity w, THz
symbol Ti,Ptob AlISb  TirPtoGaSb  Tip Pt InSb
E Raman, IR 2.700 2.644 2.322
E Raman,IR 3.023 2.750 2.322
By Raman 3.158 3.049 2.768
B, Raman, IR 3.287 3.116 2.732
Ay Silent 3.666 3.672 3.671
Aq Raman 3.678 3.674 3.658
Aj Silent 4.147 4.192 4.125
E Raman,IR 4.312 4.127 3.759
B Raman 4.704 4.318 3.763
E Raman,IR 4.848 4.749 4.615
By Raman, IR 5.251 5.358 5.163
E Raman,IR 5.874 4.949 4.862
E Raman,IR 6.162 5.334 5.198
By Raman, IR 6.512 5.544 5411
By Raman 6.587 5.572 5.406
E Raman,IR 7.295 6.330 6.010
Aq Raman 7.414 7.269 6.750
Ay Silent 7.433 7.265 6.756
E Raman,IR 7.952 6.953 6.946
E Raman,IR 8.874 7.991 7.079
B, Raman, IR 8.914 6.625 6.059
E Raman,IR 9.634 8.231 7.323
By Raman 9.783 7.824 7.523

3.3. Elastic Properties

The number of independent elastic constants usually depends on the symmetry of the structure
under investigation. In our case, for a tetragonal crystal structure, there are six independent elastic
constants as Cy1, C12, C13, C33, Cas, Ces. Table 3 contains the calculated elastic constants C;; for all three
compounds. A compound that satisfies the Born-Huang condition can be considered mechanically
stable [32]. Four principal criteria must be satisfied by our system:

Ci1 > Cya,

2C%, > C12(Ci1 + Cr2),
C44 >0,

Ces >0

Based on the calculations all three alloys meet the required conditions and could be considered as
mechanically stable. Considering the above, the TipPt;ZSb alloys were tested for energy, dynamic, and
mechanical stability. They were found to be stable according to all three criteria.

Realizing that the elastic constants C;; and C33 demonstrate compression resistance, while the
constants Cq3,C13,Cyqq and Cgg show shear resistance, from the information in Table 3 the compression
resistance of Ti,Pt,ZSb alloys is larger than the resistance to one-dimensional shear deformations.
Utilizing the known elastic constants Cl-]- above, the elastic moduli as shear, bulk, Young’s modulus,
and Poisson’s ratio can be estimated. Bulk modulus of elasticity B serves as an indicator of a material’s
resistance to uniform compression. The shear modulus G characterizes the material’s resistance to
shear deformations. The upper and lower boundaries of the actual polycrystalline constants are
described by the Voigt [33] and Reuss [34] equations. For a tetragonal crystal, it can be approximated
using the Voigt average (By,Gy), and the Reuss’s modulus (Bgr, Ggr) derived from the elastic constants.
Taking into consideration Hill’s recommendations [35,36], the estimation of the volume and shear
modulus was the arithmetic mean of the upper and lower limits, and the following equations were
used:
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Table 3. Calculated elastic constants C;; for Ti;Pt,ZSb compounds (Z = Al, Ga, and In) in GPa.

Compounds C11 C12 C13 C33 C44 C66
Tip Pty AlSb 199.6 1115 108.6 1965 69.1 68
Tip Pt GaSb 1942 1152 1135 1917 669 669
TipPtyInSb 191.3 106.6 1069 188.8 58.6 59

The calculated B, G, E, and v are presented in Table 4. Upon analyzing the bulk modulus, the
TiPtpGaSb alloy exhibits the highest resistance to uniform compression among the three alloys, while
Tip PtoInSb shows the lowest resistance. Notably, the shear modulus decreases as the ionic radius of
the constituent elements increases, implying that larger ionic radii contribute to reduced resistance to
shear stress.

Young’s modulus indicates the stiffness of a material. The Young’s modulus equation can be
written as follows E = % [37]. The Poisson’s ratio shows the measure of deformation in one
direction under the action of stress applied in a perpendicular direction [38]. In our case, for a
tetragonal system, it is determined by the following relation v = % [39]. High E values
correspond to very stiff materials with strong covalent bonds. It is clear from Table 4 that Young’s
modulus decreases with increasing ionic radius, while on the contrary, the Poisson’s ratio increases.
These values typically indicate materials with metal compounds and are close to the typical range for
metals and ductile materials. Simply put, with an increase in the radius of the Z atom, the stiffness of
the material decreases, but at the same time, it maintains a balance between strength and plasticity:
the material can deform but retain its shape.

Table 4 also shows values such as fracture toughness, Vickers hardness, and brittleness of the
material. Based on our calculations, the Vickers hardness Hy for the Ti;Pt;InSb alloy is the lowest
and equals to 4.2 GPa. TipPt; AISb has the highest value of Hy (5.3 GPa), while the Ti;Pt,GaSb has an
intermediate (4.5 GPa).

The calculated Hy values of Ti,Pt,ZSb (Z = Al, Ga, and In) fall below the minimum threshold for
hard materials, which is 20 GPa (Figure 3). Therefore, these double half-Heusler alloys could not be
classified as hard materials. The B/ G ratio gives an idea of the fragility of the material. If the B/ G ratio
is greater than 1.75, the material is considered to be ductile. If it is less than 1.75, it is considered brittle.
In our case, the B/ G values are high (= 2.6), which indicates their ductility. Fracture toughness can be
described as the resistance of a material to cracks and fractures when exposed to external forces. As for
fracture toughness K¢, this decreases with increasing the ionic radius of the Z atom in TipPt,ZSb alloy
[40]. Using the Fine relation [41] for hexagonal and tetragonal structures of metals and intermetallides,
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we calculated the melting temperature of the alloys and found that it decreases with increasing their

stability.
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Figure 3. Comparative analysis of values of hardness (Hy), B/ G for Ti;PtyZSb compounds.

Table 4. Calculated values of the bulk (in GPa), shear (in GPa), Young’s (in GPa) moduli, Poisson’s ratio, B/G
ratio, Vickers hardness (in GPa), fracture toughness (in MPa m!/2), bulk and shear anisotropy factors (%), and
melting temperature (in K) of Ti;PtpZSb (Z=Al, Ga, In) double half Heusler compounds and comparison with

TiPtSn [42].

Compounds B G E v B/G Hy Kic Ap Ag T
Ti, Pty AISb 139 58 152 0.318 24 5.3 2.5 0.01 2.26 1248
Ti,Pt,GaSb 140 54 144 0.329 2.6 45 24 0.01 3.25 1224
Tip PtrInSb 135 51 136 0.331 2.6 4.2 2.3 0.01 1.38 1211
TiPtSn 146 57 150 0.329 25 4.7 - 0.00 1.72 -

Ty =354+45- (2C11 + C33)/3

Using the calculated bulk and shear moduli, the percentage of elastic anisotropy for the bulk
modulus Ap and shear modulus A were calculated. For elastic isotropy, the value corresponds to 0
%, while the maximum possible anisotropy corresponds to a value of 100 %. A comparative analysis
of the elastic properties of double half-Heusler alloys and their half-Heusler analogue shows that
aliovalent substitution has a negligible effect on the values of the elastic moduli.

3.4. Thermal Conductivity

The lattice thermal conductivity was calculated and illustrated in Figure 4. The calculated values
of lattice thermal conductivity x; (W/(m-K), longitudinal sound velocity v; (m/s), transverse sound
velocity vy (m/s) and average sound velocity v, (m/s) of the Ti;Pt,ZSb DHH compounds with TiPtSn
are presented in Table 5. The sound velocities for TiPtSn were recalculated using the C;; constants
provided in [42]. It can be seen that with increasing temperature, the lattice thermal conductivity for
all three double half-Heusler alloys decreases gradually. At 300 K, the lattice thermal conductivity for
Tip Pty AISb compound is 2.67 W/(m-K), for TipPt,GaSb is 2.52 W/(m-K), for Ti;Pt;InSb compound
2.35 W/(m-K) respectively. A comparison between the investigated DHH alloys and their analogue
TiPtSn indicates that aliovalent substitution of Sn leads to an increase in lattice thermal conductivity
by approximately threefold. In the case of sound velocities, their values do not differ significantly.

Table 5. The calculated lattice thermal conductivity x; (W/(m-K), longitudinal sound velocity v; (m/s), transverse
sound velocity v; (m/s) and average sound velocity vgye (m/s) for TioPt,ZSb (Z = Al, Ga, and In) and comparison
with TiPtSn.

Compounds  «p, vy Uy Ugve Ref.
Ti;Pt;AlSb  2.67 4847 2505 2911 this study
Ti;Pt;GaSb 252 4653 2349 2732 this study
Tip Pt,InSb 235 4523 2273 2661 this study
TiPtSn 9.2 4553 2569 2924 [43]
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Figure 4. Lattice thermal conductivity «; of TipPt,ZSb (Z = Al, Ga, In) at different temperatures ranging from 200
K to 1000 K.

3.5. Electronic Properties

The electronic properties of the materials were investigated by calculating the density of states
and the band structure using density functional theory (DFT). Since it is known that standard DFT
functionals greatly underestimate the band gap, the HSE06 hybrid functional [45] was used to esti-
mate the band structure and density of states (DOS). The density of states is an essential factor in
characterizing energy levels. The calculated band structure and DOS are shown in Figure 5.

Analysis of the DOS and band structure revealed the presence of a band gap proximate to the
Fermi level, with respective values of 1.43 eV (indirect) for the Ti;Pty AISb alloy, 1.40 eV (direct) for
the Ti;PtyGaSb and TipPt,InSb alloys respectively. According to the results obtained, the maximum of
the valence band (VBM) lies at the I'-point, and the minimum of the conduction band (CBM) at the
M-point. The band profiles are alike for all three compounds. For comparison, the band gap of the
18-valence-electron analogue TiPtSn is reported to be 1.31 eV [44].

The analysis of the three graphs shows that Pt d states make a predominant contribution to the
total density of states in the bottom of the valence band from ~ -5.5 to -2.5 eV, whereas the top of the
conduction band from =~ 1 to 2 eV, the unoccupied Ti d states make the most significant contribution.
Furthermore, near the Fermi level, the contribution of indium In p states among the Z atoms is
significantly greater than Al p states. Proximal to the Fermi level, at the valence band maximum,
contributions from all atomic species are observable, with the occupied d states of Ti exerting the most
significant influence.

The results of the electronic characteristics of DHH alloys determine that the chosen alloys exhibit
properties of non-magnetic direct bandgap semiconductors.

Furthermore, a Bader analysis was conducted to ascertain the atomic charges and are shown in
Table 6. This analysis enables a detailed understanding of the charge distribution within the studied
compounds. The Bader charges of Ti atoms decrease slightly as the Z element changes from Al to
In. This trend indicates a gradual increase in charge delocalization and a slight reduction in the ionic
character of Ti with heavier Z elements.

Table 6. Bader charges of atoms (e) in TipPt,ZSb (Z = Al, Ga, In) alloys.

Compounds  Ti Pt V4 Sb
TP, AlSb  +1.99 -359 +3 +0.20
Ti,Pt,GaSb  +1.98 -3.62 +3 +0.28
TipPt,InSb - +1.94 -3.63 +3 +0.40
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Figure 5. The density of states and electronic band structure of the Ti;Pt;ZSb double half-Heusler alloys.

In case of Pt atoms, increasing negative charge suggests enhanced electron transfer to Pt atoms as
the atomic size of the Z element increases, likely due to the influence of bonding and electronegativity
differences. Sb atoms show an increasing trend in Bader charges. This trend correlates with an
increasing covalent character or electron density redistribution towards Sb as the Z element becomes
heavier. The Z element retains a constant Bader charge of (+3e) across all compounds. This uniformity
suggests that the Z elements contribute primarily through their stable valence state, with minimal
variation in charge transfer dynamics. To illustrate the various interactions and chemical bonds in
selected DHH alloys, the electronic localization functions (ELF) were calculated. Figures 6 depict the
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electronic localization function data for Ti,Pt, AlSb, Ti;Pt;GaSb, and Tip Pty InSb. High values of the
ELF between atoms indicate regions where electrons tend to pair, reflecting the covalent bonding
character between the nearest-neighbor atoms in the compounds. As can be seen from Figure 6, the
charge accumulation occurs halfway through each Sb—Pt vector and the maximum ELF value between
Sb and Pt atoms is about 0.4, which is indicative of the ionic bonding. In contrast, the bond between the
Z atoms (Al, Ga, In) and Pt atoms predominantly exhibit a covalent nature, with ELF values reaching
0.8. Moreover, as the ionic radius of the Z atom increases (Al — Ga — In), the covalent character of the
bond between Pt and Z atoms is enhanced. The comparison of ELF for the selected alloys shows that
the nature of the electron density distribution is mainly determined by the nature of the element Z.
However, the overall pattern of the electron density distribution remains qualitatively similar for all
selected alloys, which indicates the similarity of their electronic structure.
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Figure 6. Calculates ELF of the Ti;Pt;ZSb double half-Heusler alloys in the (110) plane.
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