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Abstract: Half-Heusler (hH) alloys are an intriguing class of materials with significant potential for 

applications in spintronics, thermoelectrics, optoelectronics, and magnetoelectronics due to their 

unique adjustable properties. In this work, we have investigated the structural, thermodynamic, 

mechanical, and electronic properties of RuVZ (Z: As, Bi, Sb) half-Heusler materials using the 

density functional theory (DFT) as implemented in the quantum espresso computational suite. The 

structural, thermodynamic, and mechanical properties were also predicted using the linear response 

density functional perturbation theory. We observed that the hH alloys are non-magnetic 

semiconductors and have an indirect narrow band gap. The band gap values and lattice constants for 

RuVSb and RuVAs cubic crystals are consistent with published reports. RuVBi has a lattice constant 

of 6.18 Å and a band gap of 0.16 eV.  The elastic parameter results obtained satisfy Born's stability 

requirements, suggesting mechanical stability of the hH materials. All three alloys are found to be 

ductile. The RuVZ alloys obey the Dulong-Petit law at heat capacity of 74.7, 74.5, and 74.3 J mol-

1K-1 and temperatures of 556, 754, and 775 K, respectively. The Debye temperature of 353.75K 

suggests that the RuVAs alloy is the hardest, with a significant Debye sound velocity (2997.12 m/s) 

and will have high thermal conductivity. 
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1. Introduction  

Heusler and half-Heusler compounds are a very important class of materials because of their 

promising potential for applications in spintronics and magnetoelectronics [1, 2]. The full-Heusler (fH) 

compound with structure X2YZ was first discovered in 1903 by Heusler Friedrich [3, 4]. The fH alloys 

crystallize in the L21 structure and 𝐹𝑚3̅𝑚 symmetry group. It has four interpenetrating FCC lattices [5, 

6]. Due to their remarkable properties like high curie temperature, strong ferromagnetism even with the 

absence of elements with magnetic behavior, a lot of attention have been drawn towards finding new 

materials with tunable multifunctional properties. This search led to the discovery of several variants 

such as half-Heusler, inverse Heusler and quaternary Heusler [7-10]. The half-Heusler alloys exhibit a 

chemical formula XYZ with C1b structure and 𝐹43̅𝑚 symmetry group. Particularly, this variant of the 

Heusler alloys have been found to be useful in thermoelectric and spintronics applications [11-16].  

There are several experimental and computational studies reported in publications on half-Heusler 

alloys [17-35]. Nevertheless, the search for viable half-Heusler semiconductors with suitable properties 

for specific applications is still needed because some of the already discovered materials have limitations 

that hinder their suitability for certain applications. In this work, we carefully carry out a density 

functional theory investigation of structural, thermodynamic, mechanical, and electronic properties of a 

new class of very promising half-Heusler RuVZ (Z: As, Bi, Sb) materials using the quantum espresso 

computational suite.  

2. Material and Methods 

Density functional theory calculations were carried out to study the thermodynamic, structural, 

mechanical, and electronic properties of RuVZ (Z: As, Bi, Sb) half-Heusler alloys using the quantum 

espresso (QE) computational code [36, 37]. We used the projector augmented wave (PAW) potentials 

and generalized gradient approximation (GGA) to treat the Perdew-Burke-Erzherhof (PBE) exchange 

and correlation between electrons [38-41]. The self-consistent functional (scf) calculations are 

performed using the Monkhorst-Pack scheme [42] with 8 × 8 × 8 k-points and a converged value of 

100 Ry kinetic energy cut-off of the plane wave basis set. We used 10-8 Ry as a threshold for convergence 

of results for the total energy, and Murzari-Vanderbilt smearing width [43] of 0.02 Ry. Atoms in the 

alloy unit cell were completely relaxed to obtain the equilibrium atomic positions. We used a tetrahedra 

occupation with a denser k-point mesh of (25 × 25 × 25) grid in calculating the electronic density of 

states. We analysed the alloy properties by fitting the dada set generated from the total energy calculation 

to the Birch-Murnaghan equation of state [44-46]. We used the XCrysDen software [47] to carefully 

select a dense high symmetry k-points for the band structure computations. Investigations of the 

thermodynamic behaviour, mechanical and elastic properties were done by using the Thermo_pw code 

as a post-proc in QE suite which employs the linear response density functional perturbation theory 

(DFPT) [48].   

3. Results and Discussion 

3.1. Structural and Electronic Properties 

We investigated RuVZ (Z: As, Bi, Sb) half-Heusler alloys in cubic crystal structure C1b, belonging 

to space group 216: F-43m. The electronic configuration of the valence shell of these alloys are 6s2 5p3, 

5s2 5p3 and 4s2 4p3 for Bi, Sb and As, respectively. While Ru and V are 5s1 4d7 and 4s2 3d3 respectively. 
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We studied the α-phase of the structure with X, Y, Z occupying the positions (0.25, 0.25, 0.25), (0.5, 

0.5, 0.5) and (0.00, 0.00, 0.00) respectively. The RuVZ alloys crystallize as non-ferromagnetic 

semiconductor. We confirmed this by applying the well-known Slater-Pauling relation (Mt = Zt - 18) for 

half-Heusler alloys. For the alloys we studied, Zt is 18, making Mt = 0. We computed the structural 

parameters of RuVZ alloy by carefully optimizing the total energy with respect to the lattice constant 

and fitted to the third Murnaghan equation of state represented by Eq. (1) [49]. 

𝐸 − 𝐸0 = [
𝑉𝑛

𝐵′ +
𝑉𝑛

𝐵′(𝐵′−1)
+

1

(1−𝐵′)
] 𝐵𝑉0            (1) 

B and 𝐵′ represents the bulk modulus and its derivative. E0 and V0 denotes the equilibrium values of 

energy and volume, respectively. Figure 1 shows the convergence of the lattice constant for RuVBi, 

RuVSb and RuVAs half-Heuslers. Our calculated values for lattice constants, bulk modulus and the 

pressure derivative of B are represented in Table 1 alongside with results obtained from both theoretical 

computations [50, 51] and experiment [52]. For the first time, we have obtained results for the lattice 

constant, bulk modulus, and its derivative as 6.18 Å, 143.35 GPa and 5.14 respectively, for RuVBi half-

Heusler. Also, our calculated values of lattice constants for RuVSb and RuVAs agree with both 

experiment and other theoretical results. When compared with Chibani et al., our results for B and 𝐵′ 

are lower for RuVSb and RuVAs. This variation might be as a result of different computational methods 

employed. 

  

 

Figure 1. Total energy versus Lattice constant for (a) RuVBi (b) RuVSb (c) RuVAs half-Heusler alloys.  
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Table 1. Calculated equilibrium lattice constants a0 (Å), bulk modulus B0 (GPa) and their pressure derivative and 

band gap Eg of RuVBi, RuVSb and RuVAs half-heusler alloys compared with previous results. 

Alloy 𝒂𝟎 B0 𝑩𝟎
′  Eg 

RuVBi 6.18* 143.35* 5.14* 0.16* 

RuVSb 
6.04*, 6.06a, 5.98b, 

6.02c, 6.05d 

163.04* 

181.10b 

4.61* 

5.11b 

0.20*, 0.20d, 0.19c 

0.22d 

RuVAs 
5.79*, 5.73b, 5.76c, 

5.80d 

183.80* 

201.71b 

4.33* 

4.7b 

0.14*, 0.19a, 0.24d, 

0.09b, 0.59b 

* This work, a Ref. [50], b Ref. [51], c Ref. [53], d Ref. [54]. 

 

Band structures and density of states provide enough information on electronic properties of solids. 

In this work, electronic band structure of the investigated half Heusler alloys is determined self-

consistently by using their equilibrium lattice parameters along the high symmetry directions in the 

Brillouin Zone. Figure 2 shows the electronic band structure for RuVBi, RuVSb and RuVAs alloys. The 

alloys exhibit indirect band gaps between X and L with the conduction band minimum at X and valence 

band maximum at L. The calculated band gap for these alloys is approximately 0.16, 0.20 and 0.14 for 

RuVBi, RuVSb and RuVAs, respectively. The band gap value reported in this work for RuVSb alloy 

agrees with previous results reported in literature. [50, 51, 53, 54]. The band gap obtained for RuVAs 

agrees with Ref. [50], but slightly different from the values reported in Ref. [53, 54]. The authors in Ref. 

[50] investigated RuVAs using DFT (with GGA-PBEsol approximation) as implemented in Wien2k 

code. While the authors in Ref. [53] used an estimated plane wave cut-off energy of 520 eV (38.2 Ry) 

and convergence threshold of 10-5 eV in their DFT calculations as implemented in the VASP code.  

Authors in Ref. [53] investigated 27 half-Heusler semiconductors using the Heyd-Scuseria-Ernzerhof 

hybrid functional with the VASP code. Also, they used 520 eV as the cut-off energy for their calculation. 

In this work, we used 10-8 Ry as the convergence threshold and achieved convergence for the plane 

wave energy cut-off at 100 Ry. The value of the cut-off energy used by the authors in Ref.  

[53, 54], and the Wien2k code they employed might be responsible for the slight difference in band gaps 

obtained. For the first time in literature, we have obtained a lattice constant and band gap value of 6.18 

Å  and 0.16 eV for RuVBi half-Heusler. Figures 3(a – c) show the partial density of states for the studied 

alloys. The plots clearly indicate that the d-orbitals, doubly degenerate d-eg, and triply degenerate d-t2g 

states of the two transition-metal (ruthenium and vanadium atoms) are active around the Fermi level. 

The maximum contribution to the band gap comes from Ru in the valence band. While, in the conduction 

band, V (d), d-eg, d-t2g states are the majority electron contributors to the band gap for all three materials 

studied.  
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Figure 2. Band structure for (a) RuVBi (b) RuVSb (c) RuVAs half-Heusler alloys using  

the DFT-GGA approximation. 

 
(a) 
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(b) 

 

 
(c) 

Figure 3. Partial density of states for (a) RuVBi (b) RuVSb (c) RuVAs half-Heusler alloys. 

3.2. Elastic and Mechanical Properties 

Studies have demonstrated that understanding the elastic and mechanical properties of materials is 

crucial in predicting the structural stability for applications. As a result, without initially testing alloys 

for elastic and mechanical stability, it is impossible to precisely predict their potential applications. In 

this work, elastic parameters are calculated by the DFPT [48] to examine the elastic and mechanical 

behaviour of RuVZ alloys. For cubic crystal structures, three independent elastic parameters (C11, C12, 

and C44) are required to predict elastic stability. The stability conditions are presented as [55]: 

                      𝐶44 > 0 ;  𝐶11 > 𝐶12 ;    𝐶11 + 2𝐶12 > 0       (2) 

                       𝐶12 < 𝐵 < 𝐶11         (3) 

Equations (2) and (3) are known as the Born stability criteria. C11 represents a materials' longitudinal 

stiffness behaviour, C12 represents the off-diagonal stiffness characteristics, shear stiffness behaviour is 

described by C44, and material resistance to external deformation is represented by B. The RuVAs alloy 

was observed to have the largest value of bulk modulus, followed by RuVSb and RuVBi, as presented 
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in Table 1. This means that RuVAs is the stiffest of the three alloys and has the highest resistance to 

external deformation.  

     We employed the following relations to calculate various elastic parameters such as young 

modulus (E), bulk modulus (B), and shear modulus (G), Pugh ratio (p), anisotropy factor (A), and 

Poisson ratio (v) [57]. 

                              𝐵 =
1

3
(𝐶11 + 2𝐶12)        (4) 

                             𝐺 =
1

2
(𝐺𝑣 + 𝐺𝑅)        (5) 

                         𝐸 =
9𝐵𝐺

3𝐵+𝐺
         (6) 

                         𝐺𝑅 =
5(𝐶11−𝐶12)𝐶44

3(𝐶11−𝐶12)+4𝐶44
        (7) 

             𝐺𝑣 =
1

5
(𝐶11 − 𝐶12 + 3𝐶44)       (8) 

                         𝐴 =
2𝐶44

𝐶11−𝐶12
         (9) 

                              𝑣 =
3𝐵−2𝐺

2(3𝐵+𝐺)
         (10) 

                              𝑝 =
𝐵

𝐺
          (11) 

The Reuss and Voigt approximations of G are GR and Gv, respectively. The calculated elastic 

parameters are presented in Table 2. According to these findings, C11, C12 and C44 for the half-Heusler 

alloys investigated are positive and meet the elastic stability criteria stated in Eq. (2). In addition, B 

satisfies the inequality Eq. (3). We observed that RuVAs half-Heusler semiconductor has the highest 

C11, and therefore, the alloy will be more resistant to unidirectional compression. The Young modulus 

of a material is the ratio of tensile stress to tensile strain. It is used to figure out how rigid a solid may 

be. As a result, larger E values indicate stiffer materials. RuVAs is the hardest of the three materials 

investigated in this work. Shear modulus (G) also describes a material's resistance to plastic deformation. 

RuVBi, RuVSb, and RuVAs have G values of 17.02, 38.7, and 55.2 GB, respectively. This indicates 

that RuVBi exhibit the least resistance to plastic deformation, whereas RuVAs has a higher resistance. 

Table 2. Calculated elastic parameters (in GPa) at equilibrium volume for cubic RuVBi, RuVSb  

and RuVAs half-heusler alloys using DFPT. 

Alloy C11 C12 C44 

Young 

modulus 

(E) 

Bulk 

modulus 

(B) 

Shear 

modulus 

(G) 

Poisson 

ratio (v) 
B/G A 

RuVBi 
202.60 111.90 7.58 48.90 142.15 17.02 0.4406 8.35 0.167 

 

RuVSb 

233.30 

263.55b 

128.50 

135.41b 

31.50 

53.12b 

107.50 

155.16 

163.40 38.70 

57.26b 

50d 

0.3904 4.22 

3.11b 

0.6011 

0.82b 

RuVAs 

241.99 

256.27a 

242.55d 

153 

175.82a 

164.75d 

63.70 

69.88a 

123.12d 

150.30 

153.81a 

182.7 

202.64a 

55.20 

55.99a 

0.3628 

0.373a 

3.31 

3.61a 

 

1.43 

1.73a 

a Ref. [50], b Ref. [51], d Ref. [54]. 
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Mechanical behaviour of materials such as brittleness and ductility are extremely important during 

manufacture. As a result, knowing these properties for each material is essential for determining its 

suitability for various applications. For these two extreme behaviours, a threshold value of 1.75 defined 

by Pugh in 1954 is utilized as an indicator. If a material's bulk to shear modulus (B/G) ratio is more than 

1.75, it is considered ductile, while values less than this suggests brittle behaviour. The results reported 

in Table 2 indicate that all three materials are ductile in nature. Out of the three compounds investigated, 

RuVBi is the most ductile material. The transverse strain to longitudinal strain ratio is known as the 

Poisson ratio. It provides data on material stability as well as the types of bonding forces [59]. A higher 

Poisson ratio indicates that the material is more plastic. Ionic bonded materials have a Poisson ratio of 

0.25, covalent bonded materials have a Poisson ratio of 0.1, and materials with a Poisson ratio of 0.25 – 

0.5 indicate the presence of a central force in the solid material. Results obtained for RuVBi, RuVSb, 

and RuVAs are 0.4406, 0.3904, and 0.3628, respectively. This shows that in all three alloys investigated, 

central forces are dominating. This result agrees with RuVSb and RuVAs values obtained by Chibani et 

al. [50]. The anisotropy factor (A) is another elastic parameter that is relevant in technical applications. 

It has the potential to alter material microcracks. A = 1 indicates that the material is elastically isotropic, 

while a value of less (or greater) than 1 indicates that the degree of elasticity is anisotropic. The 

computed A for RuVBi and RuVSb in this work is less than 1, but RuVAs is more than 1. As a result, 

these three alloys are classified as anisotropy materials. 

3.3. Thermodynamic Properties 

To investigate the thermodynamic properties of RuVZ (Z: As, Bi, Sb), the Quasi-Harmonic 

Approximation (QHA) was applied against the Harmonic Approximation (HA). The HA lacks the 

ability to account for phonon-phonon interaction and thermal transport with increase in temperature as 

such interprets the phonon lifetime as infinite. The QHA addresses these limitations by inserting the x-

parameter into the HA of the vibrational Helmholtz energy. Hence, we obtain the QHA expression as: 

𝐹𝑣𝑖𝑏(𝑋, 𝑇) =
1

2
∑ ℏ𝜔(𝑞, 𝑣, 𝑋)𝑞𝑣 + 𝐾𝐵𝑇 ∑ [1 − 𝑒𝑥𝑝 (

−ℏ𝜔(𝑞,𝑣,𝑋)

𝐾𝐵𝑇
)]𝑞𝑣      (12) 

Where X represents the volume or lattice parameter, ω represents vibrational frequency, q is the 

wave vector, T is the absolute temperature, KB represents the Boltzmann constant, v is the frequency and 

ℏ is the Planck’s constant. One must also note that the QHA do not account for anharmonicity at 

extremely high temperature above 1000 K. However, between 0 – 800 K investigated in this work, there 

is enough information to analyze thermodynamic properties and make concrete predictions about these 

alloys. All computations were carried out under zero pressure and temperatures ranging from 0 to 800 

K. The Debye temperature ΘD, Debye sound velocity Vm, and specific heat capacity with constant 

volume Cv are the thermodynamic parameters investigated. The Debye temperature is a key fundamental 

physical variable that is linked to a variety of solid-state properties such as free energy, specific heat, 

entropy, and melting temperature. The calculated Debye temperature, compressional velocity, shear 

velocity, bulk velocity, and average sound velocity are all reported in Table 3. We computed the Debye 

temperature using the relation. 

Θ𝐷 =
ℎ

2𝜋𝐾𝐵
(

3𝑛

4𝜋

𝑁𝐴𝜌

𝑀
)          (13) 

NA represents Avogadro’s number, ρ is density and M represents molecular weight. The average 

sound velocity is calculated using, 

𝑉𝑚 = √3
3

(
2

𝑉𝐺
3

1

𝑉𝑃
3) −

1
3          (14) 

We computed the sound velocities using the Navier’s equation [60, 61]. 
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𝑉𝑝 = √
3𝐵+4𝐺

3𝜌
           (15) 

𝑉𝐺 = √
𝐺

𝜌
           (16) 

The molecular weight of RuVBi, RuVSb and RuVAs are 360.99, 273.77 and 226.93, respectively. 

We observed that the RuVAs material has the fastest sound velocity, while RuVBi has the slowest sound 

velocity out of the three alloys investigated, as reported in Table 3. This is in accordance with the 

expectation that lighter material with lighter weight will have a faster sound velocity. 

Table 3. Results obtained for the average Debye sound velocity (Vm), Voigt-Reuss-Hill average shear sound 

velocity (VG), compressional sound velocity (VP) and bulk sound velocity (VB), and the Debye temperature for 

RuVZ (Z: Bi, Sb, As) alloys using DFPT. 

Alloy 
m/s 

ΘD (K) 
Mass of unit 

cell (a.m.u.) 
Density (kgm-3) 

VG VP VB Vm 

RuVBi 1295.53 4031.69 3743.88 1363.08 150.26 360.99 9589.19 

RuVSb 2165.64 5107.33 4453.26 2437.37 274.94 273.77 8418.57 

RuVAs 2666 5746.05 4851.70 2997.12 353.75 226.93 8139.38 

 
 

   

 

Figure 4. (a) Specific heat capacity Cv and (b) Entropy of RuVBi, RuVSb and RuVAs alloys. 

The calculated results for ΘD are 150.26, 274.94 and 353.75 K for RuVBi, RuVSb and RuVAs, 

respectively. This is in line with the fact that solid-state molecular weight is inversely proportional to 

Debye temperature. It is important to note that quantum mechanical effects are negligible above the 

Debye temperature, whereas quantum mechanical effects play a critical role in understanding the 

thermodynamic behaviour of materials below the Debye temperature [62]. We predict that RuVAs will 

be a superior conductor based on the Debye temperature results. As shown in Figure 4(a), the predicted 

heat capacity Cv values for these three materials increase very fast at low temperatures, then slowly 

increase at high temperatures, approaching the Petit-Dulong limit [63]. Cv is proportional to T3 at low 

temperatures. For RuVBi, RuVSb, and RuVAs, the Dulong-Petit limit is reached at temperatures of 

around 556, 754, and 775K, with heat capacities of 74.7, 74.5, and 74.3 Jmol-1K-1, respectively. In 
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addition, when the temperature is increased, we found a rapid and constant increase in entropy of the 

three compounds as shown in Figure 4(b). The heat capacity with the Dulong-Petit behavior, entropy, 

and Debye temperature obtained in this work are consistent with other half-Heusler compounds with 

similar atomic mass. Also, the thermodynamic stability of RuVBi, RuVSb and RuVAs is investigated, 

and the phonon dispersions are shown in Figures 5 (a– c), respectively. We observed the absence of 

negative frequencies. This indicates that the alloys investigated are thermodynamically stable. 

 
(a) 

 
(b) 

 
(c) 

Figure 5. Phonon dispersion of (a) RuVBi (b) RuVSb (c) RuVAs half-Heusler alloys. 

4. Conclusions 

We investigated the structural, thermodynamic, mechanical, and electronic properties of RuVBi, 

RuVSb, and RuVAs half-Heusler alloys using density functional theory. All the alloys have zero total 

magnetic moment and follow the Slater-Pauling rule. The non-magnetic semiconductors RuVBi, 

RuVSb, and RuVAs were found to have an indirect narrow band gap. The calculated lattice constants 

and band gaps for RuVSb and RuVAs correspond with previous results in literature. The lattice constant 

and band gap values calculated for RuVBi alloy are of 6.18 Å  and 0.16 eV, respectively. However, no 

data for RuVBi have been published in the literature. As a result, these findings can be used as a starting 

point for further research. We employed the QHA and linear response density functional perturbation 

theory to investigate the thermodynamic, mechanical, and elastic properties of the compounds. Our 

findings show that all three alloys are ductile, with RuVBi being the most ductile of the three. The 
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compounds were also found to be thermodynamically stable. The Dulong-Petit limit is achieved at 

temperatures of roughly 556, 754, and 775 K, with heat capacity of 74.7, 74.5, and 74.3 J mol-1K-1, 

respectively, while the Debye temperatures for RuVBi, RuVSb, and RuVAs are 150.26, 274.94, and 

353.75 K, respectively. These data show that RuVAs will be the best thermal conductor among the three 

alloys studied, while RuVBi with the lowest thermal conductivity is a better thermoelectric material. 

We hope that this research will stimulate the interest of experimentalists interesting in fabricating these 

alloys for further applications in spintronics or magnetoelectronics. 
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