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ABSTRACT 

The thermoelectric and optical properties of the half-Heusler RuVBi compound 

were predicted using density functional theory (DFT). In other to have a precise 

band gap, the Tran-Blaha-modified Becke-John (TB-mBJ) approximation is 

employed. First, the formation energies were determined, and three structural 

phases were evaluated. The band structure and density of states of the RuVBi 

compound demonstrated semiconductor behaviour in the α phase and metallic 

behaviour in the other two phases. The TB-mBJ method was used to analyse the 

optical properties like dielectric function, reflectivity, conductivity, absorption, 

refractive index, and electron-energy-loss (eel). Thermoelectric (TE) properties, 

such as the figure of merit (ZT), Seebeck coefficient (S), electronic conductivity 

(σ/τ), thermal conductivity (κ/τ), and power factor (PF), were further examined 

using Boltzmann's transport theory. Based on these findings, RuVBi is a 

promising candidate for thermoelectric and optoelectronics device applications. 
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1. INTRODUCTION 

The fascinating characteristics and 

applications of full-Heusler and half-

Heusler (hH) compounds have led to great 

interest in the study of these materials. The 

chemical formula of hH compounds is 

represented by XYZ. Here, X and Y 

denote transition metals, and Z is from the 

main group elements (Graf et al., 2011; 

Offernes et al., 2007). Usually, hH 

compounds have 18 valence electrons in 

their unit cell, attaining a cubic crystal 

structure, and several such materials have 

been studied (Gautier et al., 2015; Kulkova et al., 

2006; Osafile & Nenuwe, 2021). Research on 

hH compounds shows that they behave as 

semiconductors with a range of energy 

band gaps and optical properties suitable 

for solar cell applications and energy 

storage devices (Casper et al., 2012; Chadov et 

al., 2010; Kieven et al., 2010; Mehmood & Ahmad, 

2018). Half-Heusler compounds also 

exhibit striking thermoelectric properties 

that qualify them as thermoelectric 

materials for power generation over a 

range of temperatures (Berche et al., 2017; 

Chen & Ren, 2013; Fu et al., 2012, 2015; 
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Naydenov et al., 2019; Shen et al., 2001; Yadav & 

Sanyal, 2015; Yu et al., 2009). Furthermore, 

several other advantages, such as their low 

cost, abundance in nature, and ease of 

synthesis, have made it possible for 

researchers to develop more effective 

energy conversion materials (Qiu et al., 

2010; Zhang et al., 2012). Over the years, 

several hH compounds with useful TE 

properties have been discovered; 

nevertheless, a search for enhancing their 

efficiency has been unabated (Fang et al., 

2018; Liu et al., 2018; Winiarski & Bilińska, 2019; 

Yang et al., 2008; Zhu et al., 2015). The 

thermoelectric efficiency of thermoelectric 

materials is determined by their figure of 

merit. ZT depends on absolute temperature 

(T), thermal conductivity, Seebeck 

coefficient, and electrical conductivity. 

Thus, it is crucial that these parameters are 

properly improved to design efficient 

thermoelectric materials. 

In addition, the half-Heusler compounds 

exhibit different structural, 

thermodynamic, and mechanical 

properties. Chibani et al. (Chibani et al., 

2018) studied the structural, 

thermoelectric, electronic, and mechanical 

behaviour of RuVAs, RuVP, and RuVSb 

alloys using first-principles calculations. 

The structural, optical, electronic, 

mechanical, magnetic, and thermoelectric 

properties of CrScPb and CrTiPb half-

Heusler alloys were studied by Dey et al. 

using first-principles calculations (Dey et 

al., 2021). 

In our previous work (Nenuwe and 

Omagbemı, 2022), we examined structural, 

thermodynamic, mechanical, and 

electronic properties of RuVZ (Z = As, Bi, 

Sb) in the α-phase of half-Heusler 

compounds. Where the Perdew_Burke 

Erzherhof (PBE) approximation was 

employed to analyze the properties of 

RuVBi within the Quantum Espresso 

computational code.  

In the present work, we considered the 

optical and thermoelectric properties of 

RuVBi. Also, we further examined the 

structural, and electronic properties of 

RuVBi in three structural phases (α, β, and 

γ) using the Tran-Blaha-modified Becke-

John (TB-mBJ) approximation as executed 

in WIEN2K code. To the best of our 

knowledge, the prediction of optical and 

thermoelectric data for RuVBi half-

Heusler alloy is appearing in the literature 

for the first time. 

It was observed that the compound 

behaves as a non-ferromagnetic 

semiconductor with an indirect bandgap in 

the α-phase and exhibits a metallic nature 

in both the β and γ phases. In addition, a 

significant thermoelectric efficiency was 

observed for this new compound.  

This paper is organised as follows. First, 

we report the introduction in Section 1, 

then describe the computational method 

used to investigate the optical and 

thermoelectric properties of RuVBi in 

Section 2, followed by a discussion of the 

results obtained in Section 3 and a brief 

conclusion in Section 4.

 

2. MATERIALS AND METHODS  

The thermoelectric, structural, and 

electronic properties were calculated using 

the full-potential linearised augmented 

plane wave (FP-LAPW) method, as 

implemented in the WIEN2k package 

(Blaha et al., 2020) in the framework of 

density functional theory (Hohenberg & 

Kohn, 1964). The exchange-correlation 

potential is described by the generalised 

gradient approximation (GGA) within the 

scheme of Perdew-Burke_Ernzerhof 

(PBE) scheme (Perdew et al., 1996). The 

GGA-PBE approximation is well known 

underestimates the band gap for strongly 
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localised d-orbital systems. To overcome 

these limitations, the Tran-Blaha-modified 

Becke–Johnson (TB-mBJ) potential (Tran 

& Blaha, 2009) was employed to study the 

electronic properties. The total energy was 

determined using a set of 165 k-points in 

the irreducible sector of the Brillouin zone, 

which is equivalent to (17×17×17) 

Monkhorst-Pack. A value of 8 was used 

for the plane wave cut-off, and the energy 

cut-off was set to -6.0 Ry. The Muffin-tin 

radii (RMT) of RuVBi are respectively 

taken to be (2.35 for Bi and 2.24 for Ru 

and V in α-phase), (2.35 for Bi, 2.24 for 

Ru and 2.18 for V in β-phase), and (2.31 

for Bi, 2.25 for Ru and 2.09 for V in γ-

phase). The convergence criterion for the 

total energy was set to 10-4 Ry. The 

thermoelectric parameters were calculated 

using the Boltzman transport theory as 

implemented in BoltzTrap code (Madsen 

et al., 2018). We used a denser grid of 

(21×21×21) k-ponts for the transport 

calculation. 

 

3. RESULTS AND DISCUSSION 

3.1 Structural and electronic properties 

The half-Heusler RuVBi crystallises in the 

cubic crystal structure C1b, belonging to 

space group F-43 m (No. 216). The 

Wyckoff positions for half-Heusler XYZ 

are 4a(0, 0, 0), 4b(0.5, 0.5, 0.5), and 

4c(0.25, 0.25, 0.25). Depending on the 

atomic positions, three different structural 

phases can be derived: α-phase (4c, 4b, 

4a), β-phase (4b, 4a, 4c), and γ-phase (4a, 

4c, 4b). Therefore, in this study, we 

considered the three structural phases of 

the RuVBi compound. The ground-state 

total energies of the α, β, and γ phases of 

the RuVBi half-Heusler compound were 

computed and are presented in Table 1. 

We employed the Murnaghan equation of 

state (Tyuterev & Vast, 2006) given by 

Equation (1) for the volume optimisation 

and structural parameters. 

 

Ὁ Ὁ
′ ′ ′ ′

     ρ

   

Here, B and B’ represent the bulk 

modulus and its derivative, respectively, 

E0 is the ground state energy, and V0 is the 

equilibrium volume. With the help of Eq. 

(1), we plotted the variation in the total 

energy with respect to the volume for the 

three phases, as shown in Figure 1(a). This 

graph can help obtain the minimum 

energy. It is well known that the phase 

with the lowest ground-state energy is the 

most stable. Therefore, we observed that 

the α-phase of RuVBi is the most stable 

among the three phases examined in this 

work. The calculated results for the lattice 

constants, bulk modulus, and pressure 

derivative are presented in Table 1. In 

addition, to confirm the stability and 

feasibility of the studied hH, the formation 

energy was computed using equation (2) 

(Huang et al., 2012; Yakoubi et al., 2012). 

 

Ὁ
Ὁ ὼὉ ώὉ ᾀὉ

ὼ ώ ᾀ
       ς 

 

Here, ET is the total energy of the 

compound; ERu, EV and   EBi represent the 

total energy of the pure elements Ru, V, 

and Bi, respectively; and x, y, and z are the 

numbers of Ru, V, and Bi atoms in the 

primitive cell, respectively. The calculated 

total energies, energies of the constituent 

atoms, and formation energies are listed in 

Table 1. We observed that the formation 

energies of the α and γ phases were 

negative, which signified the feasibility of 

the compound and established the possible 

formation of RuVBi under ambient 

conditions in these phases. 

The band structures and density of states 

provide sufficient information on the 

electronic properties of solids. We 
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presented the band structure and projected 

density of states calculated using the TB-

mBJ method which is more accurate. This 

is because PBE often underestimates 

energy band gaps due to self-interaction 

errors (Dey et al., 2021; Heyd et al., 2005), 

and this has been corrected by applying the 

TB-mBJ exchange functional (Koller et 

al., 2012). The band structures of RuVBi 

in the α-, β-, and γ-phases are shown in 

Figure 2. In the α-phase of RuVBi (Figure 

2a), the obtained band structure shows that 

the valence band maximum (VBM) lies 

almost along the Fermi level (Ef) at the L-

path, while the conduction band maximum 

(CBM) lies along the X-path of the 

Brillouin zone, which indicates that 

RuVBi is an indirect band gap 

semiconductor. The band gap obtained 

through the PBE method was 0.25 eV. 

However, when employing the TB-mBJ 

approximation, the band gap value is 0.69 

eV. We hoped to obtain experimental 

values of RuVBi for a better comparison 

because calculating the band gap with TB-

mBJ yields satisfactory results when 

compared to experiments. For the beta and 

gamma phases, the band structures 

obtained from the PBE and TB-mBJ 

approximations reveal that both the VBM 

and CBM cross Ef, indicating metallic 

behaviour with a band gap of (Eg = 0.0 

eV), as reported in Table 1. 

 

 

 

 

 

Table 1: Calculated equilibrium lattice constant ╪ ᴠ, bulk modulus B0(GPa), ║ , band gap Eg(eV), total 

energy and formation energy Ef(Ry) for RuVBi. 

 

Phase ♪ ♫ ♬ 

╔╣(Ry) -54125.415 -54125.236 -54125.364 

╔╡◊(Ry) -9063.629 -9063.629 -9063.629 

╔╥(Ry) -1898.627 -1898.627 -1898.627 

╔║░(Ry) -43163.073 -43163.073 -43163.073 

╔█(Ry) -0.027 0.031 -0.011 

╪ ᴠ 6.18 6.25 6.17 

B0(GPa) 143.428 122.326 130.952 

║  4.99 4.67 4.56 

Eg(eV) 0.25PBE 

0.69mBJ 

0.00PBE 

0.00mBJ 

0.00PBE 

0.00mBJ 
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In addition, we plotted the projected density of states for the α-phase of RuVBi, as shown 

in Figure 2(d). We observed that contributions to the band gap in the conduction and valence 

bands are mainly from the d-orbital and doubly degenerate states (d-eg) of the transition 

metals Ru and V. The VBM and CBM of the RuVBi compound were formed by Ru (d-eg) 

and V(d-orbital) interactions. This is responsible for the hybridisation gap. 

 

 

 

 
 

Figure 1. Calculated total energy versus volume for RuVBi half-Heusler. 
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Figure 2. Calculated band structure for (a) α-RuVBi, (b) β-RuVBi, (c) γ-RuVBi, and (d) density of states for α-

RuVBi 

 

 

3.2 Thermoelectric properties of RuVBi 

Herein, we present the temperature-

dependent TE properties of the RuVBi 

half-Heusler material. The parameters 

considered are the figure of merit, Seebeck 

coefficient, electrical conductivity divided 

by relaxation time, thermal conductivity 

divided by relaxation time, and power 

factor. These parameters were calculated 

from the semi-classical transport equation 

as implemented in the BoltzTrap 

computational code (Madsen & Singh, 2006). 

Using the rigid band approach, S, σ, and κ 

were calculated using the following 

relations: 

 

„ Ὡ ȟ̔

‬Ὢ‐ȟὝȟ‘

‬‐
Ὠ‐                    σ 

‖ ὯὝ ȟ̔

‐ ‘

ὯὝ

‬Ὢ‐ȟὝȟ‘

‬‐
Ὠ‐ τ 

Ὓ
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„ ȟ̔
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ὯὝ

‬Ὢ‐ȟὝȟ‘

‬‐
Ὠ‐     υ 

 

Where the transport distribution 

function is given as  

 

ȟ̔ ὺὺ†                                               φ 

 

where, m, n are tensor indices, vm and vn 

represent the group velocities, e is the 

electron charge, † is the relaxation time, 

kB is the Boltzmann constant and f0, 

denotes the Fermi-Dirac distribution. The 

electron contribution is in the range of the 

chemical potential: ‘ ὯὝ ‐ ‘

ὯὝ. The dimensionless figure-of-merit is 

calculated using the following relation: 

 

ὤὝ
Ὓ„Ὕ

‖
                                              χ 

 

From Eq. (7), ZT is directly proportional to 

S and inversely proportional to ‖. 

Therefore, high values of the figure of 

merit can be derived from small values of 

the thermal conductivity and a large 

Seebeck coefficient. The TE efficiency 

ZT~1 is considered the threshold for 

practical applications of thermoelectric 

materials (Heremans et al., 2008). The 

power factor is another significant 

parameter to be considered when 

examining the transport capabilities of TE 

materials. It is defined as 0& Ὓ„ †ϳ.  
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The thermoelectric parameters were 

investigated at temperatures ranging from 

300 to 1200 K. Figure 3 shows how the TE 

parameters depend on temperature. One of 

the most essential metrics of TE materials 

is the Seebeck coefficient, which is often 

known as thermopower. The S measures 

the magnitude of the thermoelectric 

voltage generated by the Seebeck effect 

when the temperature of a material varies. 

Figure 3(a) shows that the value of 

Seebeck coefficient increases with 

increasing temperature. The S value of 

RuVBi is about 83.82 µV/K at 300 K but 

increased significantly to about 172.17 

µV/K at 1100 K. The positive value of S in 

the entire temperature range is an 

indication that holes are the dominant 

carriers, and therefore, RuVBi is a p-type 

material. This trend is similarto the 

findings of Rai et al. (Rai et al., 2016) for 

ZrxHr1-x-yTay thermoelectric materials. 

Figure 3(b) depicts the electronic 

conductivity per relaxation time(σ/τ), 

which describes the electronic conductance 

of the material because of electron 

movement from high-to low-temperature 

regions. The electronic conductivity data 

increased as the temperature increased, 

indicating that the material is a 

semiconductor. Because resistivity is 

essentially the inverse of conductivity, the 

results are equivalent to the resistivity 

curve, suggesting that resistivity of 

semiconductor decreases as temperature 

increases. Thermal conductivity is made 

up of contributions from both the electron 

and lattice conductivities. The BoltzTrap 

code computes only the electronic 

contribution. Low thermal conductivity is 

required to improve the performance of TE 

devices. The electronic thermal 

conductivity per relaxation time (κ/τ) 

versus temperature plot is shown in Figure 

3(c). As the temperature increases, the 

thermal conductivity increases to a 

maximum of 1.84 x 1015 W/msK. Figure 

3(d) shows the power factor-temperature 

relationship. PF is a crucial parameter in 

determining the transport characteristics of 

thermoelectric materials. It increases in 

direct proportion to temperature. 

Typically, RuVBi has a value of 28.57 x 

1010 W/msK2 at 300 K. It reaches a 

maximum value of of 222.9 x 1010 

W/msK2 at 1200 K. In addition, as shown 

in Figure 3(e), we determined the 

dimensionless figure of merit, which is the 

most important metric that characterizes 

the efficiency of thermoelectric materials. 

ZT ranges from 0.32 at ambient 

temperature to 1.46 at 1100 K, according 

to the curve. Our room temperature value 

is greater than Synoradzki et al. 

experimental findings for the half-Heusler 

ScNiSb (Synoradzki et al., 2019). The 

peak value of 1.46 is notable because it 

exceeds the ZT~1 threshold, suggesting 

that the alpha-type RuVBi half-Heusler 

material is a promising contender for 

thermoelectric applications.  

The predicted TE properties for RuVBi 

at room temperature are displayed in 

Figure 4 (a – c). When the Fermi level is at 

the centre of the band gap, the Seebeck 

coefficient is significant, and it rapidly 

declines to zero when the Fermi level exits 

the band gap and penetrates deeply into the 

valence and conduction bands, as shown in 

Figure 4(a). The PF has low values when 

the Fermi level is near the bandgap, as 

shown in Figure 4(b). This is because of 

the low carrier concentration and, as a 

result, the low electronic conductivity. The 

hole or electron concentration increases 

exponentially when the Fermi level shifts 

down the valence band or upward into the 

conduction band, resulting in an increase 

in the electronic conductivity and power 

factor (Figure 4c). PF attains its highest 

value near the band edge at a specific 

Fermi level. This trend was observed by 
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Yang et al. (Yang et al., 2008), who 

investigated the electronic transport 

properties of TiCoSb, ZrNiSn, and LaPbBi 

half-Heuslers.  
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Figure 3. Calculated temperature dependent (a) Seebeck coefficient S(V/K), (b) Electrical conductivity 
Ɑ

Ⱳ
□▼ , (c) Thermal conductivity 

ⱥ

Ⱳ
 ╦Ⱦ□╚▼, (d) Power factor (W/msK2) and (e) ZT of RuVBi. 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 4. Calculated chemical potential (μ-εf) dependent (a) Seebeck coefficient S(V/K), (b) Power factor 

(W/msK2) and (c) Electrical conductivity σ/τ (Ωms)-1 of RuVBi. 

 

3.3 Optical properties of RuVBi Optical properties play an important role in 

the optoelectronic properties of materials. 

(c) 

(a) (b) 
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The optical properties of RuVBi are 

examined by the complex-dielectric 

equation: ‐‫ ‐‫ ‐ ‫ . Where 

‐‐ ÁÎÄ ‫ ‫  are the real and 

imaginary parts of the dielectric function. 

The ‐ ‫  is calculated in WIEN2K 

numerically by using the independent-

particle approximations and Kohn-Sham 

eigen values to evaluate the direct 

transitions between the occupied and 

unoccupied states. The Krammers-Kronig 

transition of the resulting imaginary part of 

the dielectric function ‐ ‫  gives the real 

part ‐‫ . And the other optical 

parameters such as reflectivity, 

conductivity, absorption, refractive index, 

and electron-energy-loss (eel) are 

calculated from ‐ ‫ . The calculated 

results for the optical properties are shown 

in Figure 5 for the energy range up to 

13.56.  To the best of our knowledge there 

is no theoretical and experimental optical 

properties available for RuVBi half-

Heusler in literature. 

Figure 5(a) reports the real and imaginary 

(‐ ÁÎÄ ‐) components of the dielectric 

function of the RuVBi half-Heusler. Under 

an incident light-energy, ‐π denotes the 

electronic polarizability (Djelti et al., 

2020). At zero frequency, the static 

dielectric is equal to 27.31. The reduction 

in ‐π and the appearance of negative 

values after it reached its highest value of 

44.32 (at 1.18 eV) is because the RuVBi 

alloy completely reflects the incident 

radiation. In the energy range of 3.143 to 

13.565 eV, ‐‫ , displays negative 

values. RuVBi material is extremely useful 

in energy recovery devices due to its 

strong absorption at low incident energy. 

The imaginary part of the dielectric ‐ ‫ , 

which is associated with the absorption of 

the incident energy due to the various 

electronic transitions generated by the 

impart energies larger than the band gap, 

describes the light-absorption by RuVBi 

half-Heusler. The ‐ ‫  may have been 

influenced by the intra-band and inter-

band transitions. . In the low energy area 

(visible), where there is little light 

dispersion, ‐ ‫  starts at 0 eV and 

reaches a maximum value of 32 (at 1.89 

eV). The transition between the lowest 

unoccupied conduction band of V-3d 

states and the highest occupied valence 

band of Ru-3d states is what led to 

formation of this peak value. 

Figure 5(b) represents the real part of 

refractive index of RuVBi alloy. The static 

refractive index n(0) of RuVBi is found to 

be 5.22 and increases to its peak value of 

6.75 around photon energy of 1.18 eV near 

the the ifrared-region. The static refractive 

index obtained in this study is comparable 

to the results obtained from previous 

studies of Heuslers and half-Heuslers 

compounds. The refractive index of 

Fe2ScAs and Fe2ScP (Ali & Rahaman, 2018) 

LiScSi (Ciftci & Evecen, 2018) and AgScSi 

(Kars Durukan & Öztekin Çiftci, 2019) alloys is 

7.2, 6, 4.6, and 4.51, respectively. In the 

range of energy considered in this work, 

the refractive index value remain positive 

suggesting linearity of RuVBi to the 

frequency of light (Yaqoob et al., 2019). 

Figure 5(c) shows the optical reflectivity 

of RuVBi as a function of incident photon 

energy. The optical reflectivity determines 

behavior of surface of the studied material. 

We observed that the reflectivity of RuVBi 

begins with a value of approximately 0.46 

rising and then falling and then rising 

again to reach a maximum value of ~0.75 

between 0.013 eV and 13.56 eV.  

The electron energy loss (eel) function of 

compounds is a key optical parameter to 

explain the energy loss of a fast electron 

passing through a sloid which is usually 

large at plasma frequency (Xu et al., 

2006). Figure 5(d) represents the eel 

function of RuVBi half-Heusler. We 

noticed three prominent peaks at 0.159 eV, 
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0.211 eV, and 0.522 eV, which suggests 

rapid increase in the reflectance. These 

peaks are connected to plasma resonance 

and the corresponding frequency is usually 

called plasma frequency (Ali & Rahaman, 

2018; Rahman et al., 2016). The conductivity 

spectrum of RuVBi alloy is shown in 

Figure 5(e). The observed optical photo 

conductivity has several maximum and 

minimum within the energy range 

examined. Since RuVBi has small band 

gap as shown in the band-structure 

calculations, the photo conductivity starts 

from ~0.0136 eV as shown in Figure 5(e). 

 The absorption coefficient predicts how 

long photon frequency can enter a material 

before being completely absorbed (Ali et 

al., 2016). The absorption spectra of 

RuVBi as shown in Figure 5(f) reveal the 

semiconducting nature of RuVBi, since the 

spectra begin from 0.0136 eV. Three peaks 

have been observed at 3.74 eV, 6.41 eV 

and 9.48 eV. This material possesses good 

absorption coefficient near the ultraviolet 

region. 
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Figure 5.  (a) Dielectric function, (b) refractive index (c) optical refletivity (d) electron energy loss (e) real 

optical conductivity (f) absorption coefficient for RuVBi half-Heusler by employing TB-mBJ approximation. 

 

4. CONCLUSIONS 

The thermoelectric, and optical properties of the half-Heusler RuVBi compound were 

investigated using the FP-LAPW technique. The results revealed that the RuVBi half-Heusler 

is most stable in the α-phase with a non-ferromagnetic structure. By investigating the 

electronic properties with TB-mBJ, we discovered that RuVBi is a semiconductor in the 

alpha phase and metallic in both beta and gamma phases. In addition, we used the BoltzTrap 

package to examine the thermoelectric properties. Research on thermoelectric characteristics 

demonstrates that the examined material exhibits significant thermoelectric behaviour even at 

high temperatures. Thus, the RuVBi half-Heusler compound can be used in thermoelectric 

device applications. Futhermore, the optical properties of RuVBi are found to vary according 

to phonon energies and may be considered suitable for photoelectronic applications.  

Furthermore, we discovered that the optical properties of RuVBi fluctuate with phonon 

energies and this compound might be suitable for photoelectronic applications. 
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