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Density functional theory is used to explore the physical properties of the new half-Heusler alloys XRhZ (X =V, Nb and Z = Si, Ge). 
The exchange-correlation effects were treated by the TB-mBJ potential. The four studied compounds are nonmagnetic semiconductor 
with an indirect band gap. The formation enthalpy, cohesive energy and phonon band structures demonstrated that these semiconductors 
are structurally and dynamically stable. It was predicted by the elastic study that the XRhZ compounds (X = V, Nb and Z = Si, Ge) 
have stable mechanical properties, they possess an anisotropic character and reveal the ductile nature with a B/G ratio >1.75. The 
optical results show an interesting photocatalytic potential for the NbRhSi and NbRhGe semiconductors, they exhibit a high absorption 
coefficient in the visible domain, which is around 112.104 cm-1. For energies greater than 10 eV (UV domain), the refractive index is 
less than one. The thermoelectric results confirmed that the XRhZ (X=V, Nb and Z=Si, Ge) compounds are very attractive for 
thermoelectric devices working in large temperature range including ambient temperature. 
Keywords: Half-Heusler alloys; Semiconductor; Elastic properties; Seebeck coefficient; Merit factor; Absorption coefficient; 
Reflectivity 
PACS: 71.20.-b, 72.15.Jf, 72.25.Ba, 73.50.L, 52.70.Kz 

1. INTRODUCTION
Half-Heusler (HH) alloys have involved a remarkable interest over the past years due to their several properties in 

various technological domains, such as magnetic, optical, thermoelectric, piezoelectric, superconducting and topological 
properties [1-8]. The valence electron count (VEC) has always been found as responsible of the most physical and thermo-
electrical properties [9-10]. The HH compounds with VEC of 18 are nonmagnetic semiconductors with fascinating 
optoelectronic properties due to their tunable band gap over broad energy range [11-12]. In addition, their smaller bandgap 
and high electrical conductivity and Seebeck coefficient make them effective in thermoelectric applications [13-14]. This 
type of material is composed by an X+n ion occupying in a zinc blende YZ−n sub-lattice and where the VEC linked with 
the YZ−n sub-lattice is 18 (d10s2p6) [15-16]. The valence electrons of the X atom are transferred to the Y and Z atoms, 
which are more electronegative, and thus acquire a closed shell configuration (s2p6d10). P.K. Kamlesh et al., [17] explored 
by ab-initio calculations the optical possessions of AlNiX (X = P, As and Sb) HH, they confirm that the AlNiP and 
AlNiAs compounds are well suited for use as shields against high-energy of UV radiation due to their large reflectivity 
values in this area. Y.Wang et al., [18] give a theoretical analysis of transport properties of NbXGe (X = Rh, Ir) H.H 
materials, subject to network constraints. They have found that for a strain of −6%, the ZT value of NbRhGe has doubled 
by 50% compared with the unstrained case, so, they state that these materials are promising candidates for TE applications. 
D.M. Hoat [19] has investigated a series of HH compounds based on tantalum and having a VEC of 18, he noted that all
the materials studied are indirect band gap semiconductor. The difference between the band gap values is due to the
degree of overlap that exists between the Ta-5d and X-4d orbitals. Furthermore, the denser electronic states, close to the
Fermi level (EF), of TaRhSn and TaRhPb compounds strongly contributed to the thermoelectric performance
characterized by high thermal power in the p region. The optical and thermoelectric study carried out by J. Wei and G.
Wang [20] on the TaCoSn HH alloy showed a powerful light adsorption capacity in the visible zone, which is
of 125.104 cm-1. The results of transport properties show that TaCoSn exhibits an excellent thermoelectric performance
characterized by a high Seebeck coefficient and merit factor. In an experimental study carried out by W. Silpawilawan et
al., [21], the nanostructured Nb0.9Ti0.1FeSb was synthesized by melt spinning followed by spark plasma sintering. An
improvement of 20% in the ZT value was achieved, amelioration due to the reduction in thermal conductivity caused by
this nanostructuring, which allow to effective phonon scattering. They declare that the NbFeSb remain one of the best p-
type HH alloys in thermoelectric. Currently, the development of embedded systems engineering go through the search
of the innovative (semiconductors, half-metallic) materials able to carry out actions in real time. For this it is necessary
that these compounds will have high optical, thermoelectric and spintronic performances. It is in this perspective that we
are going in this research to emphasize the thermoelectric and optical responses of four new semiconductors possessing
18 valence electrons.
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2. COMPUTATIONAL METHOD 
In this work, all properties of the H.H compounds XRhZ (X = V, Nb and Z = Si, Ge) have been studied with WIEN2k 

code [22] which is based on DFT calculations [23]. The computations were determined by full potential linearized 
augmented plane wave method [24]. Among the exchange-correlation functionals, the generalized gradient approximation 
(GGA) [25-26] and the Tran and Blaha modified Becke-Johnson method (TB-mBJ) [27] were retained for this study. The 
H.H have the C1b crystal structure with the space group F-43m. The muffin tin radius (RMT) values of 2.5, 2.1 and 1.9 
a.u were used for for X, Rh and Z elements. Other input data, such as k-point mesh (KMAX), RMT*wave-vector, Gaussian 
parameter and the maximum angular momentum were selected to 14*14*14 [28], 7.0, 12 and 10 respectively. The value 
of -6.0 Ry is taken as the energy of the interval between the core and valence states and the energy convergence criterion 
of 10-4 Ry is adopted for the self-consistent field calculations. The electron transport properties are determined under a 
fine mesh of 46×46×46 [29] by the semi-classical Boltzmann transport equation (BTE) as given in the BoltzTraP code 
[30]. The optical responses of our new compounds were determined by the complex dielectric function ε(ω) as given 
from the Kramer–Kronig relation [31-33].  

3. RESULTS AND DISCUSSIONS 
3.1 Structural properties and phase stability 

The H.H compounds XRhZ (X = V, Nb and Z = Si, Ge) crystallizes in the face centered cubic space group (F43m). 
The Silicon (Germanium) and Vanadium (Niobium) atoms are located at the octahedral 4b (1/2, 1/2, 1/2) and 4a (0, 0, 0) 
Wyckoff positions, while the Rhodium element occupies tetrahedral position 4c (1/4, 1/4, 1/4). The unit cell structure of the 
XRhZ compound plotted using Vesta 4.5 software [34] is shown in Figure 1. We can observe that the arrangement contains 
three interpenetrating ordered fcc sublattices which are occupied by X, Rh and Z atoms respectively. The covalent nature of 
the [XZ] sublattice is emphasized as a zinc blende sublattice, while the Rh and Z atoms form a rock salt structure.  
 

 
Figure 1. Crystalline structure of XRhZ (X =V, Nb and Z = Si, Ge) 

The NaCl-type substructure consisting of atoms with large electronegativity difference implies strong ionic bonding 
character, while the ZnS-type substructure, which involves strong covalent character, consists of atoms having a smaller 
difference in electronegativity [35]. Table 1 gives the structural parameters of VRhSi, VRhGe, NbRhSi and NbRhGe 
H.H. compounds calculated by using the GGA approximation in the ferromagnetic and nonmagnetic states. The main 
parameters are the bulk modulus B, its pressure derivative B’, the equilibrium lattice constant 𝒂𝟎, cohesive energy 𝑬𝒄𝒐𝒉, 
formation energy ∆𝑯𝒇 and ground state energy 𝑬𝒎𝒊𝒏. For the four alloys, the γ-phase is energetically more stable than α 
and β phases, in addition this most stable state, was found to be nonmagnetic. The calculated lattice parameters values 
are 5.71 Å, 5.80 Å, 5.91Å and 5.97 Å respectively for VRhSi, VRhGe, NbRhSi and NbRhGe compounds. These values 
are in perfect harmony with those of other semiconducting H.H alloys with VEC of 18, let's quote TaCoSn (5.94 Å) [36], 
NbIrGe (6.02 Å) [18], HfCoSb (6.04 Å) [37]. 

The experimental synthesis of the H.H compounds XRhZ (X = V, Nb and Z = Si, Ge) compounds is only possible 
if the formation energy value ∆𝑯𝒇 calculated according to relation (1) is negative [38]. 

 ∆𝑯𝒇 = 𝑬𝑿𝒀𝒁𝒕𝒐𝒕 − 𝑬𝑿𝒃𝒖𝒍𝒌 + 𝑬𝒀𝒃𝒖𝒍𝒌 + 𝑬𝒁𝒃𝒖𝒍𝒌 . (1) 

Where Ebulk is the energy per atom of constituent atoms in bulk and 𝑬𝑿𝒀𝒁𝒕𝒐𝒕  is the total energy of primitive cell. Negative 
values of the formation energy obtained for all the four H.H, confirms that the synthesis of these compounds remain 
possible. To predict the stability of the H.H alloys XRhZ (X = V, Nb and Z = Si, Ge), we have calculated according to 
the relation (2) the corresponding cohesion energies [39]. 

 𝑬𝒄𝒐𝒉 = 𝑬𝑿𝒀𝒁𝒕𝒐𝒕 − 𝑬𝑿𝒊𝒔𝒐 + 𝑬𝒀𝒊𝒔𝒐 + 𝑬𝒁𝒊𝒔𝒐 . (2) 

Where Eiso is the isolated atom energy. The negative cohesive energies achieved justify that our four H.H are structurally 
stable. The calculation of phonon dispersion in the first Brillouin zone along the high-symmetry points is given for the 
studied compounds thanks to the Phono3py code [40]. The phonon band structures of NbRhGe compound is already given 
in previous study conducted by Y.Wang [18]. The absence of imaginary phonon frequency in whole Brillioun zone 
(Fig. 2) confirms the dynamical stability of our semiconductor’s compounds in their ground states. 
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Table 1. Calculated structural equilibrium lattice constant a (A°), pressure derivatives B’, ground state energies Emin (Ry), formation 
energy ∆𝑯𝒇 (Ry) and cohesive energy 𝑬𝒄𝒐𝒉 (𝐑𝐲) 

Alloys State Type a B’ Emin  Ecoh  ∆𝑯𝒇 

VRhSi 

FM 𝛼 5.72 3.91 -12049.276632 

  
NM 5.72 3.09 -12049.276687 
FM 𝛽 5.69 4.09 -12049.302767 
NM 5.70 3.01 -12049.303182 
FM 𝜸 5.73 3.86 -12049.366754 
NM 5.71 4.49 -12049.367117 -1.4227 -0.199 

VRhGe 

FM 𝛼 5.81 5.87 -15667.350805 

  
NM 5.81 5.20 -15667.350475 
FM 𝛽 5.79 6.56 -15667.341261 
NM 5.81 6.41 -15667.341583 
FM 𝜸 5.80 6.77 -15667.410282 
NM 5.80 6.03 -15667.422243 -1.2878 -0.844 

NbRhSi 

FM 𝛼 6.01 4.40 -17791.550849   
NM 6.01 4.27 -17791.551936   
FM 𝛽 5.87 4.31 -17791.605674   
NM 5.88 4.30 -17791.606164   
FM 𝜸 5.92 4.72 -17791.690152   
NM 5.91 5.21 -17791.692559 -1.4905 -0.237 

NbRhGe 

FM 𝛼 6.09 6.01 -21409.636669 

  
NM 6.09 5.98 -21409.636659 
FM 𝛽 5.97 5.30 -21409.652489 
NM 5.97 5.34 -21409.652959 
FM 𝜸 5.98 5.75 -21409.754550 
NM 5.97 4.26 -21409.754950 -1.3619 -0.868 

Phase α :   X (1/4, 1/4, 1/4)     Y (1/2, 1/2, 1/2)       Z (0, 0, 0) 
Phase β :   X (1/2, 1/2, 1/2)     Y (0, 0, 0)                 Z (1/4, 1/4, 1/4) 
Phase γ :   X (0, 0, 0)               Y (1/4, 1/4, 1/4)       Z (1/2, 1/2, 1/2) 

 

 
Figure 2. The phonon band structures of (a) VRhSi, (b) VRhGe and (c) NbRhSi 

The acoustic modes exhibit the high dispersions, which means that they contribute well to the heat transport while 
the optical modes contribute little to the heat transport due to their weak dispersion. For the VRhSi and VRhGe, we see 
an overlap of acoustic and optical branches near X and L points thus indicating the strong phonon–phonon scattering [41]. 

 
3.2 Electronic properties 

The magnetic performance of ternary H.H is estimated by the Slater-Pauling equation [42]. 

 𝑴𝒕 = (𝟏𝟖 − 𝒁𝒕) (3) 
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𝑍  and 𝑀  denote respectively the total number of valence electrons in the unit cell and the total magnetic moment. The 
explicit valence electrons for the XRhZ (X=V, Nb and Z=Si, Ge) primal cell are V: [Ar] 3d3 4s2, Nb: [Kr] 3d4 5s1, Rh: 
[Kr] 4d8 5s1, Si: [Ne] 3s²3p² and Ge: [Ar] 3d10 4s2 4p2. At first sight and according to the relation (3), the four compounds 
studied in this research do not exhibit magnetism, because they all have 18 electrons in their valence shell. The calculation 
of their total magnetic moment shows that these compounds are not magnetic (𝑀 = 0 𝜇𝐵), thus confirming the result 
already predicted by the optimization. The electronic band structures (EBS) of VRhSi, NbRhSi, VRhGe and NbRhGe 
H.H alloys was carried out at the equilibrium lattice parameters by TB-mBJ approach.  

 
Figure 3. Band structures of (a) VRhSi, (b) NbRhSi, (c) VRhGe, (d) NbRhGe 

The EBS diagrams (Fig. 3a-d) reveal for the studied compounds, that the top of valence band is located at W 
symmetry point while the bottom of conduction band is located at X-symmetry point. All the materials exhibit 
semiconductor nature with narrow indirect band gap of 0.59, 0.68, 0.51 and 0.71 eV for VRhSi, NbRhSi, VRhGe and 
NbRhGe respectively. These findings are in good adequacy with other fundamental results obtained for 
H.H semiconductors having the same X atom that our alloys, let us quote the NbIrGe (0.63 eV) [18], VRuSb (0.64 eV) 
[16], NaScSi (0.61 eV) [43]. We can observe from the BS plots that the L and Γ are the points for the valence bands 
convergence and that the distribution of these bands is mainly due to the heavy hybridization of the d states of the 
X (V, Nb) and Z (Si, Ge) atoms. The energy difference between the W and L points for the NbRhSi and NbRhGe 
compounds is around 0,16 and 0.18 eV while for the VRhSi and VRhGe compounds this difference is negligible. The 
four compounds show a triple band degeneracy at Γ point while L point show a double band degeneracy. This degeneracy 
of the valence band at the EF constitutes an index of a good thermoelectric performance of the studied materials. To better 
comprehend the band diagrams of XRhZ (X=V, Nb and Z=Si, Ge) compounds, we have computed using the TB-mBJ 
method their total (TDOS) and partial densities of states (PDOS).  Based on the TDOS/PDOS spectra (Fig. 4a-d), we can 
notice that the four H.H alloys, show almost similar profile in valence and conduction band. For the VRhSi/VRhGe 
compound, the valence band maximum (VBM) is composed of V-3d states, Rh-4d states and a small dispersion of Si-3p 
(Ge-3p) states, while the conduction band minimum (CBM) is mainly constituted of V-3d states. 

For the NbRhSi and NbRhGe compounds, the strong contribution below EF comes from the Nb-4d state while the 
states above EF are mainly due to the Nb-4d and Rh-4d states and to a small contribution of the Si-3p (Ge-3p) states. The 
p-type doping could have the capacity to contain more charge carriers than n-type doping [44] since around the Fermi 
level, the TDOS of the valence band is larger than that of the conduction band. From the PDOS plots, one can conclude 
for the four materials, that the X-d states and Rh-d states give the main contribution to conductivity, while the Ge-p and 
Ge-s states have no influence on transport properties.  
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Figure 4. Total and partial density of states (TDOS / PDOS) of (a) VRhSi, (b) NbRhSi, (c) VRhGe, (d) NbRhGe. 

3.3 Elastic properties 
Examining the mechanical stability of H.H alloys XRhZ (X = V, Nb and Z = Si, Ge) requires the knowledge of the 

three elastic constants C11, C12, C44 [45]. These constants allow to estimated according to the equations (4) to (8), the bulk 
modulus B, the shear modulus G, Young’s modulus E, Poisson’s ratio ν and the elastic anisotropy factor A [46].   𝑩 = 𝟏𝟑 (𝑪𝟏𝟏 + 𝟐𝑪𝟏𝟐),                                                                          (4) 

𝑮 = 𝑪𝟏𝟏 − 𝑪𝟏𝟐 + 𝟑𝑪𝟒𝟒𝟓 ,                                                                    (5)
 𝑬 = 𝟗𝑩𝑮𝟑𝑩 + 𝑮 ,                                                                                       (6)
 𝛎 = 𝟑𝑩 − 𝑬𝟔𝑩 ,                                                                                       (7)
𝑨 = 𝟐𝑪𝟒𝟒𝑪𝟏𝟏 − 𝑪𝟏𝟐 .                                                                                  (8)

 

From Table 2, which gives the independent elastic constants, we can conclude that at zero pressure, the H.H 
compounds XRhZ (X = V, Rh and Z = Si, Ge) are mechanically stable due to the fact that they satisfy all of Born’s elastic 
stability criteria [47] (C11 – C12 > 0); (C11 + 2C12 > 0); (C11 > 0); (C44 > 0) and (C12 < B < C11). For the alloys treated in 
this research, the condition C11 > C22 > C33 was established, this confirms that XRhZ (X = V, Rh and Z = Si, Ge) alloys 
are most tough to the unidirectional compression than shear deformation. Compared to the three other H.H, the VRhGe 
show a low value of bulk modulus (B) which mean that this material is easy to compress. The shear modulus (G) describes 
the resistance of the material against permanent deformation due to a shear stress. Based on our calculations, NbRhSi has 
higher Shear modulus (65.22 GPa), so a higher hardness among other alloys, while the VRhSi has the lowest hardness 
(52.21 GPa). The ability of a material to resist changes in its length when subjected to longitudinal compression is defined 
by Young's modulus (E). Based on our calculations, NbRhSi has the highest Young modulus (167.26 GPa) so a highest 
stiffness and VRhSi has the lowest stiffness among the four studied alloys. According to the obtained values of G and E, 
the NbRhSi compound can be classified as a high rigidity hard material. The range of values found for shear moduli and 
Young's moduli is in agreement with those of several HH compounds cited in the literature [48-50]. 
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Table 2. The computed elastic constants Cij (𝑮𝑷𝒂), bulk modulus B(𝑮𝑷𝒂), Shear modulus G(𝑮𝑷𝒂), Young’s modulus E (𝑮𝑷𝒂), 
Poisson’s ratio (ν), anisotropic factor A, and Pugh’s ratio (B/ G) of VRhZ (Z =C, Si, Ge) half-Heusler materials 

 𝑪𝟏𝟏 𝑪𝟏𝟐 𝑪𝟒𝟒 𝑩 𝑮 𝑬 ν A 𝑩 𝑮⁄  
VRhSi 147.47 102.06 66.84 112.15 52.21 135 0.30 2.21 2.14 
VRhGe 133.30 80.19 75.12 97.90 55.69 140 0.26 2.83 1.76 
NbRhSi 176.39 109.98 82.34 127.92 65.22 167 0.28 2.08 1.96 
NbRhGe 173.21 104.61 78.27 127.47 60.68 157 0.29 2.28 2.10 

Poisson's ratio (ν) values obtained are located between 0.26 and 0.30, which confirms according to Haines et al. [51] 
the presence of covalent and metallic bonding (ν < 0.33). The VRhSi, VRhGe, NbRhSi and NbRhGe compounds present 
an anisotropy coefficient (A) different from unity (Table 2), which confirms their anisotropic mechanical behavior. The 
risk of micro cracking within these compounds is minimal given that their degree of anisotropy is low. Other important 
characteristics, the ductility and fragility which are an intrinsic property of materials and which requires their 
determination in order to position material for a given application. According to Pugh’s criterion [52], the material 
behaves in brittle manner when B/G is lower than 1.75 and as ductile manner for B/G higher than 1.75. For the present 
investigation based on first principles calculations, we noted that the four studied compounds show B/G values greater 
than 1.75, suggesting the ductility of these HH. 

 
3.4 Thermoelectric properties 

The thermoelectric properties such as the Seebeck coefficient (S), thermal conductivity (κ/τ), electrical conductivity 
(σ/τ), and Merit factor (ZT) are calculated using the BoltzTraP code. All these properties are studied as a function of 
chemical potential change (μ). The change of (μ) can influences the stability of the materials during doping even if the 
electronic band remains unchanged [53-54]. In addition, these properties will be given versus temperature for chemical 
potential equal to Fermi energy. The most remarkable thermoelectric properties given by equations (9 to 12) all derive 
from the semi-classical Boltzmann transport equation [55-56].  𝛔𝛂𝛃(𝐓,𝛍) = 𝟏𝛀 𝛔𝛂𝛃(𝛆) −𝛛𝐟𝛍(𝐓, 𝛆) 𝐝𝛆,                                                      (9)

 𝛋𝛂𝛃(𝐓,𝛍) = 𝟏𝒆𝟐𝐓𝛀 𝛔𝛂𝛃𝜺(𝛆 − 𝛍)𝟐   𝛛𝐟𝛍(𝐓, 𝛆)𝐝𝛆 ,                                         (10)
 𝑺 = 𝐞𝐓𝛔 𝛔𝛂𝛃(𝛆)(𝜺 − 𝝁) −𝛛𝐟𝛍(𝐓, 𝛆)𝝏𝜺 ,                                                       (11)
 𝐙𝐓 = 𝐒𝟐𝛔𝐓𝛋 .                                                                                                        (12)

 

Where  𝛔,𝛍,𝛀, 𝐟,𝛋, 𝐒 and 𝐙𝐓  denotes respectively electrical conductivity, chemical potential, unit-cell volume, Fermi-
Dirac distribution function, thermal conductivity, Seebeck coefficient and merit factor. 

The knowledge of the temperature effect on thermoelectric properties is a crucial key for identifying the reliability 
of compounds in thermoelectric applications. The variation of Seebeck coefficient which provides us the insight of the 
type of charge carriers in XRhZ (X=V,Nb and Z=Si,Ge) compounds, have been drawn versus temperature (Fig. 5a). In 
all considered temperature range, the sign of S is positive, thus meaning that the holes are the majority charge carriers. 
For VRhGe H.H, the S value increases to its utmost value of 270 𝜇𝑉 · 𝐾  at 300 K then decrease to achieve 221 𝜇𝑉 · 𝐾  at 
1200 K, while for the NbRhGe compound, S increases up to a maximum value of 261 𝜇𝑉 · 𝐾  at 900 K and then 
decreases weakly to reach 254 𝜇𝑉 · 𝐾  at 1200 K. 

For the VRhSi alloy, the value of S goes from 240 𝜇𝑉 · 𝐾  at 300K to 269 𝜇𝑉 · 𝐾  at 700K then drops again to 
240 𝜇𝑉.𝐾 at 1200K. The utmost value of "S" for the NbRhSi alloy is observed at 900 K it is of 262 𝜇𝑉.𝐾 . Around 
room temperature, “S” shows a large positive value of about 270 μV/K, 240 μV/K and 225 μV/K respectively for VRhGe, 
NbRhSi/VRhSi and NbRhGe.  The trend of Seebeck coefficient with respect to chemical potential (μ), has been displayed 
in Fig. 6a and Fig. 7a. At room temperature, the peaks of S are obtained at μ values included between -0.03 to 0.01 eV 
for VRhGe/NbRhGe and between -0.02 to 0.01 eV for VRhSi/NbRhSi compound. Beyond these range of μ, S tends to 
zero. With rising in the temperature, the maximum value decreases, it goes from 1205μV/K at 300K to 473μV/K at 900K 
for VRhGe/NbRhGe and from 853μV/K at 300K to 384μV/K at 900K respectively for VRhSi/NbRhSi compounds. The 
optimal values of S occur on the negative side of μ. Above the room temperature, S gradually decreases with the rise in 
temperature; this is due to jumping of electron and hopping of holes around the localized states in the vicinity of EF [57] 
which will generates a rise in the thermal energy. Comparatively to VRhSi and NbRhSi compounds, the VRhGe and 
NbRhGe H.H are well suitable for thermoelectric devices working around 300 K, since their maximum Seebeck values 
are reached at 300 K. 

From Fig. 5b which give the evolution of electrical conductivity (σ/τ) versus temperature, we can see that σ/τ 
increases as temperature increases, suggesting the semiconducting nature of XRhZ (X=V,Nb and Z=Si,Ge) compounds. 
For all the studied compounds, the σ/τ value is almost similar up to room temperature, above 300 K a strong increase is 
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observed for the VRhGe compound. The lowest values of σ/τ are obtained at 100 K, they are around 6×1017 (Ωms)-1, 
while the maximum values are obtained at 1200 K they're from 4.61 × 1019 (Ωms)-1 for VRhGe and around 3×1019 (Ωms)-1 
for VRhSi, NbRhGe and NbRhSi. The effect of chemical potential (μ) on the electrical conductivity (σ/τ) of the 
H.H compounds XRhZ (X = V, Nb and Z = Si, Ge) is drawn in Fig. 6b and Fig. 7b. 
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Figure 5. Evolution versus temperature of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity and (d) Merit 
factor of XRhZ (X =V, Nb and Z = Si, Ge). 
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Figure 6. Evolution versus chemical potential of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity and (d) 

Merit factor of XRhZ (X =V, Nb and Z = Si, Ge). (T= 300K) 

Comparatively to the p-type region, the electrons in n-type region show at room temperature dominancy with 
maximum peak intensity of 3.12×1020 (Ω m s)-1 / 4.32×1020 (Ω m s)-1 occurring at -0.028 eV / (-0.039 eV) respectively 
for NbRhSi/NbRhGe and VRhSi/VRhGe compounds.  Almost the same result is obtained at 900K. For the temperatures 
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of  300 and 900 K, we notice that the profiles of σ/τ do not show any major change, the curves are almost confused except 
for a few small differences. The high values of σ/τ recorded for the four H.H denote the low losses by Joule effect; this is 
explained by the difference between the effective masses of electrons (conduction band) which are heavier than the 
effective masses of holes (valence band).  From Fig. 5c, which depict the comportment of electronic thermal conductivity (𝜿𝒆 𝝉⁄ ) as function of temperature, one can notice that 𝜿𝒆 𝝉⁄   increases almost linearly with temperature. At ambient 
temperature the 𝜿𝒆 𝝉⁄  is of 1.29×1014 for VRhGe and around 7.80×1013 for the other three compounds. For the materials 
studied in this paper, the lowest values of κ/τ are obtained at 100 K, while the maximum values are obtained at 1200 K. 
At the same chemical potential, the gap between the values of 𝜿𝒆 𝝉⁄  increase as temperature increase, but with a gradient 
of less importance than that of the electrical conductivity σ/τ case. According to the Fig. 6c and Fig. 7c, which illustrates 
the thermal conductivity 𝜿𝒆 𝝉⁄  given versus chemical potential μ(eV), we can reveal the clear amplification of 𝜿𝒆 𝝉⁄  when 
the temperature increases. The 𝜿𝒆 𝝉⁄  is higher for the p-type (electrons) than for the n-type (holes). At ambient temperature 
and for μ=EF, the 𝜿𝒆 𝝉⁄  value is of 1,34×1014 W/m.K.s for VRhGe and around 7,50×1013 W/m.K.s for the other three 
compounds. The values of κ/τ are larger for μ > 0 than for μ < 0. At room temperature, the VRhSi and theVRhGe 
compounds exhibit a low thermal conductivity peak, which mean that these two H.H can provide high thermal efficiency. 
The high merit factor (ZT) values obtained constitute a strong index of the high thermoelectric performance of these 
materials. In fact, this parameter highly depends on the temperature, thermal conductivity (ĸ/τ), electrical conductivity 
(σ/τ) and Seebeck coefficient (S). Fig. 5d gives the evolution of merit factor (ZT) versus temeprature at μ=EF. Electrons 
nearby the EF play an essential role in the transport properties. ZT value of the VRhGe alloy remain the best among the 
four studied compounds, it increase from 0.68 at 100 K to its utmost value of 0.81 at 1000 K while at room temperature 
its value is of 0.77. Beyond 200 K, all the compounds have a ZT value that is greater than 0.71. From Fig. 6d and Fig. 7d, 
which give the change of ZT regarding the chemical potential, one can see that the values of ZT are lower in the p-type 
region than in the n-type region and as the temperature tends toward 300K, the utmost value of ZT progressively increases. 
At room temperature, the ZT values is around the unity, which makes the XRhZ (X=V,Nb and Z=Si,Ge) compounds very 
attractive for thermoelectric devices working at room temperature. We have identified in the literature several H.H 
semiconductors, which are classified as a good thermoelectric material and which exhibit the almost same values of ZT 
than our studied alloys, let's quote TiIrAs, TiIrSb [58]. 
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Figure 7. Evolution versus chemical potential of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity and (d) 
Merit factor of XRhZ (X =V, Nb and Z = Si, Ge). (T= 900K) 

 
3.5 Optical properties 

Even though the semiconductor compound is known to be a very good material for optical applications, its optical 
study is considered necessary, because this type of material can lose its semiconductor characteristic at very low frequency 
and become metallic as it can also acquire the behavior of an insulator at very high frequency [59]. The majority of the 
optical characteristics come from the dielectric complex function 𝜺(𝝎) (eq.13) [33]. 
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𝜺(𝝎) = 𝜺𝟏(𝝎) + 𝒊𝜺𝟐(𝝎)                                                                            (13) 𝜺𝟏(𝝎) describes the dispersion of electromagnetic radiation whereas 𝜺𝟐(𝝎) represents the optical absorption of the 
material.  

The imaginary part of the dielectric function 𝜺𝟐(𝝎) comes from the EBS computations with the help of the following 
relation  

 𝜺𝟐(𝝎) = 𝟒𝝅𝟐𝒆𝟐𝒎𝟐𝝎𝟐 ∑ 〈𝒊|𝑴|𝒋〉𝟐𝒇𝒊(𝟏 − 𝒇𝒊)𝜹 𝑬𝒋 − 𝑬𝒊 − 𝝎 𝒅𝟑𝒌𝒊,𝒋 . (14) 

Where 𝝎,𝒆,𝒎 and 𝑴 denote respectively the photon frequency, electron charge, electron mass and dipole matrix. 𝑬𝒋 
designates the final state electron energy, 𝑬𝒊 the initial state electron energy and 𝒇𝒊 the Fermi occupation factor of the 
single-particle state i.  

Thanks to the Kramer’s Kronig relations [60-61], the real part of the dielectric function 𝜺𝟏(𝝎) is deduce from the 
imaginary part of the same function 𝜺𝟐(𝝎). 

 𝜺𝟏(𝝎) = 𝟏 + 𝟐𝝅𝑷 𝝎 𝜺𝟐 𝝎𝝎 𝟐 𝝎𝟐 𝒅𝝎𝟎 . (15) 

Where 𝑷 represents the principal Cauchy value. Additional optical quantities can be also deduced from the calculated 
values of the imaginary and real parts of the dielectric function [62], the most sought after among them are the 
reflectivity 𝑹(𝝎), the refractive index 𝒏(𝝎) and the absorption coefficient 𝒂(𝝎). The crystallographic structures of the 
studied compounds are cubic; hence, the optical properties will be isotropic. In order to reach sensible accuracy on all 
probable electronic transitions, a dense mesh is considered necessary. A k-point mesh of 31*31*31 was adopted in this 
part of optical calculation. The various optical properties examined using the TB-mBJ method are plotted in the near 
infrared (NIR), visible (Vis) and ultraviolet (UV) domains. 

  𝑹(𝝎) = 𝜺(𝝎) − 𝟏𝜺(𝝎) + 𝟏 𝟐                                                                                      (16)
  𝒏(𝝎) = 𝜺𝟏𝟐(𝝎) + 𝜺𝟐𝟐(𝝎) + 𝜺𝟏(𝝎)𝟐 𝟏 𝟐                                                   (17)
  𝒂(𝝎) = √𝟐𝝎𝒄 𝜺𝟏𝟐(𝝎) + 𝜺𝟐𝟐(𝝎) − 𝜺𝟏(𝝎) 𝟏 𝟐                                           (18)

 

The graphical plot of Fig. 8a gives the real part of dielectric function 𝜺𝟏(𝝎); part, which defines the extent a material, 
may be polarized. Comparatively to the visible and infrared regions, the H.H compounds XRhZ (X = V, Nb and Z = Si, 
Ge) react highly to the ultraviolet-light excitations; many peaks are detectable in this domain. The negative values 
of 𝜺𝟏(𝝎) mean that the material entirely reflects the incident radiation while the positive values mean that the photons 
move across the material. For the VRhGe compound, the negative values of 𝛆𝟏(𝛚), recorded between 1.97 and 2.40 eV 
(visible region) can be explained by the metallic character characterized by the reflection of incident radiation. The same 
observation was found for the VRhSi, NbRhGe and NbRhSi compounds in the energy ranges between 1.83 to 2.23 eV / 
(2.62 to 3.05 eV) / (2.65 to 3.21 eV) respectively. Beyond 12.90 eV, the four compounds show values of real part 𝜺𝟏(𝝎) 
fluctuating around zero. The static dielectric constant 𝛆𝟏(𝟎) (dielectric function for zero photon energy) which is inversely 
proportional to the band gap [63] was found respectively equal to 190.11, 178.77, 23.62 and 22.88 eV for the VRhSi, 
VRhGe, NbRhSi and NbRhGe compounds. The transition between the occupied and unoccupied states is mostly insured 
by the imaginary part of dielectric constant 𝛆𝟐(𝛚) [64]. From Fig. 8b, we can see that 𝛆𝟐(𝛚) curve of VRhSi/VRhGe has 
three main peaks located at 0.24eV, 1.90eV and 3.98eV, while 𝛆𝟐(𝛚) curve of NbRhSi/NbRhGe exhibits two main peaks 
positioned around 2.43eV and 4.92eV. According to the band structure plot of VRhSi/VRhGe (Fig.3a-b), the three 
highest peaks of 𝛆𝟐(𝛚) correspond to the indirect interband transitions between W-X, L-X and Γ-X states. The two highest 
peaks for the NbRhSi/NbRhGe, compound correspond to the indirect interband transitions between W-X and L-X states 
(Fig.3c-d). We can noticed that above 8.8 eV, the optical activity of the four compounds considerably decreases. Fig. 8c, 
illustrates versus photon energy the evolution of absorption coefficient 𝒂(𝝎). For the four compounds, we can observe 
from 0 to 50 eV that there are no regions, where the compounds are optically transparent to radiation (𝒂(𝝎) = 𝟎). The 
values of 𝒂(𝝎)start from 0 eV and reaches in the ultraviolet region their maximums of 371.48 at 40.14eV (VRhSi/VRhGe) 
and 314.42 at 33.26 eV (NbRhSi/NbRhGe). Due to these high absorption values, these compounds may be beneficial to 
absorb harmful UV rays. In the visible region, the maximum values of 𝒂(𝝎) is about 112.84 cm-1 for NbRhSi/NbRhGe, 
and about 84.26 cm-1 for VRhSi/VRhGe. These values are larger to those reported for many H.H semiconductors 
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compounds such as LiCaX (X=N, P and As) [65], ZrRhSb [66], XScZ (X = Li, Na; Z = C, Si, Ge) [67], RbScSn [68] and 
SiLiX (X = Ca and Sr) [69]. The evolution of light reflection 𝑹(𝝎) versus photonic energy is illustrated in Fig. 8d. 
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Figure 8. Illustration of (a) real ε (ω) and (b) imaginary ε (ω) component of dielectric function, (c) absorption coefficient a(ω), 
(d) reflectivity R(ω), (e) refractive index n(ω), and (f) electron energy loss L(ω) for XRhZ (X =V, Nb and Z = Si, Ge) 

We can see that at zero energy, 𝑹(𝟎) is relatively high for VRhSi /VRhGe its value is of 75% while that 
of NbRhGe/NbRhGe is of 43%. Over low energies, 𝑹(𝝎) oscillates and the highest value for the VRhGe is obtained in 
the visible domain (62 %), while the utmost value for the NbRhGe which is of 64 % has registered in the UV domain. 
A value of 𝑹 around 66% is observed in the UV domain for the alloys containing silicon (VRhSi and NbRhSi). The 
high-infrared reflectivity of approximately 75% makes VRhSi/VRhGe compounds ideal materials for use as 
high-performance heat shields. Fig. 8e shows the variation of refractive index versus phonon energy for the four 
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compounds studied in this research. We clearly notice that the 𝒏(𝝎)shape  is similar to that of 𝜺𝟏(𝝎). For zero photon 
energy, the refractive index of VRhSi/VRhGe is significantly higher than, those of NbRhSi/NbRhGe. In addition, the real 
part of the dielectric constant 𝜺𝟏(𝟎) and the refractive index 𝒏(𝟎) are obey to the equation 𝜺𝟏(𝟎) = 𝒏𝟐(𝟎) [70]. For the 
VRhSi/VRhGe compounds, the refractive index 𝒏(𝝎) starts rapidly to decrease before reached 1eV, then increases to 
attain its utmost value of 5.30 at 1.60 eV. While for the NbRhSi/NbRhGe compounds, a slight increase is noted between 
0.14-1.96eV, beyond this range we observed a decrease of 𝒏(𝝎)values to stabilize around 0.7.  We notice that it is in the 
visible range that the utmost values of 𝒏(𝝎) occur. Fig. 8f, gives us the loss function energy 𝑳(𝝎); it can be seen that the 
prominent peaks of 𝑳(𝝎) for all four compounds are located in the high-frequency UV domain going from 15 eV to 
42.0 eV. These peaks match to the fast decrease of the reflectivity 𝑹(𝝎). Also, the different peaks of 𝑳(𝝎) are directly 
related to the plasma resonance, in other words, to the state of electron vibrations in the valence band. In the infrared 
region and visible region, all the compounds exhibit a very weak energy loss. 

 
CONCLUSIONS 

In this manuscript, the structural, electronic, elastic, thermoelectric and optical behavior of ternary half-Heuslers 
XRhZ (X = V, Nb and Z = Si, Ge) in cubic phase have been studied and discussed using DFT methods. For all studied 
compounds, the structural optimization confirms that the NM state is more stable than the FM state, while the EBS 
and DOS graphs reveal non-magnetic semiconductor behavior. The negative values found for the formation enthalpy 
and cohesive energy are strong clues of the thermodynamic stability and possible structural synthesizability of these 
HH. The phonon band structures of XRhZ compounds show no imaginary frequency and testify to the dynamic stability 
of its semiconductors in the nonmagnetic γ phase. The elastic properties results showed that the four semiconductors 
are stable mechanically. They possess a low anisotropy degree therefore a minimal risk of micro cracking and they 
also revealed a ductile nature. The optical performances was studied in the energetic domain, ranging from 0 eV up to 
50 eV. The high reflectivity greater than 60%, detected in the visible and UV areas as well as the high peaks of the 
absorption coefficient obtained in the same zones, allow using these alloys as UV filters, UV–visible photodetector, 
or as an effective shield in these domains. The increase in thermoelectric power generally passes through the decrease 
in thermal conductivity. For temperatures greater than 300K, the substitution of the germanium atom by the silicon 
atom (lighter atom) leads in a considerable reduction in thermal conductivity, reduction of 38% at 600K and 26% at 
900K. With a merit factor values greater than 0.73 in wide temperature domain, all these compounds can be considered 
as alternative green energy sources and also for energy conversion. 
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ДОСЛІДЖЕННЯ ЕЛЕКТРОННИХ, ПРУЖНИХ, ТЕРМОЕЛЕКТРИЧНИХ ТА ОПТИЧНИХ ВЛАСТИВОСТЕЙ 
НОВИХ НАПІВГЕЙСЛЕРОВИХ XRhZ (X = V, Nb ТА Z = Si, Ge) НАПІВПРОВІДНИКІВ МЕТОДОМ DFT 

Сід Ахмед Бендехібаa, Бесбес Аніссаa, Джелті Радуанa, Найва Аль Бузієb, І. Карс Дуруканc 
Нуреддін Амранеb 

a Лабораторія технологій і властивостей твердих тіл, Університет Мостаганем (UMAB) – Алжир 
b Фізичний факультет, Науковий коледж, Університет Об’єднаних Арабських Еміратів (UAEU), 15551, Аль-Айн, ОАЕ 

c Кафедра фізики, Факультет природничих наук, Університет Газі, 06500 Анкара, Туреччина 
Теорія функціонала густини була використана для дослідження фізичних властивостей нових напівгейслерових сплавів XRhZ 
(X = V, Nb і Z = Si, Ge). Обмінно-кореляційні ефекти обробляли потенціалом TB-mBJ. Чотири досліджувані сполуки є 
немагнітними напівпровідниками з непрямою забороненою зоною. Ентальпія утворення, енергія когезії та фононні зонні 
структури показали, що ці напівпровідники є структурно та динамічно стабільними. Пружним дослідженням було 
передбачено, що сполуки XRhZ (X = V, Nb і Z = Si, Ge) мають стабільні механічні властивості, вони мають анізотропний 
характер і виявляють пластичну природу з відношенням B/G >1,75. Оптичні результати демонструють цікавий 
фотокаталітичний потенціал для напівпровідників NbRhSi та NbRhGe, вони демонструють високий коефіцієнт поглинання у 
видимій області, який становить близько 112,104 см-1. Для енергій понад 10 еВ (УФ-домен) показник заломлення менше 
одиниці. Термоелектричні результати підтвердили, що сполуки XRhZ (X=V, Nb і Z=Si, Ge) дуже привабливі для 
термоелектричних пристроїв, що працюють у широкому діапазоні температур, включаючи температуру навколишнього 
середовища. 
Ключові слова: напівгейслерові сплави; напівпровідник; еластичні властивості; коефіцієнт Зеєбека; фактор заслуг; 
коефіцієнт поглинання; відбивна здатність 




