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Abstract:
We have investigated the structural, electronic, elastic, mechanical, thermodynamic,
and phonon properties of RhVSi half Heusler alloy in this work. The alloy obeys the
Slater-Pauling rule. It is a face-centered cubic C1b structure. It exhibits a lattice
parameter of 5.71 eV and a narrow indirect bandgap of 0.285 eV, making it attractive
as an absorber in solar systems. The alloys have 18-valence electrons, and they obey
the Slater-Pauling rule. The negative formation energy of 0.33 shows that
experimental simulation is possible; it also confirms the structure's stability. The
elastic properties obey the stability criteria set by Born and Huang and are, therefore,
stable. We analyzed the alloy's mechanical strength, and it proves to be a superhard
material with a Vickers hardness of 60.266 GPa. The Debye temperature of 408.375
K shows that the compound is hard and possesses a large wave velocity (3421.230
m/s) and will have high thermal conductivity. From investigations on the phonon
properties using a 4 x 4 x 4 supercell to facilitate convergence, there are no negative
frequencies; hence, we submit that the RhVSi half Heusler semiconductor is
dynamically stable and can be simulated experimentally.
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1. Introduction
The oscillations atoms undergo in a solid crystal lattice about its equilibrium

position is referred to as vibrations. These vibrations account for material properties
such as electrical conductivity, thermal conductivity, specific heat, optical and
dielectric properties. The continuous fluctuations which arise from the thermal energy
are more pronounced with an increase in temperature. These lattice vibrations result in
a motion that produces waves that travels within the area of vibration in the lattice,
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and these waves are called phonons. The phonon properties of material influence its
thermal, optical, and electronic properties. Phonons have a density of state, which is
controlled by the dimensionality of the material.
The Heusler family of alloys [1] has contributed immensely to searching for

materials with industrially viable phonon properties for optoelectronic devices. Since
the discovery of Heusler alloys, some variants have emerged, ranging from the full,
half [2], inverse, to quaternary Heusler alloys [3,4]. Of these variants, the half Heusler
alloys have proven to be quite useful in technological applications [5,6,7,8,9]. They
find applications in thermoelectric devices [10], giant magnetoresistance sensors
(GMR) [11], spintronics [12], as topological insulators, among others. In general, a
half Heusler alloy, XYZ, has a C1b structure. The half Heusler alloy structure is
similar to a full-Heusler alloy (X2YZ) structure, with the L21 structure, save for
missing one X element. X and Y are transition-metal, and Z is a main group element.
The C1b structure of the half Heusler RhVSi is shown in Fig. 1, and the nomenclature
for atomic positions are credited to Wyckoff [13,14]. The structure is drawn from the
NaCl rock-salt structure with atomic positions (0, 0, 0) and (0.5, 0.5, 0.5) and the
zincblende structure with atomic positions (0, 0, 0) and (0.25, 0.25, 0.25).
Although much research has been done on half Heusler alloys, to our knowledge,

reports from first-principles calculation and experimental reports searching for viable
ternary half Heusler alloys predicted to be stable in literature leaves room for more
work in this area. In response to this, using the Perdew-Burke-Ernzerhof (PBE) with
the generalized gradient approximation (GGA) in the density functional theory, we
carry out a hypothetical investigation of the structural, electronic, mechanical and
phonon properties of the half Heusler RhVSi compound.

2. Computational Method
Using the quantum espresso code (QE) [15], we studied the structural, electronic,

mechanical and phonon properties RhVSi half Heusler alloy from first principles. The
potentials for calculations were constructed using the projector augmented wave
(PAW) [16,17] method, and the generalized gradient approximation (GGA) was
employed to treat the Perdew-Burke-Erzhenhof exchange and correlation between
electrons [18]. The Monkhorst-Pack scheme [19] was used to construct an 8×8×8 grid
for the electronic structure calculation, and the converged value of the kinetic energy
cutoff of the plane-wave used as a basis function was 70 eV. For the alloy, we fully
relaxed each component atom in the unit-cell using the Broyden–Fletcher–Goldfarb–
Shanno (BFGS) to obtain the equilibrium configuration for the atomic positions. A
much denser k-point mesh of (20×20×20) grid with a tetrahedra occupation was used
in calculating the electronic density of states. The alloys' behaviour at equilibrium
temperature in terms of the volume and pressure was calculated by fitting the result
obtained from the total energy calculation to the Birch-Murnaghan equation of state
[20,21,22]. We treated the compound as a ferromagnetic system in the fcc crystallized
phase. We subjected the equilibrium kinetic energy cutoff and k-point mesh to a
convergence test. We selected dense high symmetry k-points for the FCC structure
using (X-window) Crystalline Structures and Densities (XCrySDen) package [23] for
the band structure calculations. The mechanical properties were determined using the
quasi-harmonic approximation coded in the thermo-pw package as a post-proc in QE,
which explored Voigt, Reuss, and Hill's approximation. [24,25,26].
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3. Results and Discussions

3.1 Structural Properties
The most stable crystal structure of RhVSi is shown in Figure 1. RhVSi crystallizes

in the face-centred cubic structure in the space group ����t and space number 216 as
a non-magnetic semiconductor. The electronic configuration of the elements
investigated is 3d85s1 and 3d34s2 for rhodium and vanadium, respectively, while Si is
3s² 3p². The alloys crystallize in the MgAgAs structure with X, Y, Z atoms occupying
the atomic positions (0, 0, 0), (0.25, 0.25, 0.25) and (0.75, 0.75, 0.75) respectively.
The equilibrium lattice parameter is 5.71. As expected, RhVSi obeys the Slater-
Pauling rule for hH alloys, and it crystallizes as a non-magnetic semiconductor. We
confirmed this by using the rule for 18 valence electrons Mt = Zt – 18 as proposed by
Slater & Pauling, where Zt is the alloy's valence number, and Mt is the magnetic
moment per unit formula of the alloy. In our case, Zt is 18.
The volume optimized lattice parameter computed for RhVSi is in reasonable

agreement with the value reported in the literature [27]. Considering that RhVSi is
being investigated for the first time, there are no experimental nor theoretical data
available to compare the results of other parameters presented in this work. Hence, the
data presented here can act as a reference for future investigations.
The results obtained during lattice optimization for energy and volume is fitted to

the Murnaghan equation of state using:

�� � � � h �� � t��
��
t�

�
�

� h t�
�

��
t� t� h �

Where �� and �� are equilibrium values of energy and volume, respectively,
without the effect of pressure, while B and B denote the bulk modulus and its
derivative, respectively, the relationship between the energy and volume is shown in
Figure 2. The bulk modulus value, pressure derivative of bulk modulus, volume,
ground state energy, formation energy, energy bandgap, and lattice constant using
PBE-GGA are presented in Table 1. The compound's magnetic moments are found to
be zero in all three interacting elements confirming its non-magnetic nature. Each
alloy element's atomic mass is 102.9055 u, 50.9415 u, and 28.0855 u for Rh, V and Si,
respectively, and a total atomic mass unit of 181.9325 u. The atomic mass and lattice
always reflect the amount of energy required for the atoms' interaction, which is -
731.03 Ry.

Table 1.Lattice constant (a0), ground state energy E, bulk modulus 0B , pressure derivative of the

bulk modulus 0B , volume V0, the formation energy fE , and energy bandgap (Eg) of RhVSi
compound in the most stable state using PBE-GGA.

Compound a0 (Å) E (Ry) 0B (GPA) 0B V0 (a.u.)3 fE (Ry) Eg (eV)

RhVSi 5.71
5.69 27 -731.03 179.7 4.42 314.70 -0.33 0.2848

One test for ascertaining an alloy’s structural stability and establishing the
possibility of experimental simulation of the alloy is deduced using the compound's
formation energy. Negative formation energy supports simulation, while positive
formation energy prohibits experimental simulation. The formation energy is
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calculated by subtracting each element's energy from the bulk energy using the
equation; ��tht � �

�
�� h �� � �� � �� . The formation energy obtained for

RhVSi is -0.33 eV showing that the alloy is structurally stable, establishing the
possibility of experimental simulation.

Figure 1. The most stable crystal structure of RhVSi at the atomic positions (0, 0, 0), (0.25, 0.25,
0.25) and (0.75, 0.75, 0.75) for Rh, V, Si respectively.

Figure 2. Lattice optimization for the minimum energy versus volume as fitted to the Murnaghan
equation of state.

3.2. Electronic Properties
We present results for the electronic structure of the RhVSi compound, and the

result presented includes the density of states (DOSs) and electronic band structure
calculations using PBE-GGA. The FCC structure's band structure calculation is along
the high symmetry path K→Γ→X→W→K→Γ→L with a dense k-point. From the
band structure in Figure 3, sharper or steeper slopes are observed at the Γ point, the
centre of the crystal momentum space or k = 0 space and X (the edge π/L of the first
Brillouin zone in the 001 direction) symmetric point. The steep dispersion indicates a
stronger orbital interaction arising from the d-orbitals of Rh and V, resulting in a
possible increase in the mobility of charges. The steeper slope also suggests a
covalent bonding between the d8 orbital of Rh and d3 orbital of V. Γ→X. the bandgap
shows that Rh's d states are delocalized in the region of the Fermi energy. On the
other hand, shallow or flat bands are observed between W→K symmetry points,
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indicating ionicity and low group velocity resulting from the s and p orbitals'
localization. The flat bands in the conduction band occur around 1 eV and 2 eV, while
the flat bands are seen in the valence band around -1 eV to -3 eV.
Figure 3 shows the electronic band structure and states' electronic density for

RhVSi alloy in the non-magnetic (paramagnetic) state. RhVSi exhibits an indirect
bandgap of approximately 0.2848 eV between Γ and X high symmetry points. The
conduction band minimum CBM is 14.2824 eV, while the valence band maximum is
13.9979 eV. The narrowness of the bandgap supports charge mobility. The density of
states plot in Figure 3a shows that CBM is characterized by the 5s states of Rh, the 4s
states of V, the 3s states of Si, on the other hand, the 3d and 3p states of Rh and Si
dominate the VBM with degeneracies at gamma.

Figure 3 a. Total electronic density of states of RhVSi half Heusler alloy using the DFT-GGA
approximation.

Figure 3b. Band-structure calculation of RhVSi half Heusler alloy using the DFT-GGA
approximation.

3.3. Elastic Properties and Mechanical Stability
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The aim of this investigation includes establishing the stability of RhVsi half
Heusler semiconductor for possible technological application. Hence, in this section,
we present results for the computation of the compound's elastic properties and
mechanical stability. The computation was done using the linear response density
functional perturbation theory as implemented in the thermo-pw code. Max Born and
collaborator proposed the parameters and criteria required to predict the stability of a
cubic compound. The parameters include fundamentally ���� ��� � ���. According to
Born & Huang (1954) [28], the following conditions ��� � �h ��� � �h �

�
��� h

��� � �h �
�
��� � ���� � � , among others, must be satisfied for the compound to

be described as stable. These conditions are called the Born stability criteria; also, we
ensure the order ��� � ��� � ��� is respected for the parameters ���� ���� ��� . It
is also required that ��� � t � ��� where B is the bulk modulus. C11 describes the
degree of stiffness of materials against principal strains, and C44 describes the stiffness
of the bulk crystal structure and is a determinant of the resistance against shear
deformation. From the results obtained and documented in Table 3, the alloy fulfils all
conditions for stability. We give in Eqn. (1), another relation that further strengthens
the assertions on the stability of materials. It states that a crystalline structure can also
be classified as stable if, in the harmonic approximation, the elastic energy is a
positive definite � � ��� � � in the absence of external load [29].

� � �� �
�
�
�� ��h��

� ���h�h � � �� (1)

This condition is termed the elastic stability criterion. It must satisfy the necessary
and sufficient stability conditions that matrix C and C's eigenvalues are favourable.
The results we present in Table 2 confirm that the alloy obeys all stability criteria and
is stable.

Table 2.Elastic properties in GPa of RhVSi half Heusler semiconductor using the density
functional perturbation theory.

Compound ��� ��� ���
�
�
��� h ���

�
�
��� � ����

RhVSi 212.875 135.647 84.129 77.228 161.390

Other elastic and mechanical properties computed include bulk, shear, and Young’s
moduli. The moduli properties were computed using the following Equations.

t � �
�
��� � ���� (2)

� � �
�
�� � ��� (3)

� � �t�
�t��

(4)

Where �� and �� in Eqn. (4) are the Voigt and Reuss approximations of the shear
modulus, respectively, and are obtained using.

�� �
�
�
��� h ��� � ���� (5)

�� � � ���h��� ���
� ���h��� �����

(6)

The bulk modulus B characterizes the ability of a material to resist fracture. Hence,
it defines the hardness of the material, and the shear modulus G describes the
resistance of the material to plastic deformations. The Young's modulus E, on the
other hand, is the ratio of tensile stress to tensile strain, and it measures the stiffness of
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the material. We derived the alloys' moduli using the Voigt and Reuss approximation
directly from C11, C12, and C44. A stiff material has a high Young's modulus, while a
ductile material has a low young's modulus.
We also compute and present results in Table 3. for some mechanical characteristics

including anisotropy, Poisson ratio, the Pugh’s ratio (B/G) for ductility/brittleness,
Cauchy’s pressure, and Vicker’s hardness using Eqns. (7-10)

� � ����
���h���

(7)

� � �
�

�th��
�t��

(8)

�� � ��� h ��� (9)

�� � �.�� t
�

�.����
��.��� (10)

A, �, �� , and �� are the anisotropy factor, Poisson ratio, Cauchy pressure, and the
Vicker’s hardness. The Poisson ratio and the Cauchy pressure suggests the possible
bonding of the atoms in the compound. Frantsevich et al. reported a critical value of
0.26 for the Poisson ratio [30]. This critical value separates between covalent bonding
and ionic bonding; from the results in Table 4, the Poisson ratio favours ionic bonding
in the compound. A sizeable negative �� supports directional covalent bonding, while
a positive value suggests non-directional metallic bonding. The compound's results
are positive and substantial, hence, supporting a non-directional metallic bonding
among the atoms. In isotropic materials, the material properties are independent of the
direction, while the material properties are direction-dependent in anisotropic
materials. When a material is measured from different directions, any deviation from
unity automatically renders the material anisotropic. The values obtained for the
anisotropy/isotropy test of the materials is 2.177; the result shows that RhVSi alloy is
anisotropic. The anisotropy value also suggests a high susceptibility to cracking
during experimental analysis because the more extensive the deviation from unity, the
more susceptible it is to cracks during an experimental simulation.
Using the ratio of bulk modulus to the shear modulus (B/G) of a material, Pugh [31]

establishes 1.75 as the critical value between brittleness and ductility in a material.
When the B/G value is below/above the reference value, the material is brittle/ductile.
The brittleness or ductility of a material can affect the failure mode in fabrication
processes. The results in Table 3 predicts the material is ductile, with a Pugh ratio of
2.62. The Vicker’s hardness holistically addresses the resistance of the material to
indentation. Tian et al. predict that materials whose Vicker's hardness is above 40 GPa
are superhard materials [32]. Our results show that RhVSi alloy is a superhard
material. The Young’s modulus of 163.736 GPa recorded for RhVSi alloy falls within
the range of 169 GPa recorded for silicon wafer in the 001 direction [33]. Finally, all
results for elastic and mechanical stability test leads to the prediction that the RhVSi
alloy is mechanically stable at room temperature.
Table 3. Computed values of Poisson ratio (v), bulk modulus (B in GPa), shear modulus (G in
GPa), Pugh’s ratio (B/G), Debye temperature (� in K), anisotropy (A), Young’s modulus (E in

GPa), Vickers hardness (�� in GPa), Cauchy pressure (�� in GPa), and the density �� �� ���t��
using the linear response density functional perturbation theory.

Compound � � � �
� � � � �� �� �

RhVSi 0.33 161.39 61.55 2.62 408.38 2.18 163.74 60.27 51.52 6.49
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3.4. Thermodynamic Stability
Thermodynamic stability is critical in correctly recommending a material for any

experimental procedure. In this section, we present results for specific vital
thermodynamic processes. We carried out the calculations using the quasi-harmonic
approximation (QHA) rather than the harmonic approximation. The harmonic
approximation fails to account for thermal expansion and thermal transport as
temperature increases and does not take phonon interactions into account; hence the
phonon lifetime is interpreted as infinite. Effective implementation of the QHA
accommodates the possible change in lattice parameter/volume with temperature
change. This addition is termed the X-factor in the vibrational Helmholtz energy,
where X represents the lattice parameter or the volume. The relation for the QHA
from the vibrational Helmholtz energy (���h) is given as:

���h ��h � �
� ������t� ������� � �th ����� �� � h �݁� h�t �������

�th
� (11)

Where q is the wave-vector, the vibrational frequency is ω(q), �t is the Boltzmann
constant, T is temperature, � is the reduced Planck's constant, and � is the frequency.
We neglect the effect of pressure in this report. The parameters analyzed and

reported include the Debye temperature Θ� , specific heat capacity at constant volume
�� and its relation to the Dulong-Petit law, the average mean velocity, and the Debye
entropy. The Debye temperature provides information on the thermal properties of the
material at ambient and high temperatures. Table 4 presents the sound velocities
(shear, compressional, and bulk), the average sound velocity, and the Debye
temperature. We calculated the Debye temperature using the average mean velocity of
sound as:

Θ� �
�
�t

��
��

���
�

�
��t (12)

Where h is Planck’s constant, KB is Boltzmann’s constant, n is the number of atoms
per unit cell, NA is Avogadro’s number, � is density, and M is the molecular weight.
�t is the sound velocity at zero pressure. �t can be calculated using the longitudinal
(�� ) and transverse (�� ) sound velocities obtained from the shear and bulk modulus
using the Navier’s equation [34] as

�t � �
�

�
��
� �

�
��
�

h � �
(13)

We present Navier's Equation for obtaining the sound velocities in Equations (17 &
18) and present results obtained from the calculations in Table 3.

�� � t� �
�
� �

�

� �
(14)

�� �
�
�

(15)

� is the density of the alloy, and other parameters retain their afore defined
meanings. The alloy has an average sound velocity of 3421.230 m/s and a Debye
temperature of 408.375 K. The result for ΘD is consistent with the expectation that the
main group element's atomic size has an inverse relationship with ΘD. At 0 GPa and
constant volume, the compound does not obey the Dulong Petit law, as evidenced in
the specific heat capacity (Figure 4a). The Dulong-Petit limit is achieved at a
temperature of about 680 K and �� of ��.� � tt�h��h� in agreement with Einstein’s
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contribution to the specific heat theory at high temperature. The Debye temperature
and heat capacity behaviour with the Dulong-Petit law is consistent with other half
Heusler compounds with similar atomic mass units [Osafile & Azi, 2020; Osafile &
Umukoro, 2020; Musari et al., 2020; Adetunji et al., 2019]. We present the entropy
change to temperature in Fig 4b. As expected, there is a rapid and continuous change
in the compounds' entropy as temperature increases.
Table 4. Results for the Voigt-Reuss-Hill average compressional, bulk and shear sound velocities
(��� �t� �� ) in m/s, the average Debye sound velocity �t in m/s, and the Debye temperature

Θ� in K of FeVAs and NiVGa alloys using QHA.

compound �� �� �� �� Θ�
RhVSi 6125.266 4987.175 3079.809 3421.230 408.375

Figure 4a. Specific heat capacity Cv of RhVSi hH alloy.

Figure 4b. Entropy of RhVSi hH alloy with temperature change.

3.4. Dynamical Stability
Lattice vibrations affect the phase stability of crystalline compounds. We have

computed the phonon properties of the alloys using the thermo-pw as implemented in
QE. We present the phonon dispersion curves along Γ→X→K→Γ→L→W→X
symmetry directions here using a � � � � � cubic supercell. However, up to now,
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there have no experimental/other theoretical works exploring the lattice dynamics of
the compound under zero pressure to compare with results obtained in this work.
The alloy investigated has three atoms in the unit cell; hence, the phonon dispersion

spectra presented in Figure 5a displays six (6) optical modes and three (3) acoustic
modes with non-negative frequencies. The phonon frequency corresponding to the
dispersion is presented in Figure 5b. The absence of soft frequencies further ascertains
that the compounds are both dynamically stable. The optical modes have a frequency
range between 220 cm-1 and 330 cm-1 for the alloy, the exhibits the highest frequency
band is observed between Γ and X. We observe a frequency gap in the interface
between the optical modes and the acoustic modes across all bands of the first
Brillouin zone. There is a dispersion at Γ in the optical mode, and this gives rise to
one longitudinal optical (LO) phonon and two transverse optical (TO), we also
observe a phonon splitting at L (~240 cm-1). LO-TO splitting is the removal of
degeneracy between the LO and TO phonons at the Brillouin zone centre. The LO-TO
splitting is an essential parameter that aids in evaluating the strength of ionicity in
bonding a material. The highest band in the optical mode is at X. In the acoustic mode,
the dispersion at Γ produces one longitudinal acoustic (LA) phonon and two
transverse acoustic (TA) phonons at X (120 cm-1) and L (105 cm-1).

Figure 5a. Phonon dispersion of RhVSi hH alloy.

Figure 5b. Density of states frequency of RhVSi hH alloy.
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4. Conclusions
We have investigated RhVSi 18-valence electron half Heusler alloy's structural and

electronic stability from first principles using the density functional theory
implemented in the quantum espresso computational code. The alloy obeys the Slater-
Pauling rule for 18-valence electrons; as expected, it is a semiconductor. The alloy
displays an indirect narrow-bandgap in a stable face-centred cubic structure. The
result we obtained for the lattice constant compare well with the result reported in
literature. We also investigated for the first time the elastic, mechanical,
thermodynamic, and phonon properties of RhVSi alloy using the linear response
quasi-harmonic approximation method and the density functional perturbation theory
as implemented in thermo-pw code. Reports show that RhVSi alloy is ductile and
super hard. The alloy obeys the Dulong-Petit limit at a temperature of 680 K and ��
of ��.� � tt�h��h� with a Debye temperature of 408.375 K. The Debye temperature
shows that the compound is hard and possesses a large wave velocity (3421.230 m/s)
and will have high thermal conductivity. From the phonon calculations, and there are
no negative frequencies. The thermodynamic and phonon test results predict RhVSi to
be a stable semiconductor that can be simulated experimentally. We hope that the
present work will spurn the interest of experimentalists to fabricate the alloy.
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