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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the structural, elastic, electronic, and thermodynamic properties of NbCoSn and

First-principles VRhSn HH compounds using the first-principles calculations as implemented in the density functional theory

Half-Heusler (DFT). The computed lattice constants of NbCoSn and VRhSn compounds were found to be consistent with the

gxgrsln available theoretical as well as the experimental data. The compounds are mechanically stable since their elastic
constants satisfy the Born-Huang criteria for cubic system stability. Due to the absence of imaginary phonons,
NbCoSn is dynamically stable, whereas VRhSn is unstable. NbCoSn is harder than VRhSn HH because it has a
higher Vicker’s hardness and shear modulus. Both compounds feature band gaps, indicating that they are
semiconductors. When compared to NbCoSn HH compound, VRhSn has a narrow band gap. Furthermore,
thermodynamic properties are computed and thoroughly explored. As a result of the findings, NbCoSn and
VRhSn HH compounds are viable thermoelectric materials; however, doping and alloying could be employed to
enhance the stability of VRhSn HH compound.

Introduction Previous research has shown that the NbCoSn HH compound is

Half-Heusler compounds are XYZ compounds that crystallize in a
cubic structure (F43m, Cy3, space group no. 216). HH compounds with 8
valence electrons are semiconductors having a broad energy interval in
their bandgap. In general, compounds of the I-1I-V, I-III-IV, II-II-IV, and
III-II-1II type combinations are half-Heusler materials with eight valence
electrons [1-3].

Since energy generation based on TE offers a potential answer to the
twenty-first-century energy dilemma due to the fact that this method
does not rely on fossil fuels and is thus ecologically benign, HH com-
pounds have become materials of interest in the thermoelectric industry
since thermoelectric materials are used in thermoelectric generators to
convert heat to electricity and vice versa [4,5]. Aside from producing
electrical energy, thermoelectrics technology also minimize thermal
pollution caused by the presence of surplus heat in the environment. The
effectiveness of energy conversion is greatly dependent on the type of
thermoelectric materials utilized. Because of their low band gaps, most
Half-Heusler (HH) compounds are ideal for thermoelectric materials
intended for TEG [6-8]. However, one of the HH compounds’ problems
is thermal and mechanical compatibility.
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mechanically stable, and it has been proposed for use as a thermoelectric
material as well as for optoelectronic purposes [9]. Its thermodynamic
stability, however, was not explored.

Despite the fact that the VRhSn compound has a lesser possibility of
developing a half-Heusler (HH) structure, it has been identified as an
attractive option to examine [10]. Furthermore, at a high temperature of
roughly 700 K, the VRhSn HH compound is found to have a compara-
tively low lattice thermal conductivity of 7.11 W/mK [11]. As a result,
the current work was motivated by a desire to better understand the
mechanical and thermal properties of the VRhSn HH compounds.

The aim of this study was to investigate the structural, elastic, elec-
tronic, and thermodynamic properties of NbCoSn and VRhSn HH com-
pounds using density functional theory (DFT) as implemented in the
quantum ESPRESSO code. The computational details of this work are
explained in section II. Section III consists of the results and discussions,
while Section IV contains the conclusion.

Computational details

Based on density functional theory, the structural, mechanical,
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electronic, and thermodynamic properties of NbCoSn and VRhSn were
examined in this work. Interactions between core and valence electrons
were studied using Quantum Espresso Pslibrary 1.0.0 projector
augmented wave (PAW) pseudo-potentials [12]. Perdew-Burke-
Ernzerhof (PBE) with generalized gradient approximations (GGA) and
local density approximation (LDA) were used to calculate the exchan-
ge—correlation energies [13,14]. The plane wave cu-toff energies for
NbCoSn and VRhSn were set at 120 Ry for both the materials. For elastic
properties of NbCoSn and VRhSn HH compounds, the Monkhorst-Pack
special k-point system [15] with 8 x 8 x 8 k-points in the Brillouin
zone were utilized while dense k-points of 32 x 32 x 32 were used to
compute DOS and band structures. The total energy (E) as a function of
the unit cell volume (V) was interpolated by the Murnaghan’s equation
of state [16] as indicated in equation (1) to determine the equilibrium
lattice constants of NbCoSn and VRhSn compounds.

By Vo / By
—|V(— |B, — V, —(V -V, 1
Bo+<3071>{ (v) 0 °}+B(.( ) W

E(V) =E(Vo) +
where E(V) refers to the ground state energy with a volume of cell (V),
Vy is the volume of unit cell at zero pressure, By and By are modulus of
compressibility and its derivative, respectively.

The thermo_pw algorithm computed elastic constants as well as
other auxiliary elastic properties such bulk moduli, shear moduli,
Young’s moduli, and poison’s ratios using elastic tensors using Voigt-
Reuss-average. Hill’s averages of bulk and shear moduli are used to
compute sound velocities. The Debye temperature is derived using a
precise method that takes the angular average of the sound velocities
calculated for each propagation direction and solves the Christoffel
wave equation. Within the Debye model, the accurate Debye tempera-
ture is employed to compute the vibrational energy, free energy, en-
tropy, and constant strain heat capacity [17-19]. The phonon
dispersions, at the equilibrium structures of NbCoSn and VRhSn com-
pounds were computed based on the density functional perturbation
theory (DFPT) as implemented in the thermo_pw code [17]. A2 x 2 x 2
grid of g-points was utilized to obtain phonon frequencies, and Fourier
interpolation was applied for other points in the BZ.

Results and discussions
Structural properties

The half-Heusler compounds NbCoSn and VRhSn have a Cy cubic
structure with the space group F43m (216). The unit cells of NbCoSn
and VRhSn structures were optimized in terms of internal atomic loca-

tions and lattice parameters to get the equilibrium structures shown in
Fig. 1 generated by the xcrysden programme [20]. The computed lattice
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parameters of NbCoSn and VRhSn HH compounds, 5.972 A and 6.061 A
for GGA-PBE while 5.855 A and 5.942 A for LDA functionals respec-
tively, correspond well with earlier theoretical and experimental data
[9-10,21], as shown in Table 1, proving the study’s credibility.

Elastic properties

Most of a compound’s structural, thermal, and mechanical behaviors
are determined by its elastic properties. Furthermore, elastic properties
provide further information about how a particular material responds to
external forces applied to the crystal. The three independent elastic
constants of cubic crystals are Cy;, C12 and Cyg4 [22]. The thermo_pw
code was used to calculate the elastic constants, and the strains were
induced to the primitive vectors of the unstrained structures [17-18].
Elastic constants C;; and C;2 are determined by the volume conserving
tetragonal strain, while C44 can calculate by orthorhombic strain [23].
Table 1 displays larger values of elastic constants (C;) of NbCoSn and
VRhSn for LDA compared to that obtained from GGA-PBE approxima-
tion since LDA overbinds the unit cell while PBE underbinds. According
to the Born-Huang stability criterion for every cubic system, as provided
by the equations Cy7 > 0, C44 > 0, C11-C12 > 0, (C11 + 2C12 >0 and Cypo
< B > Cj2 [24], implying that NbCoSn and VRhSn crystals are me-
chanically stable. We noted that the elastic constants Cy; are greater
than Cjp and Ca44, indicating that more external force is required to
compress the NbCoSn and VRhSn HH compounds along the a-axes than
along the b- and c-axes. Furthermore, the lower resistance to shear
deformation compared to resistance to unidirectional compression is
due to the fact that the elastic constants C1; are bigger than Cy44 for
instance the compounds studied. Other key mechanical parameters for
polycrystalline materials, such as shear modulus (G) Young’s modulus
(E) and Poisson’s ratio (v) are commonly evaluated and computed to
examine their hardness [25]. They are derived from the estimated elastic
constants by using the following equations ((2)-(8)) [26];

By +B

B
2

(2

B denotes a material’s capacity to withstand volume change. Equations
(2) calculate the Voigt bulk modulus (By) and the Reuss bulk modulus
(BRr)-

2
Bv:BR:w 3)

G=—F7F-— (€]

G is the shear modulus, which influences the resistance to plastic
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Fig. 1. (color online) Figures (a) and (b) indicates the structural properties of NbCoSn and VRhSn HH compounds respectively obtained from GGA-PBE functionals.
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Table 1
Calculated ground state structural and elastic properties of NbCoSn and VRhSn HH compounds using GGA-PBE and LDA exchange correlation functionals.
a(A) C11 (GPa) C12 (GPa) C44 (GPa) B (GPa) G (GPa) E (GPa) v A
5.972GGA 286.09 91.25 63.09 156.20 75.13 194.24 0.2926 0.647
NbCoSn s5.855LDA 336.37 107.80 75.85 183.99 89.43 230.88 0.29078 0.663
6.01 8994 [9] 282.04 105.23 64.49 164.17 73.18 191.15 0.3059 0.729
59525 Pt [21]
6.061° 204.99 118.90 36.93 147.60 39.26 108.20 0.3778 0.857
VRhSn 5.942LPA 242.67 138.98 50.00 173.55 50.73 138.68 0.3668 0.964
6.192694 [10]

deformation. Equations (4) and (5) provide the Voigt shear modulus
(Gy) and the Reuss shear modulus (Gg).
C; —Cpp +3C
Gy = 11 12 44 (5)
5
5(C‘ll - C12)C44

_ 44 (6)
4Cu +3(Ci1 — Cp)

R

(Cii — Cp)(Cyy +2C12)

E=
Ci+Cn

)

E stands for Young’s modulus, which represents the stiffness of the
material in relation to length change.

_3B-2G
" 6B+2G

Table 1 shows the bulk moduli (B), shear moduli (G), and Young’s
moduli (E) of NbCoSn and VRhSn HH compounds determined from this
investigation. Table 1 shows that the computed values of bulk moduli
(B) of the NbCoSn compound are bigger than those of VRhSn, indicating
that NbCoSn has a higher resistance to volume change as well as greater
bond strength. It has been demonstrated that shear moduli, rather than
bulk moduli, have a key role in forecasting material hardness [27].
Because the shear modulus of the NbCoSn HH compound is greater than
that of VRhSn, NbCoSn is tougher than VRhSn.

Furthermore, using the empirical formula proposed by Chen-Niu
model indicated in equation (9), we predicted the Vicker’s hardness of
NbCoSn and VRhSn HH compounds [28].

G\ O
n—(8)" s ©

(8)

v

Based on the computed hardness values, we discovered that NbCoSn
crystal is harder than VRhSn since its Vicker’s hardness was 7.628 GPa
(for GGA-PBE) and 8.914 GPa (for LDA) whereas VRhSn’s was 0.635
GPa (for GGA-PBE) and 1.716 GPa (for LDA). Poison’s ratio values for
NbCoSn and VRhSn HH compounds are 0.2926 and 0.3778, respec-
tively, and the ratios were >2/7, as shown in Table 1, showing that the
materials studied in this investigation are ductile [29]. The elastic
anisotropy factor A = 2C44/(C11-C12) was determined, and if A = 1, the
crystal is isotropic, but any value less or>1 shows anisotropy [30]. The
anisotropy factors of NbCoSn and VRhSn HH compounds are provided in
Table 1 and are less than one for both GGA-PBE and LDA exchange
correlation functionals, indicating that the materials studied in this
investigation are anisotropic.

To understand the resistance of the materials to stresses caused by
bending or stretching forces, we determined the Kleinman parameter (¢)
using equation (10); [31]

_ Ci+8Cn

== 10
7C +2C), a0

The dimensionless Kleinman parameter typically has a value be-
tween 0 < ¢ < 1. The higher limit of the Kleinman parameter (¢) in-
dicates the minor contribution of bond stretching to external stress
resistance, whereas the lower limit corresponds to the insignificant
contribution of bond bending to external stress resistance [32]. The

values of the Kleinman parameter (¢) determined for NbCoSn and VRhSn
compounds are 0.465 and 0.691 for GGA-PBE while 0.4664 and 0.6852
for LDA, respectively. This means that mechanical strength in NbCoSn is
mostly determined by bond bending rather than bond stretching or
contracting. When compared to bond bending, the mechanical strength
of VRhSn is dominated by the bond stretching or contracting
contribution.

Electronic properties

Both materials’ phonon dispersion curves and phonon_DOS were
estimated along the high symmetry points (I'-X-K-I'-L-W-X) of the Bril-
louin zone, as illustrated in Fig. 2 (a) and (b). Because there are no
imaginary phonon frequencies, the NbCoSn compound is dynamically
stable. The existence of imaginary phonon frequencies in the phonon
spectra of the VRhSn compound, on the other hand, is unequivocal
indication that it is dynamically unstable [33-37].

At the ground state conditions, the electronic energy band structures
and total density of states of NbCoSn and VRhSn HH compounds were
estimated along the high symmetry points (I'-X-K-I'-L-W-X) in the first
BZ, as shown in Fig. 3 and Fig. 4 respectively. At Fermi level Eg (E =0
eV), we detected an indirect band gap (I'-X) between the valence band
and the conduction band, confirming that NbCoSn and VRhSn HH
compounds are semiconductors. The valence-band maximum (VBM) of
NbCoSn is at the L and W points, whereas the conduction-band mini-
mum (CBM) is at the X point. The valence-band maximum (VBM) of
VRhSn, on the other hand, is located at I' and W points, while the
conduction-band minimum (CBM) is located at the X point [38]. Table 2
shows that the estimated band gaps of NbCoSn and VRhSn HH com-
pounds were in good agreement with earlier experimental and theo-
retical research [9-10,39]. Furthermore, the VRhSn HH compound has a
narrower band gap than the NbCoSn compound, indicating that VRhSn
could be a promising thermoelectric material if its dynamical stability is
improved. The distribution of the electronic states of a system as a
function of energy is expressed as the density of states of a solid [40].
Fig. 5 and Fig. 6 indicates the spin-polarized total density of states (DOS)
of NbCoSn and VRhSn compounds respectively. Each density of states
curve has an upper section that represents the plot of spin majorities and
a lower part that represents the plot of spin minorities [41]. The pres-
ence of symmetry in the two curves demonstrates that the two alloys are
non-magnetic [42]. In addition, total magnetisation of both the com-
pounds from spin-polarized calculations are 0.00 uB/f.u thus implying
that the materials are non-magnetic.

Thermodynamic properties

The evaluation of thermodynamic properties under temperature of-
fers critical information on chemical stability, which is required for the
identification of these materials in order to utilize them effectively in the
industrial sector [43,44]. Fig. 7 depicts the harmonic thermodynamic
parameters of NbCoSn and VRhSn compounds at ground state condi-
tions. Because a previous work by Benaddi et al. discovered that pressure
has no effect on the changes of entropy and heat capacity with respect to
temperature [45], the thermodynamic properties were calculated at
zZero pressure.
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Fig. 2. (a) and (b) indicating the phonon dispersion curves and the phonon_DOS of NbCoSn and VRhSn HH compounds.
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Fig. 3. Calculated electronic band structure and the density of states of NbCoSn
HH compounds using GGA-PBE.
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Fig. 4. Calculated electronic band structure and the density of states of VRhSn
HH compounds using GGA-PBE.

Table 2

Calculated band gaps, debye temperatures (®p), average sound velocities (v,,)
and melting temperatures (T,) for NbCoSn and VRhSn crystal structures
respectively.

Compounds  XC Band gap (©p) (K) Vp (m/s) T £ 300
(eV) x)

NbCoSn GGA 0.997 378.59 3317.41 2243.79

LDA 1.033 409.036  3512.99 2540.94

GGA [9] 1.004

GGA +U 0.958

[9]

GGA [39] 0.987

GGA 0.391 278.94 2479.33 1764.49
VRhSn LDA 0.352 313.41 2732.24 1987.17

GGA [10] 0.532

Derisity of states (DOS) of NbCoSn
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Fig. 5. Spin-polarized total density of states of NbCoSn HH compounds using
GGA-PBE.
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Fig. 6. Spin-polarized total density of states of VRhSn HH compounds using
GGA-PBE.

The Debye vibrational energy for NbCoSn and VRhSn HH com-
pounds remains constant below 100 K, while beyond 100 K, there are
linear increase in vibrational energy with temperature, as seen in Fig. 7
(a). For temperatures beyond 100 K, however, vibrational free energy
decreases because entropy (S) increases with temperature, as predicted
by the equation F = U-TS [46], as illustrated in Fig. 7(b) and (c).

According to Fig. 7(c), the entropy of the VRhSn HH compound is
greater than that of NbCoSn, indicating that the VRhSn system becomes
more disordered as temperature increases when compared to NbCoSn.

For temperatures below 100 K, the values of entropy and heat ca-
pacity of NbCoSn and VRhSn compounds are essentially zero in Fig. 7(c)
and (d). However, as temperatures rise above 100 K, entropy increases
virtually linearly up to the greatest temperatures. At low temperatures



J.W. Wafula et al.

70
60 —— VRhSn
50 —— NbCoSn

40
30
20
10

Debye vibrational energy (kJ / (N mol))

0 100 200 300 400 500 600 700 800

(a) T (K)

180
= 160 }
[=]
E 140 }
=
= 120 }
b4
S 100 ¢
g: 8o }
,t_.é &0 — VRhSn
-]
2 40t —— NbCoSn
g 20

0

0 100 200 300 400 500 600 700 800

T (K)
(c)

Results in Physics 43 (2022) 106132

Debye vibrational free energy (kd / (N mol).

0 100 200 300 400 500 600 700 800
(b) T (K}

80

70 }
60 |
50 |
40 |
30 |
20 t
10 |

Debye heat capacity Cy (J/ K/ (N mol})

0 100 200 300 400 500 600 700 800

) T (K}

Fig. 7. (a, b, c and d) showing thermodynamic properties of NbCoSn and VRhSn HH compounds as a function of temperature obtained from GGA-PBE.

below 200 K, the heat capacity of NbCoSn and VRhSn HH compounds
obeys the formula C = AT® due to anharmonic approximations, which
corresponds to the lattice contribution to heat capacity. It is also worth
noting that at high temperatures of 500 K and above, the heat capacity
C, is temperature independent demonstrating that the anharmonic effect
on heat capacity is neglected and its value tends to the Dulong-Petit limit
[47].

The Debye temperature (Op) is a critical thermophysical parameter
that describes the temperature at which all phonon modes are excited.
As a result, it is closely related to thermophysical properties including
heat capacity, thermal expansion, the Gruneisen parameter, and melting
point. The Debye temperature value may be determined from the
average sound wave velocities as illustrated by the equations ((11)—
(14)); [48-51]

1
h [3n (Nap\ |?
Op = - |22 (242 |, 11

o kBLn(MHV an

where h denotes Planck’s constant, kg represents Boltzmann’s constant,
Ny refers Avogadro’s number, p is the density, M is molecular weight, n
is the number of atoms in the molecule, and vy, is the averaged wave
velocity summed across several crystal directions,

1/2 1\1°
LY 12
=i a

where v; and v; are the transverse and longitudinal sound velocity
calculated from the shear modulus (G) and bulk modulus (B) applying
Navier’s equation:
B+¥%

p

13

Vr =

1

v = (9) 14)
p

It has been proven that the higher the Debye temperature, the greater
the thermal conductivity, and vice versa. Minimum thermal conduc-
tivity (kmin), on the other hand, is exactly proportional to average sound
velocity in crystals, as given by equation (11) [52];

nNAp
M

kmin = kam (15)

Table 2 summarizes the Debye temperature and average sound ve-
locity of NbCoSn and VRhSn compounds. VRhSn HH compound has
lower Debye temperature and average sound velocity values, indicating
that VRhSn has reduced thermal conductivity and might be a viable
thermoelectric material.

Melting temperature

The empirical formula defined by equation (12) [53] was applied to
predict the melting temperatures (T,,) of cubic crystals given elastic
constant data.

T, = [553K + (5.91K/GPa)Cy,] & 300K 16)

Table 2 lists the predicted melting temperatures of NbCoSn and
VRhSn compounds. The high melting temperatures show that the com-
pounds in this work, particularly the NbCoSn HH compounds, are suited
for high-temperature applications.

Conclusion

The structural, elastic, electronic, and thermodynamic characteris-
tics of NbCoSn and VRhSn HH compounds were determined using first-
principles computations. The predicted ground state lattice parameters
in this study were found to agree well with previous theoretical and
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experimental data, indicating that the current study is reliable. The
NbCoSn HH compound is both mechanically and dynamically stable,
whereas VRhSn is mechanically stable but dynamically unstable.
NbCoSn was found to be tougher than VRhSn material because it has a
higher Vicker’s hardness than VRhSn HH. Furthermore, the presence of
the band gap at the femi level indicated that the compounds in this
investigation are semiconductors. Finally, while both materials are
acceptable for thermoelectric applications, doping or alloying or nano-
structuring can be employed to increase the VRhSn HH compound’s
stability.
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