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Computational investigation of elastic properties of hypothetical
Half-Heusler compounds XNbSn under hydrostatic pressures
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We investigated the electronic, elastic, and magnetic properties of the hypothetical half-Heusler alloys with Niobium base atom, XNbSn
with X= Cr, Mn, Co, Fe, V, uses the full-potential (linearized) augmented plane-wave and local-orbitals [FP-(L)APW + lo] basis set in the
WIEN2K ab-initio package based on density functional theory (DFT). We investigated the elastic constants, shear modulus, Young modulus,
and bulk modulus of these alloys under different pressures (0, 20, 40, and 80 GPa). We predicted that CoNbSn behaves as a semiconductor
with a direct energy gap of 0.99 eV, while the other half-Heusler alloys show a metallic behavior. CoNbSn keeps its semiconductor behavior
under higher pressures up to 80 GPa. Both VNbSn and CrNbSn have a high value of magnetic moments of 2.158 and 3.002µB, respectively.
All XNbSn alloys are stable mechanically at different pressures according to the Born-Huang conditions. CoNbSn, FeNbSn, CrNbSn, and
MnNbSn behave as a ductile material at ambient pressure.
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1. Introduction

During the last years, there where a significant develop-
ment in investigating properties of Heusler and half- Heusler
alloys and their applications in spintronics and magneto-
electronics [1–4]. Several researchers have investigated the
structural, electronic, elastic, thermal, and magnetic proper-
ties of many Heusler-alloys at ambient pressure and under
higher pressures [5–9]. Heusler-alloys are half-metallic ma-
terials which may be defined as a new state of matter be-
tween insulating and metallic materials. In half-metallic ma-
terial, the spin-up channel presents metallic behavior, while
the spin-down channel exhibits insulating behavior. The
polarization of these compounds at Fermi level is 100%.
These alloys have many promising applications in spintron-
ics. There are three types of Heusler-alloys: Full-Heusler
alloys such as Ru2MnSb, Ru2NbSb, Fe2CrSb, and Co2CrIn
alloys [5, 6]. The second type is half-Heusler alloys such as
LaPdBi and ZrCoBi alloys [7,10], and the third type is Qua-
ternary Heusler-alloys such as CoFeXSn (X=Ru, Zr, Hf, Ta)
[11]. Half-Heusler alloys show a high efficiency spintronic
application [12, 13], such as magnetic tunneling junctions
(MTJs), giant magnetoresistance devices (GMRs), topologi-
cal insulator, thermoelectric power, and piezoelectric and op-
toelectronic semiconductors [14–20]. These features make
the half-Heusler alloys the most interesting of Heusler-alloy
types. It is a common sense to expect that devices using
strained materials will not have a long lifetime. To ensure
longevity, the material should at least be metastable. There
are two conditions for utilizing half-Heusler alloys as device
materials, first to be at the optimized lattice constants corre-

sponding to their respective configuration, and second, they
should possess a large magnetic moment (> 3 µB) with a
high Curie temperature.

Recently, Wenfeng Liet al. [21] studied the electronic
structure and thermoelectric properties of FeNbSb using first
principles calculations. They predicted that FeNbSb com-
pound is a promising material for high temperature ther-
moelectric materials. The structural, electronic, elastic, dy-
namical, and thermodynamical properties of FeXSb (X=Hf,
Nb) compounds were investigated by A. Musari [22]. He
predicted that FeNbSb has a semiconductor behavior, while
FeHfSb is a half-metallic ferromagnetic compound with a
small magnetic moment (0.9µB). The structural, electronic,
magnetic, and elastic properties of MnNbZ (Z=As, Sb) and
FeNbZ (Z=Sn,Pb) were investigated by Yadavet al. [23] us-
ing density functional theory. They predicted that the mag-
netic moment of all the studied compounds is 1µB using
GGA and mBJ methods. They also calculated the density of
states and band structures of these compounds.

Many half-Heusler alloys have been predicted to be a
half-metal at higher pressures and to behave as a metallic ma-
terial at zero pressure. The half-metallicity of half-Heusler
alloys is very sensitive to high pressure as predicted by E.
L. Habbaket al. [24]. They predicted the absence of half-
metallicity of PtCrSb at zero pressure up to 26 GPa, then this
material transforms into a half-metallic material with 1 eV
energy gap. The stability of these materials under ambient
and hydrostatic pressure is very important for feature appli-
cations. In this study we introduce a theoretical investigation
of the electronic, elastic, and magnetic properties of the hy-
pothetical half-Heusler XNbSn alloys where X= Co, Cr, Fe,
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TABLE I. The three possible conventional cubic cell structures of half-Heusler alloys.

X Y Z

Type1 4c (0.25, 0.25, 0.25) 4d (0.75, 0.75, 0.75) 4a (0, 0, 0)

Type2 4a (0, 0, 0) 4d (0.75, 0.75, 0.75) 4c (0.25, 0.25, 0.25)

Type3 4b (0.5, 0.5, 0.5) 4d (0.75, 0.75, 0.75) 4a (0, 0, 0)

Mn, and V atoms. The pressure effect of the elastic prop-
erties, bulk modulus, shear modulus, and Young’s modulus
will be covered in this study using the generalized gradient
approximation (GGA) and modified Becke-Johnson (mBJ)
[25,26].

1.1. Theory and computations

This study is a first-principles study of the electronic, elas-
tic, and magnetic properties of hypothetical half-Heusler al-
loys within the framework of density functional theory (DFT)
[27, 28] using the electronic code WIEN2K [29]. This code
uses the full-potential (linearized) augmented plane-wave
and local-orbitals[FP − (L)APW + lo] basis set to solve
the Kohn–Sham equations of density functional theory. Our
calculations based on the generalized gradient approxima-
tion (GGA) and modified Becke-Johnson (mBJ) [25, 26].
In our calculations we used different K-points mesh to reach
the most stable optimization curve. The structure of half-
Heusler alloys consists of three interpenetratingFCC sub-
lattices followed by one vacantFCC sub-lattice withXY Z
formula, whereX, Y are transition metals, andZ is the main
group element. The half-HeuslerXY Z alloys have three
possible conventional cubic cell structures as shown in ta-
ble [1]. In our calculations, we used the crystal structure of
type 2 with space groupFm3m(#216), which is the most
stable structure for these compounds. The position of atoms
in CoNbSn and FeNbSn compounds in the second type crys-
tal structure is shown in Fig.1. In our calculations, we used
the following inputs: each atom has specific muffin-tin radius
(RMT ) of 2.32(X), 2.26(Nb), 2.32(Sn). The commonly
used convergence criterion was chosen to be 7 of basis set
K max×RMT , whereRMT andK max are the smallest
atomic sphere radius and plane wave cutoff, respectively. The
valence wave functions inside the spheres are

FIGURE 1. Position of atoms in the second type crystal structure
of CoNbSn and FeNbSn compounds.

expanded up toL max = 10.0 while the charge density is
Fourier expanded up toG max = 12(a.u.) − 1, K max =
8.0. The full Brillouin Zone was sampled by 1728 k-points
(12× 12× 12 k-mesh) for self-consistent field (SCF) calcu-
lations.

The theoretical values of the equilibrium lattice constant,
total and partial magnetic moment, bulk modulus, elastic
constants, shear modulus, Young modulus, and Poisson ra-
tio (υ) have been computed in spin polarized calculation
within GGA approximation using full potential linearized
augmented plane wave (FP-LAPW) method as implemented
in the WIEN2k code [29]. Generalized gradient approxima-
tion (GGA) has been used for the exchange and correlation
effects. The modified Birch-Murnaghan (mBM) equation of
state [30, 31] was used in investigation of the bulk modulus
and its pressure derivative. To confirm the reliability of our
calculations, we must ensure the mechanical stability of these
new half-Heusler alloys. There are many methods to check
the stability of compounds, such as using the cohesive and
formation energies method. Another method to check me-
chanical stability is using the Born-Huang conditions [32,33]
according to the following formulas:

C11 > 0, C44 > 0, C11 > C12,

C11 + 2C12 > 0, C12 < B < C11.

We used the Born-Huang conditions and calculated the
three cubic elastic parameters (C11, C12, andC44), which
indicate the stability of these compounds. We used these pa-
rameters to calculate other mechanical constants such as bulk
modulus (B), Young’s modulus (E), shear modulus (G), and
Poison’s ratio (υ) according to the following equations.

B =
(C11 + 2C12)

3
, (1)

GV =
(C11 − C12 + 3C44)

5
, (2)

GR =
5C44 (C11 − C12)

4C44 + 3 (C11 − C12)
, (3)

G =
GV + GR

2
, (4)

E =
9BG

3B + G
, (5)

υ =
3B − 2G

2 (3B + G)
. (6)
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TABLE II. The lattice constant, equilibrium volume, bulk modulus, energy gap, total and partial magnetic moments of XNbSn alloys.

XNbSn a(Ao) V0(a.u3) B(GPa) B’(GPa) Eg(eV) Energy (Ry) mx(µB) mNb(µB) msn(µB) mtotal(µB)

VNbSn 6.296 420.97 113.952 3.823 0.0 -21897.73685 1.27063 0.36501 -0.00879 2.15803

CrNbSn 6.176 404.011 88.4762 6.969 0.0 -2100.892389 2.62634 -0.09800 0.01631 3.00247

MnNbSn 6.086 391.991 113.746 5.09 0.0 -2316.498951 2.65052 -0.64591 0.01832 1.96550

FeNbSn 6.0199, 371.725 141.441 4.678 0.0 -2544.837730 1.44945 -0.34087 0.00749 1.00244

6.014[23] 366.969[23] 139.39[23] 5.15[23] 0.239[23] 1.23[23] -0.22[23] 0.0173[23] 1.00[23]

CoNbSn 5.978 360.717 161.584 3.740 0.990 -2786.238376 0.07851 -0.08089 0.01955 -0.05154

FIGURE 2. Minimization curves of XNbSn (X= Cr, Co, Mn, Ni, and Fe) alloys in both NM and FM states.

2. Result and discussions

2.1. Crystal structure and stability

We have studied the structural, magnetic and elastic proper-
ties of XNbSn with (X= Cr, Mn, Co, Fe, V) half-Heusler al-
loys in the cubicFm3m(216) crystal structure. First, we have
examined their energy in ferromagnetic (FM) and nonmag-
netic (NM) states as shown in Fig. 2. In CrNbSn, MnNbSn,
and FeNbSn materials, the ferromagnetic state is preferred
than the nonmagnetic state. In both CoNbSn and NiNbSn, the
ferromagnetic and nonmagnetic states have the same energy
values, so we can not decide which state is more preferred
for these two compounds. These calculations were predicted
using the ferromagnetic state. We display in Table II, the cal-
culated lattice constants, minimum volume (V0), bulk mod-
ulus and its pressures derivative calculated from the modi-
fied Birch-Murnghan equation of state [30, 31]. The mag-

netic and partial moments of these compounds are displayed
in Table II. We predicted that VNbSn, MnNbSn, FeNbSn and
CrNbSn alloys show a metallic behavior with the absence of
energy gap at fermi levelEf in both spin-up and spin-down
channels. Only CoNbSn alloy presents a semiconductor be-
havior with an energy gap of 0.99 eV. The presence of this
energy gap results from the covalent hybridization between
the higher and lower valent elements. Our calculated mag-
netic moment of FeNbSn shows a good agreement with that
calculated by Yadovet al. [23]. We predicted that FeNbSn is
a metallic alloy with zero energy gap, while Yadovet al. [23]
calculated an energy gap of 0.239 eV. Up to our knowledge,
there is no available data for the other studied alloys to com-
pare with. The presence of Sn atom is crucial to provide sta-
bility to these compounds. The spin magnetic moment of the
p-orbital of Sn atom is very small compared with other atoms,
especially the 3d- atoms. Both VNbSn and
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TABLE III. The lattice constant, bulk modulus, shear modulus, Young modulus, and Poisson ratioν of CoNbSn compound under different
pressures.

Pressure(GPa) A(A0) Eg(eV) B* C11(GPa) C12(GPa) C44(GPa) B(GPa) G(GPa) E(GPa) ν

0 5.977665 0.990 159.019 275.838 100.609 90.615 159.019 89.4025 225.877 0.263259

10 5.871664 1.030 200.362 353.243 119.226 112.753 197.231 114.36 287.672 0.256908

40 5.674468 1.082 301.014 517.014 175.920 174.805 289.618 173.09 433.007 0.250817

80 5.52222 1.103 405.492 680.945 236.618 222.245 384.727 222.12 559.011 0.257832

CrNbSn have a high magnetic moment of 2.158 and
3.002µB, respectively.

3. Pressure effect on elastic properties

The mechanical behavior of crystals, interatomic interaction
forces, phase transition mechanism, stability and stiffness of
materials could be known from the elastic constants of solids.
In ab- initio calculations there are two common methods to
obtain the elastic constants from the crystal structure of solid:

FIGURE 3. Pressure effect on the energy gap of CoNbSn com-
pound.

FIGURE 4. Pressure effect on the elastic constantsC11, C12, and
C44 of CoNbSn compound.

The first method is the volume-conserving technique, which
is based on analysis of the total energy of the properly
strained state of the material. The second method is the
stress-strain method, which is based on the analysis of the
changes occurring in the calculated stress resulting from the
changes in the strain [34]. In the present work, we have used
the first method “volume conserving technique” to calculate
the second-order elastic constants (Cij).

We investigated the pressure effect on the lattice constant,
energy gap, bulk modulus, elastic constants, shear modulus,
young modulus, and Poisson ratio for XNbSn (X = Co, Fe,
Cr, Mn, and V) alloys at different pressures up to 80 GPa. Ta-
ble III, displays these parameters at different pressures (0, 10,
40, and80 GPa) of CoNbSn alloy. By increasing the pressure
by 80 GPa, the lattice constant compresses by nearly 7.6%.
The value of the energy gap is 0.99 eV at zero pressure and
increases slowly to reach 1.103 eV at 80 GPa as shown in
Fig. 3. This increase in the value of the energy gap results
from increasing the hybridization between the 3d-state of Co
atom with the 5s-state of Nb atom.

We calculated the bulk modulus using two methods: first
bulk modulusB from the Murnaghan equation, and the sec-
ond modulusB∗ using the elastic constants. Both modulus
have a value of 159.019 GPa at zero pressure and become dif-
ferent at higher pressures. From our calculated elastic con-
stants, it can be emphasized the mechani-

FIGURE 5. Pressure effect on the bulk modulus, shear modulus,
and Young’s modulus of CoNbSn.

Rev. Mex. Fis.70041002
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TABLE IV. The lattice constant, bulk modulus, shear modulus, Young modulus, and Poisson ratioν of FeNbSn compound under different
pressures.

Pressure(GPa) A(A0) Eg(eV) B* C11(GPa) C12(GPa) C44(GPa) B(GPa) G(GPa) E(GPa) ν

0 6.019959 0 161.282 250.23770 116.276380 96.76460 160.93 83.5021 213.568 0.278872

10 5.903745 0 195.375 301.192 137.759 101.029 192.237 92.8036 239.819 0.29208

40 5.807682 0 239.160 363.531 167.1098 107.065 232.584 103.431 270.234 0.306353

80 5.655097 0 321.522 522.102 200.518 154.781 307.713 157.158 402.886 0.281785

cal stability of CoNbSn according to the Born-Huang con-
ditions. We have also studied the variations of elastic con-
stants under different pressures up to 80 GPa as shown in
Fig. 4. The elastic constantC11 of CoNbSn showed a change
of 400 GPa after Appling 80 GPa pressure, while the other
constants showed a small variation with pressure. The pres-
sure effect on the bulk modulus, shear modulus, and Young’s
modulus of CoNbSn is displayed in Fig. 5, where the three
moduli increase by increasing the pressure. The Poisson ra-
tio shows a small variation by increasing the pressure. Ac-
cording to Pugh’s proposed criterion [35], if a material has
a low value ofB/G < 1.75, then it behaves as brittle ma-
terial. If B/G > 1.75, then this material behaves as duc-
tile material. We have calculatedB/G at ambient pres-
sure for CoNbSn(1.779), FeNbSn(1.93), CrNbSn(3.67), and
MnNbSn(2.45), which indicate the ductile behavior of these
materials.

We present the pressure effect on the lattice constant, bulk
modulus, shear modulus, Young modulus, and Poisson ratio
(υ) of FeNbSn in Table IV. At zero pressure, the lattice con-
stant of FeNbSn is 6.0199 Ao, and it compressed by nearly
6% by applying a pressure of 80 GPa. The elastic constants
C11 of FeNbSn shows a higher variation than other elastic
constants and varies directly by increasing pressure to reach
nearly 750 GPa at a pressure of 80 Gpa as shown in Fig. 6.
The bulk modulus, shear modulus, and Young modulus of

FIGURE 6. Pressure effect on the elastic constantsC11, C12, and
C44 of FeNbSn compound.

FIGURE 7. Pressure effect on the bulk modulus, shear modulus,
and Young’s modulus of FeNbSn.

FIGURE 8. Pressure effect on the elastic constantsC11, C12, and
C44 of CrNbSn compound.

FeNbSn alloy increased by increasing pressure as displayed
in Fig. 7. This compound conserves its mechanical stability
under higher pressures. This alloy shows a metallic behav-
ior in the pressure range from 0 to 80 GPa. The pressure
effect on the lattice constant of CrNbSn is more than other
half-Heusler XNbSn alloys. The lattice constant of this alloy
decreases by nearly 10% under 80 GPa. The half- Heusler
CrNbSn alloy fulfills the conditions of mechanical stability
of Born-Huang. The shear and young modulus of CrNbSn

Rev. Mex. Fis.70041002
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TABLE V. The lattice constant, bulk modulus, shear modulus, Young modulus, and Poisson ratioν of CrNbSn compound under different
pressures.

Pressure(GPa) A(A0) Eg(eV) B* C11(GPa) C12(GPa) C44(GPa) B(GPa) G(GPa) E(GPa) ν

0 6.176139 0 123.376 154.709064 108.536424 43.689584 123.927 33.8223 93.0057 0.37492

10 6.038825 0 170.868 212.831 144.938 71.326 167.569 52.9453 143.701 0.357073

40 5.768698 0 281.182 364.600 219.091 116.091 267.818 96.1653 257.657 0.339657

80 5.5173 0 409.886 555.075 297.991 160.360 383.686 146.773 390.522 0.330364

is less than those of other half-Heusler XNbSn alloys (Ta-
ble V). The dependence of elastic constants on pressure for
CrNbSn is shown in Fig. 8, whereC11 is highly sensitive
to high pressure thanC12 and C44. The elastic moduli
of CrNbSn increase by increasing the pressure as shown in
Fig. 9. The bulk and shear moduli show more variation with
higher pressures than the shear modulus. The values ofC11,
C12, andC44 of MnNbSn increased by a factor of 2.8, 2.2,
and 2.17, respectively, by increasing the pressure from 0 GPa

FIGURE 9. Pressure effect on the bulk modulus, shear modulus,
and Young’s modulus of CrNbSn.

FIGURE 10. Pressure effect on the elastic constantsC11, C12, and
C44 of MnNbSn compound.

FIGURE 11. Pressure effect on the bulk modulus, shear modulus,
and Young’s modulus of MnNbSn.

FIGURE 12. Pressure effect on the elastic constantsC11, C12, and
C44 of VNbSn compound.

to 80 Gpa. The condition of mechanical stability is found un-
der all pressure values. Figure 10 displays the pressure effect
on the elastic constantsC11, C12, andC44 of MnNbSn com-
pound. It is clear the three constants increase by increasing
pressure, whileC11 is more sensitive to pressure than theC12

andC44 constants. The Pressure effect on the bulk modulus,
shear modulus, and Young modulus of MnNbSn is displayed
in Fig. 11. Table VI displays the lattice constant, bulk mod-
ulus, shear modulus, Young modulus, and Poisson ratio of
MnNbSn compound under different pressures. The pres-

Rev. Mex. Fis.70041002
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TABLE VI. The lattice constant, bulk modulus, shear modulus, Young modulus, and Poisson ratioν of MnNbSn compound under different
pressures.

Pressure(GPa) A(A0) Eg(eV) B* C11(GPa) C12(GPa) C44(GPa) B(GPa) G(GPa) E(GPa) ν

0 6.0861 0 143.679 202.937 114.219 70.138 143.791 58.3677 154.234 0.321229

10 5.964 0 183.859 259.279 141.699 97.848 188.892 79.7647 208.629 0.307778

40 5.741165 0 286.286 401.716 211.041 125.339 274.599 112.332 296.558 0.320006

80 5.571816 0 387.510 573.178 262.533 152.803 366.082 153.806 404.735 0.315735

FIGURE 13. Pressure effect on the bulk modulus, shear modulus,
and Young’s modulus of VNbSn.

sure effect on the elastic constants of VNbSn is displayed
in Fig. 12. It shows a strange behavior, where at zero pres-
sure C12 > C11, and at 4 GPa this behavior is reversed
C11 > C12. According to this behavior, we guess that a
phase change occurs at nearly 4 GPa pressure and this com-
pound becomes stable and satisfy the stability conditions un-
der hydrostatic pressure. TheC44 elastic constant should be
positive, but it results negative at lower pressures (from 0 to
4 GPa). We think it is a sign of the structure having a broken
symmetry below 4 GPa and the energy of the crystal being
lower than the energy of cubic structure. We hope in the
future, the presence of more studies about these interesting
compounds using different calculations methods. Pressure

effect on the bulk modulus, shear modulus, Young modulus,
and Poisson ratio of VNbSn is shown in Fig. 13. The lat-
tice constant, bulk modulus, shear modulus, Young modulus,
and Poisson ratio of VNbSn compound under different pres-
sures are displayed in Table VI. The bulk modulus increases
by nearly 264 GPa by increasing the pressure by 80 GPa. The
Poisson ratio decreases by increasing the pressure. For all the
studied compounds, the Poisson’s ratio at zero GPa is more
than 0.26, which confirms the ductility of these materials. For
all the studied compounds, except VNbSn at 0 GPa, we found
that (C11 > C12 > C44) indicating the high resistance of
these compounds to linear compression alongα axis under
hydrostatic pressure. The condition of stabilityC11 > C12 is
not met at zero pressure, while at higher pressure it is fulfil.
All other stability conditions were met under all pressures.

4. Conclusion

We have performed first-principles calculations to investi-
gate the structural and elastic properties of the half-Heusler
XNbSn (X = Cr, Mn, Co, Fe, V) alloys in the ferromagnetic
state FM. The elastic constants and elastic moduli are inves-
tigated under different pressures (0, 20, 40, and 80 GPa).
These hypothetical half-Heusler alloys show a mechanical
stability under higher pressure up to 80 GPa. All the studied
alloys show a metallic characteristic except CoNbSn which
shows a semiconductor behavior with energy gap of 0.99 eV.
The pressure effect on the elastic constants of these com-
pounds was investigated. We predicted thatC11constant is
highly more sensitive to high pressure thanC12 andC44.
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