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Abstract

From the first-principles calculations based on density functional theory with the generalized gradient approximation,
structural, electronic and optical properties of FeVSbh, half Heusler compound are calculated within the framework to
understand the effect of both uniaxial and hydrostatic stress. The calculated total energy variation indicates that the ground
state corresponds to the cubic structure for none magnetic (NM) state. The material undergoes a structural phase transition
under a uniaxial pressure of 0.5 GPa, it is found very inferior than that under hydrostatic pressure (Bo Kong et al., Physica
B. 400 (2011) 3005-3010). From both band structure and density of states, half Heusler alloy FeVSb is found to be a
semiconductor with an energy gap of 0.34 eV. The study of the optical properties shows that the uniaxial stress contributes

to the weakening of the optical properties of this material.
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1. Introduction

Since 1903 (the first discovery of Heusler alloys series with
cubic structure, L2), more than a thousand materials have
been identified as Heusler alloys [1]. This kind of
compound 1s currently suitable material for many
applications, among which, we cite half metals [2,3] (as
ideal electrode compounds for spintronic devices),
superconductivity [4], shape memory alloys [5-7], and
thermoelectric compounds [8-10]. In the general case, full
Heusler alloys crystallize in the cubic AlCu:-Mn-type (1.2,

structure) with the space group Fm3m (G 225) [11].
Where, X, Y and Z atoms are placed on the Wyckoff
positions 8c (1/4,1/4,1/4), 4a (0,0,0) and 4b (1/2,1/2,1/2),
respectively [12]. The L2 structure presents the result of
four interpenetrating sub-lattices (fcc) [13]. In some rare
cases, full Heusler compounds crystallize in the hexagonal
structure [14] (DOw» modified) or the tetragonal structure
[15] (D02). When the number of 3d electrons of Y atom is
more than that of X atom, CuHg:Ti-type structure with the
space group observed, where X atoms occupy the
nonequivalent 4a (0,0,0) and 4c (1/4,1/4,1/4) positions. At
the same time, Y and 7Z atoms are located on 4b
(1/2,1/2,1/2) and 4d (3/4,3/4,3/4) positions, respectively
[16].

Half Heusler compounds with the chemical formula XYZ,
[17] are derived from the CuHg:Ti-type structure when 4b
(1/2,1/2,1/2) 1s empty, known as Cl, structure. For rare
cases, these compounds can crystallize in a hexagonal
structure (space group P6;/mmc, No. 194), where two
atomic arrangements are possible [18]. In atomic
configuration I, Fe atoms are located at Zd (1/3, 2/3, 3/4)
sites, V atoms are located at Za (0, 0, 0) sites and Sb atoms
are located at Zc (1/3, 2/3, 1/4) sites, for the second

configuration (hexagonal II) Fe and V atoms swap their
positions.

In this work, we have investigated the half Heusler
compound FeVSb, in order to understand the effect of
uniaxial stress on the structural, electronic and optical

properties.

2. Computational Method

In this work, our electronic structure calculations were
performed using the self-consistent full-potential linearized
augmented plane wave (FPLAPW) method [19] which 1s
integrated into WIENZ2K code [20] within DFT, density
functional theory. As exchange-correlation correction, it
was used the Perdewe-Burkee-Ernzerhof generalized
gradient approximation (GGA) [21,22], of which the space
1s divided into non-overlapping muffin-tin (MT) spheres
that are separated by an interstitial region. Inside these
spheres, basis functions are expanded mto spherical
harmonic functions and Fourier series for the interstitial
area. In the present work, muffin-tin sphere radii were
2.10 a.u. for Fe and V, 2.25 a.u. for Sb. The convergence
of the basis was controlled by RwK.. = 9 (cutoff
parameter), where RMT is the smallest of the MT sphere
radii, and Kmax 1s the largest reciprocal lattice vector used
in the plane wave expansion. The magnitude of the most
significant vector in charge density Fourler expansion
(Gmax) was 12. The value of cutoff energy (which defines
the separation of valence and core states) was chosen as -6
Ry. The energy convergence was selected as 0.0001Ry
during self-consistency cycles. In Brillouin zone integration
(BZ), using the tetrahedron method [20] with 104
particular k points (for cubic phase) and 180 unique k
points (for hexagonal phase) in the irreducible wedge
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(3000 k-points in the full BZ) was used to construct the
charge density in each self-consistency step.

3. Results and Discussion

3. 1. Structural Properties

To determine the ground state energy for FeVSb half
Heusler, we have considered the cubic structure (Cl.)
often observed in these compounds and the hexagonal
structure. Fig. 1 shows the variation of the ground state
energy versus volume for FeVSb alloy, where the non-
magnetic cubic structure corresponds to the most stable
structure.
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Figure 1. Variation of total energy versus volume for
FeVSb half-Heusler alloy.

Using the non-linear fitting with the empirical Murnaghan's
equation of states (E-O-S) [23,24], we have determined the
ground state's properties. The obtained results for the
structural parameters of the studied compound are listed
m Table 1, in which the available results of the other
calculations are also shown.

B [v (&)” - vo] +o V=V W)
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In addition, we have calculated the formation energy # of
FeVSb half-Heusler alloy to confirm the possibility of its
realization, with the following formula [27]:

_ ptotal bulk bulk bulk
Ef = Eggysp — (Ere™ + Ey"™ + Egy™) )
Where Eég\t,%lb 1s the total energy of FeVSb per formula
unit, and EZ¥% | DK and EZ** are the total energies per
atom of each element in the bulk for the Fe, V, and Sb,
respectively. The negative formation energy (see Table 1)
indicates the possibility of formation and even the
structural stability of this Heusler compound.

From Table 1, it is clear that our calculated lattice
parameter is in good agreement with the other theoretical
values.
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Table2: Structural parameters, the lattice parameter a in
(A), Bulk modulus B in (GPa) and its first pressure
derivative B'and formation energy in (¢V) for FeVSb half-
Heusler alloy.

cubic structure

Fevsh a(A)  _B.(GPy) B E(V)
This work 5799 163518  4.297  -0.624
Other Calc. 125]  5.816
Other Calc. 126]  5.733
To investigate the effect of pressure on structural
properties, we considered two types of pressure,

hydrostatic and uniaxial for a range from 0 to 20 GPa. We
examined the effect of pressure in order to predict a
possible transition. For this purpose, we have calculated
and plotted the enthalpy variation as a function of
pressure. For hexagonal structure (the target structure), we
considered the hydrostatic pressure, while for the ground
state structure (C1,) we took the uniaxial pressure.
According to Fig. 2, there 1s an intersection between the
enthalpy variation curves (lines) for both cubic and
hexagonal structures under the effect pressure. The
uniaxial stress along the z axis causes a phase transition
around 0.5 GPa (Fig. 2). We note that a phase transition
between cubic and hexagonal structures was also found
under hydrostatic stress by B. Kong et al [18], it is around
42 GPa according to a self-consistent calculation based on
PP-LAPW code. The large difference can be due to the
types of pressures applied (uniaxial in this work and
hydrostatic in Ref. [18]) and also to the methods of
calculation (FP-LAPW in this work and PP-LAPW in Ref.
[18]).

To evaluate the uniaxial stresses, we used the following

formula [28,29]:

1 dEtot ’
-a d—Sz 3)
Where Q is the relaxed volume of the unit cell, E« 1s the
total energy and 8. i1s the uniaxial stain along z axis.

The obtained result indicates that FeVSb half-Heusler
compound has a possibility of phase transformation under
the effect of a uniaxial pressure.
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Figure 2. Enthalpy variation as a function of pressure for
FeVSb half-Heusler alloy.
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3.2, Elastic Properties

From elastic constants obtain
information about binding characteristics between adjacent
atomic planes and check the structural stability of the
studied compound. The elasticity domain defines the
characteristics of a solid material (alloy) that undergoes
stress, then deforms and returns to its original shape after
stress ceases [30].

For a cubic structure, symmetry reduces the elastic tensor
elements to only three independent constants C., Ci. and
Cu. To calculate these coeflicients, we used in this work,
the strains defined according to Mehl Model [31-33].

5 (for the ground state)

calculation, we more

The calculated elastic constants C;
are:

1= 303.175 GPa, C.= 103.541 GPa and C.= 92.076 GPa.

For any cubic system, elastic constants have to satisfy the
following stability criteria [34,35].

>0, G>0, CG—-C> 0, G+2G> 0. 4)
Our calculated values verify all the stability criteria, which
indicate a structural stability of FeVSb half-Heusler
compound in the cubic phase Cl..

8.8. Phonon Spectra
Phonons have a significant role in several physical
properties in solid materials; among these properties, we
cite thermal properties, electrical conductivity, Debye
temperature, and superconducting temperature [36]. The
dispersion relation describes the dependence of the
vibration frequency on the wave vector (k),
w(k) = X w;i(k) ©®)

‘We have used the Phonopy code [37] to calculate and plot
the phonon dispersion curves in the present work. FeVSb
half-Heusler alloy contains three atoms per unit cell in the
cubic Cl, structure, so there nine branches of
dispersion curves. Phonon frequencies can only be
calculated in the first Brillouin zone (BZ) with translational
symmetry.

are

Fig. 3 Illustrates the phonon dispersion curves along
with some high-symmetry points in the first Brillouin zone.
The positive phonon frequencies shown in Fig. 3 confirm
the structural stability of the C1, phase, as found n elastic
constants section.
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Figure 3. The curves for phonon dispersion of FeVSb half-Heusler alloy along several high-symmetry points.

3.4. Electronic Properties

The band structure and the density of states for the
FeVSb compound at the ground state structure are plotted
i Fig. 4 and Fig. 5. Our compound has a semiconducting
(SC) non-magnetic (NM) behavior, where the energy gap is
0.34 eV. From the calculated D.O.S (Fig. 4),
distinguish four main regions. The first region (bottom
valence-band) is dominated by sSb, while in the second
region (-6 eV to -2 eV), the p-Sb, d-Fe, and d-V states

we
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dominate. For the third region (upper valence-band), it is
clear that only transition metals dominate the DOS by an
mtense peak around 1 eV consisting of dFe and &V
states. On the other hand, conduction-band (CB) forms
the fourth region of D.O.S when the d-Fe and @&V bands
dominate, with a strong peak around 1.5 eV. At the Fermi
level Er, the vanishing of the electronic densities of states
for FeVSb half-Heusler alloy indicates a semiconducting

(SC) behavior.
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The calculated band structures (BS) of the half-Heusler
alloy FeVSDb at equilibrium lattice constants (ground state)
along the higher symmetry directions in the Brillouin zone
(BZ) are shown in Fig. 5. None intersection of the bands

with the Fermi level reveals the semiconducting nature of
half-Heusler alloy FeVSb, with an indirect gap (L. — X)
about 0.34 eV.
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Figure 5. The calculated band structures for FeVSb half-Heusler alloy.

To analyze the contribution of the uniaxial stress on the
electronic properties, we only focused our study on the
energy gap change. Fig. 6 illustrates the variation of
energy gap L as a function of uniaxial stress. It is clear
that E. decreases as a polynomial form under the increase
of the uniaxial pressure.
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8. 5. Optical Properties

In order to determine the energy band structure of a
solid material, optical spectroscopy analysis makes a
powerful and essential tool [38,39]. To measure
quantitatively the performance of FeVSb half-Heusler
alloy under uniaxial and hydrostatic stress, we focused
our study on three important optical parameters,
dielectric  function, refraction index and absorption
coefficient.
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Figure 6. Variation of energy gap (E.) versus uniaxial

pressure for FeVSb half-Heusler alloy.

For a dynamic field, the dielectric function € (®) is
expressed in a complex function [40], it describes the
transition between the valence band and the conduction
band according to the response of the material to an
electromagnetic radiation:

s(w) =& +igy(w) 7

& (@) and & (o) are the real and imaginary parts of the
dielectric  function, respectively, where ® represent
frequency. These two parts (real and complex) can be
calculated via the Kramers-Kronig relation [41].

Both real and imaginary parts of the dielectric function €
(@), the refracton index n (w) and the absorption
coefficient a (®) were calculated and plotted under
uniaxial strain from 0 to 8 % along the z axis (which
corresponds to uniaxial stress from 0 to 25.63 GPa),
while for hydrostatic stress, the previous parameters are
calculated and plotted for a range from 0 to 20 GPa.

In order to well understand the effect of stress on the
dielectric function, we only interested to the intense peak
located from 0 to 3.0 eV. The real and imaginary parts of
the dielectric function € (w) are presented, in the two
cases of hydrostatic and uniaxial stresses, in Fig. 7.

Note that in the selected energy range, the real and
Imaginary parts present two intense peaks located at 1.15
eV and 1.28 eV, respectively.

The variation of the hydrostatic and uniaxial stress gives
totally different results for the two cases. We observe that
the hydrostatic stress tends to shift the most intense peak
for & (0) and & (®) towards the high energies in a
significant way. For & (®) the peak at 1.15 eV and &. (o)
the peak at 1.28 ¢V move to 1.33 ¢V and 1.50 eV for
high pressure, respectively. The shift is done without any
significant loss of intensity. The finding is totally different
in the case of uniaxial stress along the ¢ axis, where we
notice that the latter decreases the intensity without a
remarkable shift. The decrease in intensity of the 1.15 ¢V
peak for & (@) and 1.28 eV for &. (o) is estimated to be
approximately 209% and 28% respectively.

It is clear that the application of a uniaxial stress along the
¢ axis generates anisotropy of the material which, in our
case, changes very little the properties along the 2 and b

axces.
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Figure 7. Real (solid lines) and imaginary (dashed lines) parts of the dielectric function € (0) for FeVSb half-Heusler alloy

under hydrostatic stress (a) and uniaxial stress (b).
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We also followed the variation of the static dielectric
constant € (0) with the variation of the pressure for the
two cases considered Table 2. In this case we noticed that
for both cases and in the same way, the static dielectric
constant € (0) decreases with increasing stress.

Table 2: Static dielectric constant € (0) for hydrostatic (P.)
and uniaxial (P) stress in FeVSb half-Heusler alloy,

where 8, (%) 1s the uniaxial strain along z axis.

Hydrostatic stress Uniaxial stress

P. (GPa)  £(0) 3. (%) P.(GPa) ¢ (0)
0 32.18 0 0 32.18
5 31.34 2 4.95 31.03
10 31.13 4 10.73 30.14
15 29.97 6 17.56 29.65
20 29.41 8 25.63 29.40

Fig. 8 shows the variation of the absorption coefficient o
() with increasing stress for the two considered stress
cases.

In the chosen energy range [0; 3.0 eV] and in the
unconstrained case, the material has an absorption peak
around 1.39 eV which corresponds to a wavelength of

892 nm. After the application of a hydrostatic stress on
the material, we observe a shift of the peak towards a
value of 1.59 eV which corresponds to a wavelength of
780 nm, with an increase in the absorption coefficient of
approximately 15%. In the case of uniaxial stress,
behavior of the variation of the absorption coefficient is
totally the reverse, with a decrease in absorption of 269%
with the disappearance of the peak at energy 1.39 eV. It
should be mentioned that the peak in question belongs
to the near infrared IR-A range (700 nm - 1400 nm).

The refractive index is shown in Fig. 9, we can clearly see
that the refractive index takes values from 3.5 to 4 in the
visible range (1.5 €V to 3 €V) in both types of stress. The
refractive index shows a strong peak around 1.17 eV
(1060 nm) which shifts up to 1.86 ¢V (912 nm) under 20
GPa hydrostatic stress without any significant change on
its value magnitude. By counteracting the uniaxial stress,
the magnitude of the peak decreases by nearly 129 with
the stress high pressure.

Table 3 shows that the static refractive index n (0) is
sensitive to the change in stress in both cases, with a slight
decrease n the case of hydrostatic stress and a clear
increase in the case of uniaxial stress.
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Figure 8. Absorption coefficient for FeVSb half-Heusler alloy under hydrostatic stress (a) and uniaxial stress (b).
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Figure 9. Refraction index for FeVSb half-Heusler alloy under hydrostatic stress (a) and uniaxial stress (b).

Table 3: Refractive index n (0) for hydrostatic (P.) and
uniaxial (P) stress in FeVSb half-Heusler alloy, where 6.
(96) 1s the uniaxial strain along z axis.

Hydrostatic stress Uniaxial stress

P. (GPa) n 0) 0. (%) P.(GPa) n(0)
0 5.67 0 0 5.67
5 5.60 2 4.95 5.70
10 5.60 4 10.73 5.75
15 5.47 6 17.56 5.83
20 5.42 8 25.63 5.94

4. Conclusions

The electronic and structural properties of FeVSb half-
Heusler alloy which are investigated under uniaxial stress
in this work leads to the following conclusions:

From the results of our calculations based on DFT, the
cubic structure Cl, is represented the ground state at the
non-magnetic (NM) order. FeVSb half-Heusler alloy has
a semiconducting (SC) behavior with an indirect gap of
0.34 eV and keeps its semiconducting behavior for a
wide pressure range.

Elastic constants calculation and phonon spectra confirm
together the mechanical stability of FeVSb half-alloy.

The material undergoes a structural phase transition
under a weak uniaxial pressure of 0.5 GPa from the
original cubic structure to the hexagonal II structure.

The hydrostatic stress tends to shift the curves towards
high energy (from the infrared towards the visible), with
almost the same intensity of the peaks, except for the
absorption spectrum where we noticed in addition of the
shift, an increase in absorption with increasing hydrostatic
stress. On the other hand, uniaxial stress contributes to
the weakening of the optical properties of this material.
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