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Ab-initio calculations were performed to reveal and thoroughly understand
the structural, electronic, elastic, thermodynamic and vibrational properties of
HfIrX (X = As, Sb and Bi) compounds in the C1, phase. Basic physical char-
acteristics, such as bulk modulus, pressure derivative of bulk modulus, ani-
sotropy factor, shear modulus, Poisson’s ratio, Cauchy pressure, elastic
constants and Young’s modulus were obtained and some of them were com-
pared with those in the literature. Electronic band structure, the density of
states and phonon dispersion curves were obtained and compared with cur-
rent theoretical calculations. It was concluded according to current band
structure calculations that the HflrAs and HfIrBi compounds showed semi-
metal characteristics, while the HfIrSb compound behaves as a semiconduc-
tor. It was determined based on phonon calculations that all three compounds
were dynamically stable. Various thermodynamic properties, such as heat
capacity, thermal expansion coefficient values and Griineisen parameter were
calculated under constant volume and constant pressure by using Gibbs2 code
within the Quasi-harmonic approach, and these results are discussed.
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INTRODUCTION

Half-Heusler (ABX) compounds consist of a rare
earth or transition metal (A), a transition metal (B)
and the main group element (X). These ABX
compounds have C1,, structure (space group F-
43 m) with three Wyckoff positions, 4a (0, 0, 0), 4b
(Y%, Y, %) and 4c (Y4, Y, Y4). Many of the Cl,-
structured compounds are found in the half-metallic
ferromagnetic class''* The ferromagnetic behaviour
of the half-Heusler compounds was first observed by
de Groot et al.? In recent years, several attempts
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have been made to understand the structural,
thermoelectric, elastic, magnetic and optical prop-
erties of half-Heusler alloy systems. Recently, half-
Heusler compounds have attracted researchers’
attention in the fields of superconductivity and
spintronics because of their high-temperature sta-
bility; for this reason, many researchers are focused
on thermoelectric compounds.*® Besides experimen-
tal®!! examination of these compounds related
their  thermoelectric = properties, theoretical
research'®>2% is devoted to the analyses of struc-
tural, elastic, magnetic and optical properties of
these materials. Hafnium and hafnium-based com-
pounds can be used in nuclear power plants because
of their high corrosion resistance and high neutron
cross sections. They are primarily used as nuclear


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-020-08029-6&amp;domain=pdf

Electronic, Elastic, Vibrational and Thermodynamic Properties of HfIrX (X = As, Sb and Bi) 3053

Compounds: Insights from DFT-Based Computer Simulation

control rods, nozzles for plasma arc metal cutting
and high-temperature ceramics.?’2° Benallou et
al.'” studied the structural stability and thermo-
electric properties of ZrIrM (M = As, Bi, and Sb)
compounds by using a densit 7y functional theory
(DFT) based method. Li et al.?’ reported the struc-
tural, electronic and elastic properties of HfM
(M = Os, Ir, and Pt) using DFT with generalized
gradient approximation (GGA) and local density
approximation (LDA) methods.

Studies on the structural analysis, optical, elastic
and thermoelectric properties of HfIrM (M = As, Sb
and Bi) compounds are available in the litera-
ture.?73% For example, Chibani et al.?! theoretically
studied the thermoelectric and optoelectronic prop-
erties of HfIrM (M = As, Sb and Bi) using a full-
potential linearized augmented plane wave (FP-
LAPW) method. Their work provides a detailed view
of the optoelectronic, thermoelectric and structural
calculation of HfIrM (M = As, Sb and Bi) com-
pounds. On the other hand, Gautier et al.>? studied
the half-Heusler materials with 18 electrons of ABX
ternary compounds and theoretical estimation of
some physical properties of HfIrX (X = As, Sb, and
Bi) by using the hybrid functional (HSE06) with
spin-orbit coupling (SOC). We found no studies in
the literature investigating similar phys1cal prop-
erties of HfIrSn materials. Wang and Wei®® studied
the lattice constant, atoms substitutions, and tun-
able topological phases changes in the half-Heusler
compounds HfIrM (M = As, Sb, and Bi). They
reported that at the equilibrium cubic crystal
structure and excluding SOC, HflrAs and HfIrBi
are nontrivially topological semimetals, while
HfIrSb is a trivial topological insulator. For the
microscopic understanding of lattice dynamics full
phonon spectra play an important role in stability
and determining various basic solid-state properties
such as thermal expansion, electron—phonon inter-
action, heat conduction and phase transitions, and
can be very useful for investigating these properties.
Previous research efforts are mainly focused on the
structural and electronic properties of these com-
pounds, while the dynamical properties have been
relatively less studied in the literature. None of the
prior studies explore the second-order elastic con-
stants and the related elastic properties of those
materials. Simulation modelling of materials based
on accurate ab-initio methods has been an impor-
tant problem in estimating the properties of mate-
rials, and provides an important tool for discovering
some properties that have not yet been experimen-
tally investigated or are difficult to measure exper-
imentally. Therefore, we carried out plane-wave
pseudopotential ab-initio calculations of many phys-
ical properties of HfIrX (X = As, Sb, Bi). The
computed results include optimized structural
parameters, elastic constants and their respective
properties, electronic band structures and corre-
sponding partial density of state, phonon dispersion

curves and corresponding projected density of state,
and various thermodynamic properties.

METHOD

Ab-initio calculations were carried out using the
Quantum-ESPRESSO program package®””
study the structural, electronic, elastic and vibra-
tional properties of HfIrX (X =As, Bi and Sb)
compounds. The electron—ion interactiowasen cal-
culated by GGA using the scheme of Perdew—
Burke—Ernzerhof (PBE)*° exchange—correlation
potential. The cut-off values for the single particle
wave functions and electronic charge density were
evaluated to be 40 and 400 Ry, respectively. Inte-
gration up to the Fermi surface was performed
using the Methfessel-Paxton®’ smearing technique
with the smearing parameter ¢ = 0.02 Ry. Having
obtained self-consistent solutions of the Kohn-
Sham equations, the lattice-dynamical properties
of HfIrX (X =As, Bi and Sb) were investigated
within the framework of self-consistent density
functional perturbation theory.*’*? In order to
obtain full phonon dispersions and density of states,
eight dynamical matrices were computed for a
4 x 4 x 4 g-point mesh in the irreducible Brillouin
zone. These dynamical matrices can be evaluated by
means of a Fourier deconvolution. The thermody-
namic properties have been calculated under con-
stant volume and constant pressure by using Gibbs2
code with the quasi-harmonic approach.

The ab-initio pseudopotential method allows total
energy calculations for arbitrary crystal structures.
This method helped us to apply a small amount of
strain to the equilibrium lattice to find the change in
total energy and then to derive elastic constants
with the help of this information. Elastic constants
are defined as a function of deformation parameter
(0) proportional to the second-order coefficient
within a polynomial harmony of total energy.

There are three independent elastic constants for
a cubic lattice: Cy;, Ci2 and C4y. Thus, three
equations are necessary to determine these con-
stants. Equation (1) calculates bulk modulus (B)
which depends on the values of C1; and C1o

= (C11 +2C12)/3. (1)

Equation (2) (tetragonal shear modulus) includes
volume-conservation tetragonal strain to determine
Ci1 — Cr2

5 0 0
e=|0 o 0 . (2)
0 0 (1+0)2-1

This stram provides energy change, AE = 3V,
(C11 — C12)0%2 + O [%]. Equation (3) includes a
strain volume-conservation base-centered
orthorhombic strain tensor
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This strain provides energy change, AE =1/
2C44V,0% + O [6*]. This energy alteration directly
gives a Cyy value, and C;; and C,, values are
calculated by combining the tetragonal shear mod-
ulus associated with the bulk modulus in Eq. 1.
Elastic constants of HfIrX compounds in the C1,,
phase are examined as a function of hydrostatic
pressure by calculating bulk modulus (B) and two
different shear moduli (C’ = (C1; — C12)/2 and Cyy)
at various volumes. Detailed calculations of the
elastic constant calculation method were reported in
previous studies.*>*® For cubic structure, the shear
modulus G is defined from Voigt (G,) and Reuss (Gg)
modules as shown in Eq. 4:

G:M7

2
_ Ci1 —Ci2+3Cy

Gv 5 and Gr (4)
504 (Cq1 - Cr2)

- 4Cy4 +3(Cq1 — Cr2)

The anisotropy factor (A) is calculated by using
Eq. 5:

A =2Cu/(C11 — Cr2). (5)

Young’s modulus is calculated as shown in Eq. 6:

9BG
E= 3G+B’ (®)

Poisson’s ratio is expressed in Eq. 7:

 (3B-2G)
"T2(BB1G) ™

To obtain some important thermodynamic values,
such as Debye temperature and heat capacity, the
calculations are carried out with a quasi-harmonic
approach by using Gibbs2 Code as described in Ref.
47.

Helmholtz free energy is calculated as follows in
Eq. 8:

- 96]) 7('TD QD
U—nka{§?+3ln(1 —e ) —D<?)} (8)

where D (%) is the Debye function expressed in

EENCEE

6p z%dz
fo — 9)
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RESULTS AND DISCUSSION

HfIrX (X = As, Sb and Bi) compounds considered
in this study were investigated in the C1,, phase.
The compounds in this phase crystallize in a cubic
structure with the Fm3m (#225) space group, as
shown in Fig. 1. Hf atoms at the center of the unit
cell are positioned at (0.5, 0.5, 0.5), Ir atoms are
positioned at (0.25, 0.25, 0.25) and the third atoms
(X = As, Sb, and Bi) are found in the corners (0, O,
0). In the first stethe p, equilibrium lattice constant
was determined by minimizing total energy based
on different values of lattice constants. Calculated
total energies were fitted for the Murnaghan equa-
tion of state. Basic state properties such as equilib-
rium lattice constants (ag), bulk modulus (B) and
pressure derivative of bulk modulus (B’) were
calculated as presented in Table I. It was seen that
calculated structural parameters were reasonably
in accordance with previous calculations. ?!~33:35:5
As shown in Table I, The HfIrAs compound has the
largest bulk modulus value, thus it can be com-
pressed more than the other two compounds. In the
periodical table, moving from the top to the bottom
in Group 5A which includes elements As and Bi, the
bulk modulus value gradually decreases. This indi-
cates that the compressibility of an atom decreases
as its atomic number increases.

The response of a crystal to applied external
forces is determined by elastic constants; therefore,
elastic constants provide significant information
about the mechanical properties of solid materials.
For example, structural stability, anisotropic char-
acteristic and bonding properties of materials can be
determined by elastic constants. HfIrX compounds
have cubic structure, so elastic properties of these
compounds are defined by three independent elastic
constants Cy1, Ci5 and Cyu4. The elastic constants
given in Table I have positive values. For these
values of elastic constants, the Born elastic stability
criteria given in Eqn. 10 are met.*®

Cn>0, C44>0, C12<B<C117
C11 +2C15>0.

Ci1 —Ci12>0,
(10)

Anisotropy measures the structural stability of a
material and transfer probability of microc-
racks.*>%° When a crystal is isotropic, its anisotropy
index should be equal to 1. The deviation value of
the index from 1 corresponds to the elastic aniso-
tropy degree of the crystal. For the compounds
examined, the values of A deviated from 1, so the
three compounds are elastically anisotropic. This
means that when all three materials are grown,
they have a high possibility of including microcracks
or structural defects.
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Fig. 1. Crystal structure of HflrX (X = As, Sb and Bi) compounds in the C1,, phase.

Table I. Lattice constant (A), bulk modulus (GPa), pressure derivative of bulk modulus and elastic constant
(GPa) values of HfIrX (X = As, Sb and Bi) compounds in the C1;, phase

Materials References a (A) B (GPa) B’
HfIrAs Without SOC  6.138  156.200 4.92
With SOC 6.123  160.9 4.65
FP-LAPW3!  6.090 176.071 4.22
VASP32 6.159
STATE?3 6.160
HfIrSh Without SOC  6.332  150.500  4.00
With SOC 6.324  166.7 3.22
FP-LAPW3!  6.277 171722 4.78
Exp?? 6.270
VASP?? 6.345
STATE?? 6.329
VASP?® 6.340
VASP3¢ 6.180
HfIrBi Without SOC  6.448  143.100  3.81
With SOC 6.451 135.6 4.77
FP-LAPW3!  6.381  153.247 4.20
VASP?? 6.476

STATE?? 6.490

C11 (GPa) Cqi2(GPa) Cyu (GPa) CP=(Ciz— Cyy)
222.418 129.837 94.199 35.638
227.221 129.593 68.336 61.257
243.158 113.701 95.445 18.256
246.629 114.375 72.870 41.505
216.824 101.455 76.071 25.384
208.321 94.251 52.163 42.088

Brittleness or ductility of a material is measured
by using various parameters. Cauchy pressure (CP)
is obtained based on two elastic constants (C15 and
Cyq) bly using Eq. 11, developed by Pettifor in
1992.°

CP = C15 — Caa. (11)

CP values calculated in our study are presented
in Table I, and positive CP values of HfIrX com-
pounds validate their ductility. When compared
with the values in Table II, the highest CP value
was found in HfIrAs, which is thus the most ductile
material. Another important parameter measuring
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the ductility and brittleness of a material is the bulk
to shear modulus (B/G) ratio proposed by Pugh.?? If
the B/G ratio is higher than 1.75, the material is
ductile; otherwise, it is brittle. HfIrX compounds
have B/G ratio values higher than 1.75, which
proves that they are ductile. The third parameter
measuring ductility and brittleness of materials is
Poisson’s ratio (v). If a material’s v value is higher
than 0.26, it is ductile; otherwise, it is brittle. Our
calculated v value of HfIrX compounds is higher
than 0.26, as shown in Table II. This result proves,
again, that the HfIrAs compound is the most
ductile. The rigidity of materials is defined by shear
modulus (G). B, G, GV and GR values obtained for
HfIrX compounds are shown in Table II. Another
well-known parameter related to the rigidity of
materials is Young’s modulus (E). A higher E value
for a material indicates that it is more rigid. It
should be considered that the covalent property of a
material increases with increasing E; thus, this
affects the material’s ductility. Calculated E values
have great importance in terms of rigidity of these
materials. When a comparison is made for the three
studied compounds, the HfIrSb compound is the
most rigid material (E = 208.815 GPa), while the
HfIrBi compound has the lowest rigidity
(E = 175.764 GPa). When the calculations with
spin—orbit coupling (SOC) are compared to the
calculations without SOC, it can be said that,
although there is no significant change in bulk
modulus for all three compounds, compressibility
increases due to the decrease in shear modulus.
Young’s modulus, which is also an expression of
hardness, shows a decrease. This indicates a
decrease in the hardness of the materials. In
addition, the reduction in C4y, which indicates
resistance to shear deformation, supports these
conditions. Another parameter based on the calcu-
lation of elastic constants is microhardness (H).
Hardness can be studied by calculating the micro-
hardness (H) parameter given in Eq. 12:

(1-20)E

H= 6(1+0)

(12)

Calculated H values are 9.119, 9.537 and
12.09 GPa for HfIrAs, HfIrSb and HfIrBi

Arikan, Dikici Yildiz, Yildiz, and Iyigor

compounds, respectively. It is seen based on these
values that H(HfIrBi) > H(HfIrSb) > H(HfIrAs).
Electronic band structure of HfIrX compounds
was calculated across highly symmetric directions
in the Brillouin zone by using GGA; results are
presented in Fig. 2. As can be seen from Fig. 2,
because the maximum of the valence band and the
minimum of the conduction band are zero-clearance
at the I' symmetry point for the HfIrAs and HfIrBi
compounds, these materials are semi-metals.
HfIrSb is a semiconductor with an approximately
0.82 eV band gap value at the I' point. When
calculated electronic band structures of HfIrX com-
pounds are examined comparatively, the results
accord with those reported in previous studies.? ™3¢
Considering SOC, the SOC electronic band struc-
ture of all three materials splits up at the bands
around the Fermi level. This indicates that HfIrSb
is a semiconductor while HfIrAs and HfIrBi are
semi-metals. When electronic band structures of the
HflrAs (HfIrBi) and HfIrSb compounds are exam-
ined, it is seen that there is band inversion among
them. As described by Zunger et al.,> the band
inversion causes topological phase transition. The
band inversion depends on h%rbridization strength
and spin—orbit coupling size.”® There is a strong
hybridization between s-orbitals of HfIrSb, which
leads to a wide energy gap between bonding and
anti-bonding. All these results, with and without
SOC calculations, are in good agreement with Ref.
31. For HfIrSb, the band gap decreased to 0.70 eV.
To better understand the electronic band spectra of
these compounds, it is meaningful to draw their
total and projected density of states (DOS). Accord-
ingly, Fig. 3 shows total and projected DOS values.
In the electronic band structure of the three com-
pounds, the main contribution to DOS is provided
by d orbitals of the Hf and Ir elements. It can be
seen from total and projected DOS of HfIrX com-
pounds given in Fig. 3 that two peaks are dis-
tributed above and below the Fermi level. The
contributions to the peak above Fermi level are due
to Hf 5d, As 4p, Sb 6p and Bi 6p orbitals for HfIrAs,
HfIrSb and HfIrBi compounds. In electronic cases
below the Fermi level, Ir 5d, Hf 5d and Ir 6p cases
are dominant, while As 4p (Sb 6p and Bi 6p) cases
make the secondary contribution. The main contri-
butions to DOS at the Fermi level are mainly due to

Table II. Bulk modulus (GPa), Debye temperature (K), shear modulus (GPa), Cauchy pressure, B/G ratio,
anisotropy, Young’s modulus (GPa) and Poisson’s ratio values of HfIrX (X = As, Sb and Bi) compounds in C1,;,

phase

Materials References B (GPa) ©Op (K) G (GPa) Gy (GPa) Ggr (GPa) B/G A E (GPA) v

HfIrAs Without SOC  160.698 277.57 70.827 75.035 66.619 2.268 2.034 185.264 0.307
With SOC 162.136  268.38 59.336 60.546 58.925 2.732 1.399 159.603 0.34

HfIrSb Without SOC  156.854 265.04 81.688 83.158 80.218 1.920 1.474 208.815 0.278
With SOC 158.460 280.464  70.093 70.173 70.014 2.260 1.101 183.259 0.31

HfIrBi Without SOC  139.912 229.06 68.092 68.716 67.469 2.054 1.318 175.764 0.278
With SOC 132.274 229.67 54.060 54.112 54.008 2.446 0914 142.734 0.32
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Fig. 2. Electronic band structures of HflrX (X = As, Sb and Bi) compounds with and without SOC in the C1,, phase.
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Fig. 3. Projected density of states of HflrX (X = As, Sb and Bi) compounds in the C1,, phase.

Hf 5d orbitals and Ir 6p orbitals for HflrAs and
HfIrBi compounds.

Figure 4 shows the phonon spectrum, total and
projected DOS of HfIrX compounds in the C1,
phase. Phonon characteristics of HfIrX compounds
were calculated (by Fm3m (225) space group sym-
metry) in the C1;, phase using GGA. Because these
compounds have three atoms in their unit cells in
the Cl,, phase, their phonon dispersion curves
include three acoustic and six optical branches.
For the three materials, the difference between
acoustic and optical branches is not necessary to
form a vacancy. Because of symmetry, the number
of different phonon branches in the C1, phase

decreases across main symmetry directions, except
for I'-K direction. As can be seen from Fig. 4, all
phonon branches of the three compounds have
positive frequencies, which indicate dynamic stabil-
ity in the C1;, phase. The highest optical branches
for HfIrSb are separated from the remaining
phonon branches with a 0.11 THz frequency. For
HflrAs and HfIrBi, differentiation between acoustic
and optical branches is not necessary to form a
vacancy. The highest frequency values were found
to be 5.25 THz, 6.07 THz and 5.35 THz for total
DOS of HfIrX (X =As, Sb and Bi) compounds,
respectively. The frequencies of optical phonon
modes of HfIrX compounds were calculated; they
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Fig. 5. Temperature dependence of specific heat capacity at (a)
constant volume and (b) constant pressure.

were determined to be 3.63 and 4.23 THz for
HfIrAs, 4.69 THz and 5.16 THz for HfIrSb, and
3.89 THz and 4.56 THz for HfIrBi. Experimental
data in the literature compare to the calculated
phonon frequencies of materials considered in this
study.

Thermodynamics is a key constituent of physics
and material science; therefore, some thermody-
namic parameters of HfIrX compounds, such as
constant volume specific heat capacity (Cv), Debye
temperature, thermal expansion coefficient and
Griineisen parameter, were calculated from
energy-volume data under temperature change by
using Gibbs2 code with the quasi-harmonic
approach. Thermodynamic properties of HfIrX were
monitored at a temperature range between 0 and
500 K, which is below the melting point of all three
compounds. Figure 5a, b shows temperature depen-
dency of constant-volume heat capacity (Cy) and
constant-pressure heat capacity (Cp), respectively.
It can be seen from the figure that the curves of Cv
and Cp are very similar to each other. For a
temperature range between 0 and 200 K, Cy and
Cp values rapidly increase. When the temperature
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Fig. 6. Changes of HflrX (X = As, Sb and Bi) compounds at Debye
temperature.

is higher than 200 K, the anharmonic effect on Cy is
suppressed, and Cy gradually increases with
increasing temperature to approach a constant
value called the Dulong—Pettit limit,** which is
common for all solids at high temperatures. On the
other hand, Cp monotonically increases with
increasing temperature.

Debye temperature (Op) is defined as the highest
temperature of a normal vibrational mode of a
crystal. This temperature is one of the most valu-
able physical parameters for providing information
about various characteristics, such as phonons,
thermal expansion, thermal conductivity, heat
capacity and lattice enthalpy. Figure 6 shows the
change in Debye temperature (®p) at different
temperatures. For the three materials, it is clearly
seen that Debye temperature has a slow downward
trend between 0 and 500 K. Thus, the slow change
in ®p with temperature reflects the small effect of
temperature on ®p_Vibration frequency is propor-
tional to the square root of hardness in the har-
monic approach. The hardness of solids can be
estimated from the Debye temperature and is called
Debye hardness. Maximum phonon frequency of the
frequency spectrum is proportional to the square
root of hardness in the harmonic approach. Both 0p
and maximum phonon frequency can be used in
determining Debye hardness of solids as an estima-
tion tool. Accordingly, as can be seen from Fig. 6,
HfIrAs has the highest Debye hardness while
HfIrBi has the lowest Debye hardness. The degree
of expansion of a material upon heating is usually
defined by the thermal expansion coefficient ().
When different materials are heated, they show
different expansion trends. For small temperature
ranges, thermal expansion coefficients are propor-
tional to temperature change. Change in thermal
expansion coefficients of HfIrX compounds is shown
as a function of temperature in Fig. 7. For
T < 200 K, the thermal expansion coefficient
rapidly increases with increasing temperature in
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Fig. 7. Thermal expansion coefficient changes of HflrX (X = As, Sb
and Bi) compounds with respect to temperature.
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Fig. 8. Gruneisen parameter of HflrX (X=As, Sb and Bi)
compounds based on temperature.

all compounds, increasing by T2 at lower tempera-
tures. At higher temperatures, the increase in «
becomes smoother with increasing temperature and
gradually approaches a linear behavior. Griineisen
parameter (y) explains the change in vibration
properties of a crystal lattice due to volume
increases or decreases caused by temperature
change. The change in the Griineisen parameter
as a function of temperature is shown in Fig. 8.
Griineisen parameter of HfIrAs and HfIrSb com-
pounds increases slowly with temperature. For
HfIrBi, an increase is observed after a slow decrease
up to 500 K.

CONCLUSION

Structural, electronic, elastic, thermodynamic
and phonon properties of HfIrX compounds were
studied by using GGA within the frame of ab-initio
DFT. Second-order elastic constants and related
elastic properties were computed and evaluated for
the first time. Data obtained from equilibrium
lattice constants, elastic constants, bulk modulus,

shear modulus and Young’s modulus validated that
all three compounds were elastically and struc-
turally stable. Cauchy pressure, anisotropy, Pugh
ratio and Poisson’s ratio revealed that three com-
pounds were ductile. Calculated elastic constant
values showed mechanical stability in all three
materials because they satisfied the Bohr stability
principle. It was observed from electronic structure
calculations that the HfIrAs and HfIrBi compounds
presented semi-metal characteristic because their
conduction bands reached minima and their valence
bands reached maxima at the /' point, while the
HfIrSb compound was a semiconductor with a
0.82 eV band gap, which is in accordance with the
literature. For HfIrX (X = As, Sb and Bi) compounds
in C1,, phase, phonon dispersion curves and corre-
sponding total and projected DOS were calculated
with density functional perturbation theory.
Because a negative value was not observed in
calculated phonon distribution curves, it was found
that all three materials were dynamically stable. As
a result of thermodynamic research, various ther-
modynamic properties such as heat capacity, ther-
mal expansion coefficient and Griineisen parameter
were obtained for HfIrX compounds by using a
quasi-harmonic approach.
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