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We have studied the structural, elastic, electronic, phonon and thermodynamic
properties of Ir;Ta and Rh3Ta alloys, using ab initio calculations. For the L1,
phase, we report the calculated lattice constants, bulk modulus and elastic
constants, and these values are compared with previously published values.
We also derive the elastic constants from the values of the slopes of the
acoustic branches in the phonon dispersion curves. The band structures show
that both materials are metallic. The phonon dispersion curves, and their cor-
responding total and projected densities of states, are obtained using a linear
response in the framework of the density functional perturbation theory. The
specific heat capacity at constant volume and different temperatures is calcu-
lated, and this aspect is discussed using the quasi-harmonic approximation.

Keywords: ab initio; band calculations; density-functional theory; electronic
density of states; electronic structure; first-principles calculations; phonons

Introduction

In recent years, there have been significant studies of Ir-based and Rh-based alloys,
as they have garnered importance as ultra-high-temperature structural materials
because of their high melting point, high-temperature strength, and excellent oxida-
tion and corrosion resistance [1-3]. The Ir;Ta and Rh;Ta alloys of L1, phase are
widely used in gas turbine engines, fusion reactors and space-based power systems.
Recently, several groups have studied the structural, mechanical, elastic, electronic,
thermodynamic, phase transition and thermal properties of Ir;Ta and Rh;Ta alloys,
employing different experimental and theoretical methods [4-29]. Watanabe et al. [4]
measured the crystal structure of an Ir-Ta alloy film that changed from fecc-Ir to
Ir;Ta, then to a-(Ir-Ta), Taslr, and finally bce-Ta with increasing Ta content. Huang
et al. [5] determined the creep properties at high temperature of Ir;Ta alloys. Miura
et al. [15] measured the mechanical properties of Rh3Ta and showed that it has a
weak positive temperature dependence of strength at around 1273 K, which is about
half the melting point for this alloy. Experimentally, there are reports of Ir;Ta and
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Rh;Ta, as high-temperature structural materials, stabilizing in the CusAu-type cubic
structure. For high-temperature applications, Nuttens et al. [7] measured the Rh3Ta
alloy that was formed between 800 and 900 °C, and showed that this can be used
as a diffusion barrier for temperatures lower than 825 °C. The elastic properties of
Rh;Ta were investigated using the tight-binding (TB) and linear augmented plane
wave methods by Chen et al. [8]. Terada et al. [9—11] measured the thermal expan-
sion and thermal conductivity of Ir;Ta and Rh;Ta alloys in the temperature range of
300-1100 K. Their results indicated that both materials have a large thermal conduc-
tivity and a small thermal expansion. Yu et al. [12] measured the phase transition
and phase composition of Ir;Ta alloy using an energy dispersive analysis X-ray
spectroscopy system attached to a scanning electron microscope. The electronic
structures of the Ir;Ta and RhyTa L1, intermetallic alloys have been studied by
means of the self-consistent tight-binding linear muffin tin orbital (TB-LMTO)
method [13,14].

The aim of this article is to provide a comparative study of the structural, elastic,
electronic, vibration and thermodynamic properties of Ir;Ta and Rh;Ta alloys using the
density functional theory. To our knowledge, the phonon properties of Ir;Ta and Rh3Ta
alloys in the L1, phase have not yet been calculated or measured.

Method

The calculations were performed using a plane-wave pseudopotential scheme, within
the density functional theory, as implemented in the Quantum-ESPRESSO (QE) code
[30] and Vienna ab initio Simulation Package (VASP) code [31,32]. We have chosen
the exchange-correlation potential, as approximated by the generalized gradient
approximation (GGA) of Perdew—Burke—Ernzerhof [33] for QE and Perdew—Zunger
[34] parameterization of the local density approximation (LDA) for VASP [35,36].
Plane-wave energy cut-offs of 544 and 260 eV were used in QE and VASP calcula-
tion, respectively. The k-points samplings were 10 x 10 x 10 for QE and 5 x5 x5
for VASP in the Brillouin zone for Ir;Ta and Rh3Ta, respectively, according to the
Monkhorst-Pack scheme [37]. The structure was relaxed until the convergence in
energy of 1.0 eV x 107> eV was reached. Integration up to the Fermi surface has
been performed using the smearing technique [38] with smearing parameter
0=0.272eV for QE. In the VASP calculations, the Methfessel-Paxton smearing
[38] with broadening of 0.225 eV was used for relaxation. We calculated the phonon
spectra, using both the linear response method [39,40] and the direct method [41]
described within the supercell approach. For the linear response theory, we calcu-
lated eight dynamical matrices, on a 4 x4 X4 g-point mesh, to obtain complete
phonon dispersions and vibrational density of states. For the direct method, the force
constants are determined from the Hellmann—-Feynman forces induced by the
displacement of an atom in the 2 X 2 x 2 supercell. Generation of the Hellmann—
Feynman forces was made by displacing the asymmetric atoms from their equilib-
rium positions with amplitude +0.02 A. The temperature dependence of the
constant volume specific heat was calculated using the quasi-harmonic approximation
(QHA) [42].
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Results

We calculated the ground-state lattice parameters of Ir;Ta and RhsTa alloys and
compared these with the available experimental and theoretical values [8,13,22,
24-27]. Table 1 lists the computed values of lattice constants, bulk moduli, shear
moduli, elastic constants and B/G ratios for the Ir;Ta and Rh;Ta alloys. As can be
clearly seen, the lattice constant of Ir;Ta is higher than that of Rh3Ta, which can be
explained by the fact that the atomic radius of Ir is higher than that of Rh atom:
R (I)=1.87A>R (Rh)=183 A. The calculated values of bulk modulus, shear
modulus and elastic constants of Ir;Ta are larger than those of Rh3Ta, on account of
a higher atomic radius difference between the constituent atoms for both alloys. The
calculated lattice constants from LDA are in better agreement with the experiment
values than those calculated by GGA. Our calculated values for both alloys are in
good agreement with the available data. The elastic constants, Cj, are valuable
parameters for understanding how a material behaves based on its structural stability
and ductility properties. There are three independent elastic constants (Cy;, C;, and
C44) in cubic crystals. The conditions of stability reduce to a simple form:
C;1>C12>0, Cyu>0 and C;;—Cj,>0. We have used these procedures for the
calculation of elastic constants and bulk modulus in a previous publication [43,44].
Unfortunately, there are no experimental data available in the literature regarding the
elastic constants of these materials. Our calculated values for the bulk modulus and
elastic constants for Ir;Ta are less than those calculated by Chen et al. [22]. For
Rh;Ta, the bulk modulus and elastic constants are larger than those obtained by Chen
et al. [8]. Our results show very good agreement with the values obtained by Ould
Kada et al. [28]. Chen et al. [8,22] calculated the shear moduli for Ir;Ta and RhsTa

Table 1. Computed lattice constants (A), bulk modulus (GPa), elastic constants (GPa), shear
modulus (GPa) and and B/G for Ir;Ta and Rh;Ta in L1, phase.

Compounds References a B Ch Ci Cya G B/G

Ir;Ta This work (GGA) 3.934 326.117 535.391 221.48 252.427 214.244 1.522
This work (LDA) 3.867 373.20 583.18 26820 282.66 223.53  1.669
VASP-GGA [22] 3.884 391.11 66532 259.01 311.31 259.74 1.505

Exp. [24] 3.889
Exp. [27] 3.886
[29] 319

Rh;Ta This work (GGA) 3.910 264224 414.692 188.99 183.498 155239 1.702
This work(LDA)  3.830 31135 479.08 227.48 210.14 171.05 1.820
VASP-GGA [8]  3.899 249 408 170 180 152 1.633

TB-LMTO [13] 3.837 3263
TB-LMTO-GGA  3.88 300 449.7 225.1  109.5

(28]

TB-LMTO-LDA  3.82 3085  486.07 2198 1403
(28]

Exp. [13] 3.861

Exp. [24] 3.860

Exp. [25] 3.860

Exp. [26] 3.860

[29] 256
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using the VASP-GGA method. The values agree reasonably well. An important mate-
rial parameter is the B/G ratio, as an indication of ductility and brittleness. According
to the Pugh criteria [45], a high B/G ratio indicates ductility, while a low B/G ratio
indicates brittleness. The critical value, separating ductile materials from brittle ones,
is 1.75. We have calculated the ratio for Ir;Ta and Rh;Ta alloys and found values of
B/G for Ir;Ta of 1.522 by the GGA method and 1.669 by LDA, while for Rh;Ta the
ratio is 1.702 by GGA and 1.820 by LDA. The calculated values of B/G for LDA
are larger than the computed GGA values for both alloys. The results of LDA and
GGA calculations for the lattice constants indicate that LDA values are smaller than
GGA values. Hence, while calculated values within the LDA are closer to the experi-
mental data, GGA calculations predict a too large lattice constant. Ir;Ta exhibit a brit-
tle nature for these B/G values. The ratio for the Rh;Ta is less than 1.75 from GGA
and it increases with LDA. These results suggest that Rh;Ta is prone to brittleness
from GGA, and is slightly prone to ductility from LDA. Thus, there is a further need
for experimental work to compare with our B/G ratios for Rh;Ta.

(@) IrTa(Lly)
12

Energy (eV)

r X MR Tr M

(b) Rh Ta(Lly)

10

Energy (eV)

Figure 1. Electronic band structure of Ir;Ta and Rh;Ta.
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Figure 2. Total and partial densities of states of (a) Ir;Ta and (b) Rh;Ta.
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Figure la and b shows the energy band structures of Ir;Ta and Rh;Ta alloys in
the L1, phase. Both alloys have metallic character because there is no gap at the
Fermi level. Our presented band structures for Ir;Ta and Rh;Ta alloys are in good
agreement with previously reported results [13,14,23]. The character of the band states
has been identified using the calculated total and partial densities of states (DOS) for
the alloys (in Figure 2a and b). The features in the total DOS for Ir;Ta and Rh;Ta
look similar. Our calculated total DOS is in good agreement with those previously
reported [13,14]. In Figure la and b, the bottom bands of Ir;Ta and Rh;Ta alloys
mainly come from Ir-5d states and Rh-4d states, respectively. The electronic density
of states (Figure 2a and b) around the Fermi level is due to Ir-5d states for Ir;Ta and
Rh-4d states for RhsyTa. Part of these bands is unoccupied and the total DOS shows
pseudogaps near the Fermi level. The contribution of one peak, around 2 eV above
the Fermi level, is by partially filled or antibonding states, dominated by Ir-5d states
and Ta-5d states for Ir;Ta, and Rh-4d states and Ta-5d states for Rh;Ta, which is
consistent with previous calculations [13,14]. We have calculated the density of states
at the Fermi level NM(Er). These are 2.07 and 2.64 states/eV cell for Ir;Ta and Rh;Ta,
respectively.

The L1, structure of Ir;Ta and Rh;Ta alloys contains four ions in the unit cell,
and hence there are 12 modes for each wave vector ¢. Using the GGA (QE) and
LDA (VASP) in the L1, phase, we calculated the phonon properties for these
alloys. In Figure 3a and b, the calculated phonon dispersion curves and correspond-
ing density of states (DOS), including the partial density of states and total density
of states of Ir;Ta and Rh;Ta, are displayed. The figure also shows the main
characters of the vibration modes. Since the phonon frequencies w, along all direc-
tions in the Brillouin zone, are not imaginary, the phonon spectra illustrate that
Ir;Ta and RhsTa alloys are dynamically stable. There is no separation of optic
modes from acoustic ones for either alloy. In Figure 3a and b, we see that the
vibrations of Ir atoms compose the highest frequency region of both alloys. We
find that the partial density of states is mostly constituted of Ir (Rh) and Ta atoms
in acoustic modes. For Ir;Ta, we calculated the I'-point optical phonon modes to
be 3.574, 4.078 and 5.347 THz, and for Rh;Ta as 3.516, 5.075 and 6.922 THz,
using linear response theory. Using VASP code (direct method), the values were
for 1Ir;Ta, 3.828, 4.119 and 5.522 THz, and for RhsTa, 3.861, 5.573 and
7.157 THz). It is to be noted that the values of I'-point optical phonon frequencies
computed by the linear response method are slightly lower than those computed by
the direct method. We have observed the same behaviour for the GGA and LDA
phonon dispersion relationship for both alloys. No theoretical and experimental data
are available for comparison.

The QHA based on DFPT includes important information for the thermody-
namic properties of materials. The temperature dependence of the vibrational con-
tributions to the specific heat capacity at constant volume, Cjp in QHA is as

follows:
hog(V)\? liwg, (V)\
Cr =) hky|—2=) cosh®( —2—
v %: B( 25T ) s ( ks T
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Figure 3. Phonon dispersion curves and DOS of (a) Ir;Ta and (b) Rh;Ta.

In this work, the specific heat capacity at constant volume is taken to consist of the
phonon contribution. Figure 4 shows the temperature dependence of specific heat for
the Ir;Ta and Rh;Ta alloys. The specific heat capacities increase rapidly up to 200 K
with increasing temperature. At higher temperatures, the computed specific heat
capacity can take values above the Dulong—Petit limit [46]. Unfortunately,
experimental data for the specific heat capacity of these materials are not available in
the literature.
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Figure 4. Calculated specific heat capacity at constant volume vs. temperature for the Ir;Ta and
Rh;Ta alloys in the L1, structure.

Conclusions

In summary, we have performed ab initio calculations to study the structural, elastic, elec-
tronic, dynamical and thermodynamic properties of Ir;Ta and Rh3Ta alloys in the L1,
phase. Our calculated structural and elastic properties are in reasonable agreement with
the available theoretical results and experimental data. Band structures and density of
states calculations confirm the metallicity of the Ir;Ta and Rh;Ta alloys in the L1, phase.
Finally, we have calculated the phonon frequencies using different approximations.
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