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a b s t r a c t

In this paper, we explored the structural, elastic and mechanical properties of the strongly correlated
electron systems, intermetallic Ln-Au (Ln ¼ Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in cubic structure,
using PF-LAPWmethod within the density functional theory. Structural properties of these intermetallics
were investigated by treating the exchange-correlation potential with the GGA-PBE, GGA-PBEsol and
GGA þ U. The effectiveness of the U for the structural properties as compared to other methods confirms
the strong correlated nature of these compounds and the calculated lattice constants endorse the
divalency of Yb. The results demonstrate the stable cubic CsCl structure of these compounds. Bulk
modulus, Young's modulus, shear modulus, B/G ratio, Cauchy pressure, Poisson's ratio, anisotropic ratio,
Kleinman parameters and Lame's coefficients were studied using the PBEsol to evaluate their importance
in various types of engineering applications. The most prominent features of these compounds are their
ductility, very high melting points, resistance to corrosion, and anisotropic nature.

© 2018 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
1. Introduction

The strongly correlated electron systems, intermetallics Ln-Au
(Ln ¼ Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), exhibit the
best combination of physical properties such as low density, high
stiffness, high oxidation resistance, high strength, very high
melting point, ductility, high corrosion resistance, high tempera-
ture mechanical properties, and electrical properties. These ad-
vantages make them promising candidates for high temperature
structural materials for automobiles, aviation and aerospace ap-
plications, and also for the development of commercial aircraft
turbines.1e3 These rare-earth monoaurides intermetallics (Ln-Au),
are very attractive compounds for chemists, physicists and engi-
neers because of their extensive high-tech applications.4

Binary alloys of gold with rare earths are normally characterized
by the cubic CsCl-type crystal structure (B2, Pm3m, space group No.
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221)5e7 with the exception of CeAu6 with CrB-type crystal struc-
ture.1,8 Although, experiments also show cubic CsCl-type structure
for CeAu.9 In CsCl-type structure, Ln atoms are at the corners and
Au atom is located at the body centered position of the cubic unit
cell.9 Lanthanides in these compounds exist in trivalent state1,10,11

except Yb that is present in divalent state.12e14 The divalent na-
ture is established from its unusual high lattice constant compared
to other members of the series. Generally these compounds exist in
anti-ferromagnetic nature.15

Lanthanides make the first group of compounds containing f-
orbitals,16,17 where compounds with f-orbitals react differently
than the other groups of the periodic table.18 One of its fascinating
subgroup is compounds of lanthanides with noble metals based
stable lanthanides. The most stable among these unique in-
termetallics are compounds containing gold because of their very
high dissociation energies. Their dissociation energies are in the
range of 290e335 kJ/mol with some irregularities.1,19 The order of
their bond stabilities is Au-Ln > Cu-Ln > Ag-Ln.2

The Ln-Au are synthesized by various researchers using direct
reaction at high temperature (~1373 K). In their research, the re-
actants in powder form were sealed under argon atmosphere in a
eserved.
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boron nitride container to prevent oxidation.20 The reaction is
highly exothermic and the evolved heat in the range ofDHf

0¼�63.0
to �95.0 kJ/mol, is used for completion of the reaction.21,22 Thus
stable compounds are formed.20 The X-ray diffraction data confirm
the cubic CsCl type structure for these compounds.20,23 The heat of
formation of these compounds decreases and melting point in-
creases along the series from CeAu to LuAu.19 Their very high
melting points, ionic nature and high dissociation energies are due
to the big electronegativity difference i.e. >1.13 and equiatomic
stoichiometry of lanthanides and gold.2,10,24 The anomalously high
thermal stability of these compounds is due to their high heat of
formation and high melting points.19,24,25 A correlation exists be-
tween their stability trend and relative melting behaviors.22 The
melting points of these aurides increase in a smooth fashion as a
function of atomic number of lanthanides from CeAu (1372 �C) to
LuAu (1780 �C) with the exception of YbAu (1292 �C).7 The lower
melting point of YbAu is due to the divalency of Yb.26 Rare-earth
addition to gold enhances the strength of gold alloys.3 The gold
and rare-earth elements form compounds because of their greater
electronegativity difference. Therefore, bond between Au and R is
metallic and ionic in nature, wheremetallic and ionic characters are
95% and 5%, respectively.1,19,22 However, Day�an P�aez-Hern�andez
et al.27 recently determined the bond nature of rare earth-gold (Ln-
Au2) molecules (Ln ¼ Eu, Yb and Lu) using CASSCF/CASPT2 calcu-
lations and predicted a greater covalent character with important
contribution from bonding interaction between the 6s orbital of Au
and 6s orbital of Ln atoms. This can be inferred from their high
melting points, high dissociation energies, thermal stability and
bond energies.21 Their bond energies are from 3.3 to 3.4 eV.28

Although these compounds are very important due to their
high-tech applications, but even then limited experimental and
theoretical studies have been reported about them. To the best of
our knowledge no experimental or theoretical work on the elastic
and mechanical properties of these compounds is reported in
literature, however limited theoretical and experimental work is
available on their structural properties. In this manuscript we have
carried out detailed theoretical studies of the structural, elastic and
mechanical properties of these rare-earth monoaurides, Ln-Au
(Ln ¼ Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), with the realiza-
tion to cover the gap of the physical properties of these compounds
in literature and reveal their potential applications in various
technologies.

2. Computational details

The complete active space self-consistent field (CASSCF)29 and
multiconfigurational second-order perturbation method CASPT230

are the valuable tools in chemical physics and theoretical chem-
istry to compute properties such as dissociation energies, geome-
try parameters, and chemical bonds. CASSCF and CASPT2
approaches play an important role in the development of a mo-
lecular understanding of structures and processes. These ap-
proaches constitute the appropriate starting point for wave
function descriptions of small molecules and complexes containing
transition metals.31 However, quite often these methods are
associated with calculations of very small molecules. The choice of
computational method depends on the properties and the kind of
systems under study. Some systems like solids, aggregates, com-
plexes require size extensive methods. DFT gained much attention
over wave function theory in order to describe the electronic states
of atoms, molecules and materials in terms of the electronic den-
sity of the system. This is due to the fact that cost scales more
favorably with system size than does the cost of correlated wave
function theory and yet it competes well in accuracy except for
very small systems.32
Due to electrons correlation and other relativistic effects, the
computational calculations of large systems and heavy elements
(rare-earths) are very difficult. One must treat these systems by
including inactive core electrons and relativistic effects, which
required very expensive calculations. Quantum chemical calcula-
tions for large systems including heavy elements are difficult to
carry out because of electron correlation and other relativistic ef-
fects. In the standard all-electron theory, one must treat many
electrons including inactive core electrons in heavy elements. One
must also simultaneously treat relativistic effects, resulting in high-
cost calculations. Performing calculations on in active space
method such as CASSCF and CASPT2 required more knowledge
about the system under investigation, properties being calculated
than other quantum chemistrymethod such as DFT. Different active
space is used for calculating different properties of a system.
Furthermore, the knowledge of orbitals composing the wave
function is very important for the molecular properties of a system
under study. However, DFT is simple and commonly used as black
box quantum chemistry method. Due to this fact we used DFT
instead of other sophisticated method in the present work for our
calculations.

In this work, we performed spin polarized calculations using the
full-potential linearized augmented plane waves (FP-LAPW)
method based on the density functional theory (DFT) employing
the exchange-correlation potentials of the generalized gradient
approximation (GGA) with two different parameterizations i.e. PBE
and PBEsol33e36 as well as GGAwith Hubbard Upotential (GGAþU)
as implemented in the wien2k code.37e39 The number of k-points
was optimized and all the calculations are performed at 1000 k-
points. The brillouin-zone integration was performed using
maximum value of angular momentum lmax ¼ 10. The muffin-tin
radii (RMT) for lanthanide atoms (Ln) and Au atom are considered
as 2.5 a.u., while the charge density is Fourier expanded up to
Gmax ¼ 12.00 Ry.

The Cubic-elastic software40,41 and PBE-sol exchange correlation
were utilized to calculate the elastic and mechanical properties of
the compounds under study. To obtain the reliable results we used
the energy approach42 implemented in WIEN2k package. The en-
ergy that separates the valence states from the core states has been
considered as�6.0 Ry. The convergence parameter, RMTKmax, which
controls the size of the basis set in these calculations, is set at
7.5, where RMT is the smallest atomic radius in the unit cell while
Kmax is the magnitude of the maximum value of k-vector in the
plane wave expansion.

3. Results and discussion

3.1. Structural properties

Structural properties of Ln-Au (Ln¼ Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu) intermetallics were calculated by evaluating the opti-
mized total energy of unit cell for each compound with respect to
volume using Birch-Murnaghan equation of state.43 The lattice
constants of all compounds are obtained by GGA-PBEsol, GGA-PBE
and GGA with Hubbard U exchange correlation potentials. The
calculated results are compared with the available experimental
data in Table 1. It is obvious from the data presented in Table 1 and
Fig. 1 that PBE overestimates and PBEsol underestimates the lattice
constants of the compounds under study. For strongly correlated
systems the application of U is effective for the localization of
electrons and hence we obtained closer values for the lattice con-
stants. Table 1 shows that as we move from CeAu to LuAu, the
lattice constant of the crystal decreases. This decrease is due to the
lanthanide contraction, i.e. decrease in the atomic radius along the
lanthanide series from left to right. The lanthanide contraction is



Table 1
Calculated lattice constants (�10�1 nm) by PBEsol, PBE and U compared with the
experimental and reported theoretical results.

Compound PBEsol PBE Reported U Expt.

CeAu 3.66 3.75 3.59b 3.6777 3.70b

PrAu 3.68 3.69 3.75b 3.6868 3.68a

NdAu 3.62 3.70 3.72b 3.6984 3.66a

GdAu 3.57 3.64 3.63b 3.625 3.59c

TbAu 3.55 3.62 3.62b 3.611 3.58a

DyAu 3.55 3.59 3.56b 3.5862 3.56a

HoAu 3.53 3.59 3.58b 3.551 3.54a

ErAu 3.51 3.59 3.57b 3.5674 3.53a

TmAu 3.50 3.54 e 3.5459 3.52c

YbAu 5.53 3.59 e 3.5831 3.58a

LuAu 3.47 3.52 3.53d 3.5173 3.49c

a Ref. 7.
b Ref. 9.
c Ref. 6.
d Ref. 65.
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caused by the poor shielding effect of the 4f electrons, with the
exception of Eu and Yb.

The theoretical calculations and experimental results presented
in Fig. 1 clearly reveal the unusual increase in the lattice parameter
of YbAu. This unique behavior of the Yb is because of its divalent
nature as compared to other trivalent lanthanides. The divalent
nature of Yb is due to the attainment of completely filled configu-
ration of 4f14 by losing 6s2 electrons. The completely filled elec-
tronic configuration is more stable than partially filled electronic
configuration. In divalent state charge is smaller. Therefore, the
force of attraction is smaller which results in low melting point,
smaller cohesive energy and least ionic character of YbAu.26 Fig. 1
also shows comparison between different theoretical calculations
with the experimental measurements. It is clear from the figure
that PBE and PBEsol shows overestimation and underestimation
respectively for the lattice constant of all the compounds. Table 1
clearly reveals that for most of the compounds under consider-
ation the PBEsol provides much more reasonable theoretical re-
sults, closer to the experimental values, as compared to the
reported theoretical results,6,7 as well as PBE calculations.

3.2. Elastic and mechanical properties

The elastic properties of a substance explain that how amaterial
undergoes stress deformation and recovers its original shape after
stress is released. These properties play an important role in
providing valuable data about the mechanical properties of a
Fig. 1. Comparison of the calculated lattice constants of Ln-Au by PBEsol, PBE and
Hubbard U with the experimental values.
material such as type of bonding, structural stability, hardness, and
ductility, etc.44 Elastic properties are also linked with the thermo-
dynamic properties of materials like specific heat, Debye temper-
ature, Gruneisen parameter and thermal expansion. Therefore, the
knowledge of the elastic constants for materials especially engi-
neering materials is necessary for their practical applications
related to their structure stability and other physical properties
such as internal strain, thermoelastic stress, sound velocities,
fracture toughness and Debye temperature, etc.33,45,46 There are
three independent elastic constants for cubic crystal i.e. C11, C12 and
C44.40,47,48 The stability of cubic structure can easily be inferred by
the well-known Born criteria (C11eC12 > 0, C44 > 0, C11 þ
2C12 > 0).49,50 The elastic constants of the compounds under study
were calculated by PBEsol and presented in Table 2.

The elastic constants given in Table 2 were used to evaluate the
mechanical properties, i.e. Bulk modulus (B0), Shear modulus (G),
Young's modulus (Y), Poisson's ratio (n) and anisotropic ratio (A), of
the compounds under study. These properties have vital impor-
tance for the industrial applications of engineering materials.51,52

These important parameters for these compounds were calcu-
lated using PBEsol to evaluate their possible high-tech engineering
applications and presented in Table 2.

One of the utmost important parameters of the high-tech ma-
terials is bulk modulus. The bulk modulus (B0) of a material is the
measure of its hardness. It can be computed from the elastic con-
stants using the following relation:

B0 ¼ C11 þ 2C12
3

(1)

It can also be used tomeasure the average bond strength since it
has a strong correlation with the cohesive or binding energy of
atoms in a crystal.53 The calculated values of the bulkmoduli for the
compounds under study are given in Table 2. This clearly indicates
that the bonding nature of these compounds is ionic/metallic.
Average Shear modulus (GH) is the measure of plastic deformations
upon shear stress which is an important mechanical property.33,54

The shear modulus G accurately determines the hardness of a
material. As per Hill average shear modulus,54 G is defined as the
arithmetic mean of Voigt (GV)40 and Reuss (GR) values, which can be
expressed in terms of elastic constants as:

GV ¼ 1
5
ð3C44 þ C11 � C12Þ (2)

GR ¼ 5ðC11 � C12ÞC44
4C44 þ 3ðC11 � C12Þ

(3)

GH ¼ GV þ GR

2
(4)

The calculated values of GH using the above relation are pro-
vided in Table 2, which reveal that LuAu exhibits the largest value of
GH (36.046 GPa) being the hardest of all the compounds, while
DyAu shows less hardness with the lowest value of GH (21.488 GPa).
This fact is supported by their melting points. Values of GH for the
remaining compounds lie between these two values.

Another similar mechanical property that measures the stiffness
of an elastic material is called Young's modulus (Y). Greater value of
Y corresponds to stiffness of a material. The Young's modulus for
these compounds were calculated by using the values of Voigt
shear modulus (GV) and bulk modulus (B0) in the following
relation:

Y ¼ 9B0GV

3B0 þ GV
(5)



Table 2
Calculated values of elastic constants C11, C12, C44 (GPa), Bulk modulus B0 (GPa), Voigt's shear modulus GV, Reuss shear modulus GR, Hill's shear modulus GH, Young's modulus Y
(GPa), B/G ratio, Cauchy pressure C00 , Poission ratio n, Internal strain parameter x, anisotropy A, Lam�e's first parameter l, Lam�e's second parameter m and Shear constant C0 .

Compound CeAu PrAu NdAu GdAu TbAu DyAu HoAu ErAu TmAu YbAu LuAu

C11 98.078 89.408 84.700 87.852 83.500 84.451 83.936 81.732 91.207 89.901 107.596
C12 55.798 35.916 39.500 45.921 34.751 41.445 39.902 39.366 51.758 29.418 44.436
C44 27.519 22.219 23.400 27.453 21.281 21.479 24.834 31.024 30.800 23.578 39.374
B0 69.80 53.747 54.567 59.898 51.001 55.780 54.580 53.488 64.908 49.579 65.489
Gv 24.967 24.030 23.080 24.858 22.518 21.489 23.707 27.088 26.370 26.243 36.256
GR 24.555 23.833 23.073 24.429 22.419 21.489 23.625 26.162 25.151 25.857 35.836
GH 24.761 23.931 23.077 24.644 22.469 21.489 23.666 26.625 25.760 26.050 36.046
Y 66.92 62.739 60.684 65.511 58.888 57.130 62.127 69.526 69.674 66.922 91.824
B/G 2.820 2.246 2.365 2.431 2.270 2.596 2.306 2.009 2.520 1.903 1.817
C00 28.279 13.697 16.100 18.468 13.470 19.966 15.068 8.342 20.958 5.840 5.062
n 0.34 0.305 0.315 0.318 0.308 0.329 0.310 0.283 0.321 0.275 0.266
x 0.947 0.680 0.780 0.870 0.702 0.818 0.165 0.804 0.945 0.570 0.697
A 1.302 0.831 1.035 1.309 0.873 0.999 1.128 1.465 1.562 0.780 1.247
l 53.16 37.727 39.180 43.326 35.988 41.455 38.775 35.430 47.328 32.083 41.318
m 24.967 24.030 23.080 24.858 22.518 21.489 23.707 27.088 26.370 26.243 36.256
C0 21.140 26.746 22.600 20.966 24.375 21.503 22.017 21.183 19.725 30.242 31.580
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The values of Bulk modulus, Young's modulus and Shear
modulus are given in Table 2. The intermediate values of Y of these
compounds show that these materials are intermediate in stiff-
ness.46 It is evident from Table 2 that the materials under investi-
gation have higher values of Young's modulus in comparison with
Bulk moduli and Shear moduli; hence these compounds are hard to
break.

The Pugh's ratio (B0/G) is an essential parameter that explains
the ductile/brittle nature of materials. The material is considered
ductile if this ratio is larger than 1.75, otherwise it is brittle.23,51,55

The B0/G ratio for the compounds under study is given in Table 2
which confirms that these values are larger than 1.75. Therefore,
all the compounds are ductile in character. Among these com-
pounds the highest B0/G ratio is observed for CeAu which is 2.82,
indicating its highest ductility. Another important parameter is
Cauchy pressure, used to illustrate the bonding nature of com-
pounds.23,56 This parameter can be calculated by using the relation:

C
00 ¼ C12 � C44 (6)

The calculated values of the Cauchy pressures are presented in
Table 2. The positive value of Cauchy pressure reveals ionic33,47,57

and metallic23,53,56 nature of bonding, while its negative value in-
dicates covalent bonding. In addition, a compound with larger
negative value of Cauchy pressure shows stronger brittle
behavior.58 Table 2 clearly indicates that the compounds under
consideration have positive values of Cauchy pressure and are
ionic/metallic and ductile in nature. The most ionic/metallic com-
pound among these compounds is CeAu and the least ionic/metallic
compound is LuAu.

Poisson's ratio (n) is a response of the materials to different
amounts of stress and provides a way to differentiate the structural
performance of real materials. It is defined as the ratio of transverse
strain to longitudinal strain in uniaxial tensile stress. The com-
pound will be incompressible when Poisson's ratio is 0.5 and will
be compressible if it is 0.2 to 0.49.59 The Poisson's ratio for a ma-
terial can be calculated by using the values of Young's modulus and
Bulk modulus in the following relation:

n ¼ 1
2
� Y
6B0

(7)

The calculated values of the Poisson's ratio of Ln-Au's are pro-
vided in Table 2. For most metallic materials ratio lies between 0.25
and 0.35. The Poisson's ratio for Ln-Au varies between 0.266 and
0.34, confirming the intermetallic nature of these compounds.
Poisson's ratio also provides information about the bonding
forces.46 For central forces in solids materials, the lower and upper
limit of Poisson's ratio is 0.25 and 0.50, respectively.46 The calcu-
lated values of Poisson's ratio ranging from 0.266 to 0.34 fall within
the abovementioned limit, which demonstrates that central atomic
forces are dominated in these compounds.

The anisotropic ratio (A) is themeasure of intensity of a property
in different directions. When A is equal to unity the material will be
isotropic otherwise anisotropic. The elastic anisotropy (A) is highly
correlated with the possibility of the induced micro cracks in a
material and has vital importance in engineeringmaterials for their
applications.46,60 The anisotropic ratio for a material from the
elastic constants can be obtained by the following equation:

A ¼ 2C44
C11 � C12

(8)

The calculated anisotropic values in Table 2 reveal that the
anisotropic ratio for most of the Ln-Au compounds deviate from
one. The deviation from unity confirms that all these compounds
are elastically anisotropic except NdAu and DyAu. The anisotropic
ratio for NdAu and DyAu compounds is almost unity, which dem-
onstrates the isotropic behavior of these materials. These two
compounds also satisfy the other conditions for isotropy that is
l ¼ C12, m ¼ C44, and n must be �1 � n � ½.61

Kleinman62 presented an important mechanical property called
internal strain parameter (z), that describes the relative case of
bond bending to bond stretching. Its value lies between 0 and 1,
where 0 shows minimum bond bending or bond angle distortion,
and 1 shows minimum bond stretching.47 The Kleinman parameter
is given by the following mathematical expression:

z ¼ C11 þ 8C12
7C11 � 2C12

(9)

The computed values of the Kleinman parameters for PrAu,
NdAu, GdAu, HoAu, ErAu, YbAu, TmAu, YbAu, and LuAu lie between
0.5 and 0.9 and hence bond bending is dominated in these com-
pounds. The very small value for HoAu shows the dominated bond
stretching.

One more mechanical property that controls the isotropic na-
ture of a material is called Lame's constants (l, m). Any material is
isotropic when l ¼ C12 and m ¼ C0. Lame's constants can be calcu-
lated by using the following equations,



Table 3
Calculated values of density (r), sound velocity of transverse, longitudinal and
average sound velocity (ns, nl and nm), and Debye temperature (q(D)) of Ln-Au
compounds.

Comp. r (g/cm3) nl (m/s) ns (m/s) nm (m/s) q(D) (K)

CeAu 11.049 2953.41 1340.91 1511.74 121.65
PrAu 11.258 2812.53 1325.47 1491.70 120.70
NdAu 11.566 2716.25 1412.51 1580.71 128.63
GdAu 12.596 2601.77 1229.00 1382.97 114.35
TbAu 12.924 2502.85 1318.53 1474.26 122.76
DyAu 13.286 2520.86 1271.74 1425.90 119.43
HoAu 13.536 2618.54 1246.74 1402.37 117.92
ErAu 13.691 2536.96 1375.61 1534.93 129.29
TmAu 13.930 2643.85 1322.92 1484.00 125.53
YbAu 13.346 2513.43 1397.09 1555.95 129.27
LuAu 14.455 2504.73 1503.70 1663.36 141.67
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l ¼ Yn
ð1þ nÞð1� 2nÞ and m ¼ Y

2ð1þ nÞ (10)

The equation shows that higher value of Young's modulus cor-
responds to the larger values of Lame's coefficients. The calculated
values of the Lame's coefficients for Ln-Au compounds are given in
Table 2. It is clear from the table that only NdAu and DyAu are
isotropic in nature which is consistent with our previous results.
Shear modulus (C0) also known as tetragonal shear modulus that
describes the dynamical stability of a compounds can be calculated
as:

C0 ¼ 1
2
ðC11 � C12Þ (11)

The criterion for dynamical stability of a compound needs C0 > 0,
while the negative value of C0 indicates the instabilities of a com-
pound with respect to the tetragonal distortion as reported in
experimental work.63 The calculated values for the shear constants
of Ln-Au compounds are listed in Table 2. The positive values
(C0 > 0) of the Ln-Au compounds predict that these are mechani-
cally stable materials.
3.3. Thermodynamic properties

Debye temperature is an important parameter, related to many
physical properties such as specific heat, elastic constants and
melting point. It also corresponds to the lattice vibrations in a
crystal. Debye temperature is directly proportional to average
sound velocity and can be calculated by using the following
relationship.64

FðDÞ ¼ h
kB

�
3n
4p

�
NAr

M

��1
3

nm (12)

where h is plank constant, kB Boltzmann constant, NA Avogadro's
number, M the molecular weight, nm the average sound velocity, n
the number of atoms in the molecule and r the theoretical density
which can be calculated as

r ¼ n�M
nc � NA

(13)

where n is the number of atoms per formula unit. For CsCl crystal
structure, n ¼ 1, M is the molecular mass of the compound, nc the
unit cell volume and NA the Avogadro's number.

The average sound velocity, nm can be obtained as33:

nm ¼ 1
3

"
2
ns3

þ 1
n13

#�1
3

(14)

where nl and ns are the longitudinal and transverse sound
velocities, which can be obtained using the shear modulus G and
the Bulk modulus B0 from Navier's equations44:

nl ¼
"
Bþ 4 G

3
r

#1
2

and ns ¼
�
G
r

�1
2

(15)

The calculated values of sound velocity, for longitudinal and
shear waves (nl and ns), and average sound velocity (nm) and Debye
temperature for Ln-Au compounds are presented in Table 3. As all
these materials are anisotropic, the sound velocities in these ma-
terials strongly depend on the direction of propagation. It is clear
from Table 3 that the LuAu exhibits higher value of Debye
temperature than the remaining compounds, hence LuAu is more
stiffer than other compounds, confirming the results of Young's
modulus (LuAu, Y ¼ 91.824). The lower and higher values of sound
velocities and Debye temperature are the consequences of higher
and lower elastic moduli.

4. Conclusions

In conclusion, we investigated structural, elastic andmechanical
properties of Ln-Au (R¼ Ce, Pr, Nd, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu)
intermetallics computationally with PBEsol and PBE exchange
correlation potentials within the framework of density functional
theory. It is deduced that these compounds are strongly correlated,
because lattice constant calculated with Hubbard U are more ac-
curate than calculated with other potentials. They are elastically
stable, because they obey Born stability criteria. These compounds
are hard and their melting points are very high which can be
inferred from their high bulk and shear's moduli. The values of
Young's moduli of these compounds indicate their intermediate
stiffness, however, the positive values of their Cauchy pressure
reveal that the bonding nature is predominantly metallic/ionic.
Furthermore, the large values of the B0/G ratio of these compounds
show their ductile nature and the most ductile is CeAu with the
highest B0/G value of 2.82. The Poisson's ratio demonstrates that
these compounds are less compressible and the deviation from
unity of the isotropic ratio reveals that they are anisotropic except
DyAu and NdAu. Furthermore, the internal strain parameter con-
firms bond bending for all the compounds except HoAu which
shows bond stretching. These promising mechanical properties
verify that these high temperature structural materials can be
efficiently used in automobiles, aviation, and aerospace
applications.
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