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Density functional theory analyses of electronic structure together with thermodynamic properties were performed for the two promising
ternary rare earth gold compounds (viz. LaAuCd and La,Au,Cd). We have applied the state-of-the-art full potential linear augmented
plane wave plus local orbital (FP-LAPW + lo) method. Exchange and correlation potential were introduced within the framework of the
generalized gradient approximation (GGA). Careful analysis of valance charge density distribution shows ionic character whereas electron
dispersion curves indicate that both the compounds possess metallic character. This metallic character in both the compounds is caused by

Debye temperature, specific heat, thermal expansion coefficient and entropy have been investigated in wide temperature and pressure
range. The calculated lattice parameters are in good agreement with available experimental/theoretical literature values. Thermodynamic

INTRODUCTION

Material chemistry has always been a growing field in
the modern research. For the development of new materials,
not only the experimental characterization but also theoretical
calculations play an important role. Such methods have been
found to predict good values of the properties, which have
been confirmed experimentally. Density functional theory
(DFT) is one such theoretical approach, which provides an
appropriate mathematical framework for determining the
ground state properties of the crystalline material systems.

A class of compounds that has attracted a great deal of
attention in recent years is known as ternary rare earth transition
metal compounds. There are large numbers of ternary rare earth
transition metal compounds with 1:1:1 and 2:2:1 stoichiometry
viz. LnAuCd and Ln,Au,Cd (Ln = lanthanides) [1]. In the
literature, only structural information [2,3] is available about
LnAuCd and Ln,Au,Cd compounds. In these compounds,
f-orbital electrons of lanthanide and d-orbital electrons of
Au and Cd play an important role in the electronic bonding
characterization. Therefore, a special focus has been made
on two compounds LaAuCd and La,Au,Cd of LnAuCd and
RE,Au,Cd series to study the band structure along with the
total and partial density of states to know the origin of chemical
bonding. From literature’s point of view, the new intermetallic

bonding of La-p, Au-p and Cd-p orbitals in terms of hybridization at Fermi level. Effects of temperature and pressure on bulk modulus, |
properties of LaAuCd and La,Au,Cd have been estimated for the first time and explained on the basic facts. I

Keywords: Intermetallics, Electronic structure, Thermodynamic properties.

lanthanide compounds LaAuCd and La,Au,Cd were prepared
by reaction of the elements in sealed tantalum tubes in a high
frequency furnace by Mishra et al. [2]. The compounds were
investigated by X-ray diffraction in both the powder and single
crystal form. Mishra et al. [2] measured the susceptibility of
many similar type compounds and found that YbAuCd consists
of Pauli’s paramagnetism while EuAuCd consists of Curie
Weiss behaviour above 100 K with experimental magnetic
moment 7.86 us/Eu. The equiatomic compound LaAuCd adopts
the hexagonal ZrNiAl type structure with space group P-62m,
which is a ternary version of Fe,P type structure [4,5] and
La,Au,Cd compound crystallize with the Mo,B,Fe structure
which is a ternary version of U;Si, type structure [6-8].

COMPUTATIONAL METHODS

The structural properties have been performed by structure
optimization method. The electronic structure and chemical
bonding calculations were performed in terms of 2-dimensinal
contour plots, band structure and density of state histograms
within DFT using an accurate full potential linearize augmented
plane-wave plus local orbital method (FP-LAPW + 1o0) having
generalized gradient approximations (GGA) as implemented
in WIEN2k package [9-11]. In this method the space is divided
into non-overlapping muffin-tin (MT) spheres separated by
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interstitial region. The basis functions are expanded into sphe-
rical harmonic functions inside the muffin-tin sphere and the
Fourier series in the interstitial region. The k and E convergences
were checked by increasing the number of k points and energy
convergences criteria. The cutoff energy which defines the
separation of valence and core states was chosen as -6.0 Ry.
In the irreducible part of the Brillouin zone, 15 x 15 x 15 k
points were used to calculate the total and partial density of
states. The self consistent calculations were considered to be
converged until the integrated charge difference between the
last two iterations was less than 0.0001 ec. The Muffin Tin
sphere radii (RMT) for each atom of LaAuCd and La,Au,Cd
are taken as 2.5 for each atom. The Fermi energies for LaAuCd
and La,Au,Cd are found to be 0.4557 eV and 0.5203 eV,
respectively.

Quasi-harmonic Debye model as implemented in Gibbs
package [12] was used to calculate the thermodynamical beha-
viour of LaAuCd and La,Au,Cd. In quasi-harmonic Debye
model the non equilibrium Gibbs function G* (V; P, T) is in
the form of

G*(V;P,T)=E (V) +PV + Ay (8 (V):T) ey
here E (V) is total energy per unit cell of LaAuCd and
La,Au,Cd, PV denotes the constant hydrostatic pressure, 0
(V) is the Debye temperature and A.; is the vibration term

which can be expressed using Debye model of the phonon
density of states as [12]:

96 -0/T 0
A, (0,T)= nkT{ﬁ+ 3In(1-e ") D[ﬂ} ?)

here, n is the number of atoms per formula unit, D(6/T) is the
Debye integral. For an isotropic solid, 6 can be expressed as

[12]:
0, = %[6nV1’2n]“3f(0)\/% 3)

here, M is the molecular weight per unit cell and B; is the
adiabatic bulk modulus, which is nearly equal to the static
compressibility given by

B _ d’E(V)
B,=B(V)=V=3 @)
And f (o) is given by
~ 2(+0) Y (140 V2|
- 3{2[3<1—20>J +(3<1—c>] ®

The non-equilibrium Gibbs functions as a function of (V;
P, T) is minimized with respect to volume V:

[BG*(V;P,T)J 0

v (6)

By solving the above equation with respect to volume V,
one can obtain the thermal equation of state (EOS) V (P, T).
The specific heat at constant volume and pressure (Cy, C,) and
thermal expansion coefficient o by using the expressions [12]:

0 30/T
S=nk| 4D 9 -3Ine”" -1) 8
T ®)
vC,
o=—"
B,V ©)
C,=C (d+oyT) (10)
here y represents the Griineisen parameter, expressed as
Y__dlnG(V) an
dlnV
RESULTS AND DISCUSSION

Structural properties: The unit cell structure of LaAuCd
and La,Au,Cd are illustrated in the Fig. 1(a) and 1(b), respec-
tively. The structural parameters viz. lattice parameters, bulk
modulus and its first order pressure derivative have been esti-

Fig. 1. (Colour online) unit cell structure of (a) LaAuCd and (b) La,Au,Cd using VESTA package
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mated through fitting the total energy data with the Murnaghan
equation of state [13] given by:

VO VO BU’
W) |

where, Eq and V are the energy and volume at equilibrium. B,
and By’ are the equilibrium bulk modulus and its first order
pressure derivative.

The calculated lattice parameters (ao, o), bulk modulus
(Bo) and its first order pressure derivative (By') are shown in
Table-1. Calculated values of lattice parameters show good
agreement with experimental values [2]. Bulk modulus (Bo)
is a material property indicating the degree of resistance of a
material to compression. Larger the bulk modulus, greater is
the degree of resistance. It can be observed from Table-1 that
Braauca < Brazawcd, Which indicates that degree of resistance of
La,Au,Cd is larger than LaAuCd.

B,V
=E0(V)+ . 0 ,()
B, (B, -1

E

total

TABLE-1
LATTICE PARAMETERS, a, ¢, (A), BULK MODULUS,
B, (GPa) AND PRESSURE DERIVATIVE OF BULK
MODULUS, B, (GPa) IN EQUILIBRIUM CONDITION
FOR LaAuCd AND La,Au,Cd USING PBE-GGA

LaAuCd La,Au,Cd

ag, Co 7.81, 421 8.01,4.15

Expt. [3] 7.86, 4.15 8.09, 4.00
B, 54.50 81.00
B, 4.95 6.00
\A 1521 1830

The stability of the material is described by equilibrium
energy (Eo) versus volume (Vo) curves which are illustrated in
Fig. 2(a) and 2(b) for LaAuCd and La,Au,Cd. It is clear from
these figures that both the compounds are stable with
equilibrium energy values (E,) -160753.95 eV and -242749.10
eV at the equilibrium volume (Vy) 1516.14 a.u.* and 1819.42
a.u.” for LaAuCd and La,Au,Cd, respectively. Itis evident that
equilibrium energy of LaAuCd is larger than La,Au,Cd while
volume of LaAuCd is smaller than La,Au,Cd. This indicates
that the stability of La,Au,Cd is larger than LaAuCd molecules.
This is due to larger weight of La,Au,Cd than LaAuCd because
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LaAuCd
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-160753.91

-160753.92 1

-160753.93 1

Energy (Ry)

-160753.94

-160753.95

T
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Volume (a.u.a)
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as molecular weight increases, the molecule needs smaller
volume to vibrate in the unit cell to occupy equilibrium state.
The equilibrium energy decreases and equilibrium unit cell
volume increases [14].

Electronic bonding characteristics: In order to investi-
gate the nature of chemical bonding in LaAuCd and La,Au,Cd,
total valance charge density distribution (contour plots) has
been shown in Fig. 3(a) and 3(b), respectively. The charge
density distribution depict that there is no bonding charge to
link La, Au or Cd atoms in the interstitial region and charge
density distribution is spherically symmetric around each atom,
indicates ionic character of both the compounds.

To know more about bonding properties, electron dis-
persion curves and total partial density of states of LaAuCd
and La,Au,Cd have been plotted. The calculated electron dis-
persion curves along high symmetry directions R, I', X and M
in the irreducible part of Brillouin zone for LaAuCd and
La,Au,Cd were shown in the Fig. 4(a) and 4(b), respectively.
These figures indicate that most of the valence bands lie from
-8.00 eV to0 0.0 eV below the Fermi level (where Fermi level,
Er is considered at origin). Fig. 4(a) and 4(b) depict that the
bands at-5.0 eV are denser in case of La,Au,Cd than LaAuCd.
These bands are denser mainly due to hybridization of La-p
and Au-d orbitals [(Fig. 5(a-h) for LaAuCd and Fig. 6(a-h)
for La,Au,Cd of DOS]. Furthermore, electron dispersion
histograms of LaAuCd and La,Au,Cd confirm no band gap as
valance bands and conduction bands are overlapping at the
Fermi level, indicating LaAuCd and La,Au,Cd have metallic
character. This metallic character in both the compounds is
caused by bonding of p orbitals of La, Au and Cd [(Fig. 5(c,e,g)
for LaAuCd and 6(c, e, g) for La,Au,Cd of DOS].

Now, total density of states (TDOS) and partial density of
states (PDOS) plots have been shown in Fig. 5(a-h) for LaAuCd
and 6(a-h) for La,Au,Cd, respectively. In case of LaAuCd,
Fig. 5(a) depicts that there are mainly two peaks below the
Fermi level at around -8.0 eV and -5.0 eV. The peak at around
-8.0 eV is mainly due to Cd-d orbitals with small contribution
of La-p orbitals [Fig. 5(c,h)]. The sharp peak at around -5.0
eV is caused by mainly Au-d orbitals with small contribution
of La-p and Au-s orbitals with small contribution of Au-s
orbitals. The orbitals at the Fermi level are due to hybridization
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-242749.02}
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Fig. 2. (Colour online) total energy versus volume curve for (a) LaAuCd and (b) La,Au,Cd with PBE-GGA approximation
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Fig. 4. (Colour online) electron dispersion curves along high symmetry directions in the Brillouin zone for (a) LaAuCd and (b) La,Au,Cd

with PBE-GGA approximation

of La-p, Au-p and Cd-p orbitals [Fig. 5(c,e,g)]. A sharp peak
of density of state (DOS) is also existed above the Fermi level
at around 2.0 eV. These are empty states and available for the
conduction. These orbitals are mainly contributed by local La-f

orbitals [Fig. 5(b,d)]. Almost, all features of TDOS and PDOS
for La,Au,Cd are found to similar except that intensity of
TDOS of each peak of La,Au,Cd is larger than LaAuCd. Fig.
6(a-h) can be discussed in similar fashion to LaAuCd.
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Fig. 5. (Colour online) Calculated total density of states for (a) LaAuCd, (b) La, Au and Cd. Partial density of states for (c) La-s and La-p (d)
La-d, La-f (e) Au-s, Au-p; (f) Au-d, Au-f and (g) Cd-s,Cd-p and (h) Cd-d, Cd-f orbitals with PBE-GGA approximation
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Fig. 6. (Colour online) calculated total density of states for (a) La,Au,Cd, (b) La, Au and Cd. Partial density of states for (c) La-s and La-p (d)
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Thermodynamic properties: Quasi-harmonic Debye
model [12] has been successfully used to calculate the tempe-
rature and pressure dependent thermodynamic properties of
LaAuCd and La,Au,Cd. The effect of temperature has been
studied in a wide temperature range 0-300 K for both the com-
pounds whereas effect of pressure has been studied in pressure
range 0-40 GPa for LaAuCd and 0-180 GPa for La,Au,Cd.
Temperature and pressure dependent variations in volume (V),
bulk modulus (B), Debye temperature (6p), Specific heat (Cv),
thermal expansion coefficient (o) and entropy (S) for LaAuCd
and La,Au,Cd are depicted in Fig. 7-12. Fig. 7(a) and 7(b)
demonstrate the temperature dependent variation in V and Fig.
7(c) and 7(d) demonstrate the pressure dependent variation in
V at different temperature for LaAuCd and La,Au,Cd, respec-
tively. Furthermore, these figures indicate that unit cell volume
(V) increases with temperature while it decreases with pressure.
Unit cell volume increases with temperature due to the expan-
sion of dimensions of unit cell with temperature and decreases
with pressure as dimensions of unit cell are compressed with
increasing the pressure.

Fig. 8(a) and 8(b) display the variation in bulk modulus
(B) with temperature while Fig. 8(c) and 8(d) display the
variation in B with pressure for LaAuCd and La,Au,Cd, respec-
tively. Value of B provides an idea about the degree of resis-
tance of LaAuCd and La,Au,Cd material. Fig. 8(a,b,c,d) exhibit

that B decreases with the temperature whereas increases with
pressure with linear trend at each temperature. This decrease
in bulk modulus with the temperature and increase with pressure
is caused by change in unit cell volume with temperature and
pressure (which increases with increasing the temperature
while decreases with increasing the pressure), signify that both
the compounds become softer with increasing the temperature
whereas become harder with increasing the pressure [15-17].
Furthermore, bulk modulus is directly related to its valance
electron density. High value of bulk modulus implies larger
valance electron density. In our case, Braauca < Brazawca This
implies that La,Au,Cd has greater valance electron density
than LaAuCd [16].

The Debye temperature, Op is the temperature of a crystal’s
highest normal mode of vibration, i.e. the highest temperature
that can be achieved due to a single normal vibration [18].
Fig. 9(a,b,c,d), depict the variation of Debye temperature (6p)
with temperature and pressure. It is clear that Op decreases at
slow rate with temperature while increases at faster rate with
pressure for both the compounds. The slow variation in 6p
with temperature reflects small impact of temperature on 6p
but high impact of pressure on 6p. The slow variation of 6p
with temperature also reflects the fact that thermal vibration
frequency of the atoms in LaAuCd and La,Au,Cd changes
slowly with the temperature while changes at faster rate with
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Fig. 7. Temperature induced variation in volume, V for (a) LaAuCd (b) La;,Au,Cd and pressure induced variation in volume, V for (d)

LaAuCd (e) La,Au,Cd
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pressure. Furthermore, it can be observed from Table-2 that
Op of La,Au,Cd is larger than LaAuCd, reflecting that thermal
vibrational frequency of La,Au,Cd is larger than LaAuCd.

TABLE-2
CALCULATED FERMI ENERGY E;(eV) AT 0 K AND
DEBYE TEMPERATURE 6, (K) GRUNEISEN PARAMETER, v,
THERMAL EXPANSION COEFFICIENT, o (10*/K), SPECIFIC
HEAT C, (J/mol K) AND ENTHALPY, S (J/molK) AT 298 K
FOR LaAuCd AND La,Au,Cd USING PBE-GGA

LaAuCd La,Au,Cd
E; 0.45 0.52
6p 206 226
Y 1.87 4.10
o 5.20 8.50
C, 192 242
S 345 401

The temperature and pressure dependent behaviour of
the calculated heat capacity at constant volume (Cy) is shown
in Fig. 10(a,b,c,d), respectively. These figures show that Cy
increases rapidly with the temperature upto T = 200 K for
both the compounds (follows Debye T® law) and at tempera-
ture, T > 200, C, approaches to a constant value (Dulong-Petit
limit), indicating, temperature has high impact in temperature
range 0 < T< 200 and small impact in temperature range, T >

200. Fig. 10(c,d) indicate that pressure has opposite influence
on the heat capacity and the effect of temperature on the heat
capacity is more significant than that of pressure [19-21].

Fig. 11(a,b,c,d) show the variation of thermal expansion
coefficient, o as a function of temperature and pressure. Fig.
11(a,b) show that the thermal expansion coefficient increases
rapidly especially in the temperature range 0 < T < 200K, whereas
it gradually tends to increase at slow rate in higher temperature
range 200 < T <300 K. Fig. 11(c,d) show that o decreases with
pressure at slow rate for LaAuCd whereas o decreases at faster
rate within the pressure range 0-20 GPa and then decreases at
slow rate in case of La,Au,Cd, reflecting small impact of pressure
on o for LaAuCd and high impact for La,Au,Cd [22].

Entropy is the measure of how much the energy of atoms
and molecules become more spread out in a process. The variation
of entropy, S in same temperature and pressure range for both
the compounds has been shown in 12(a,b,c,d). Figs. 12(a,b)
showed that at 0 K, the entropy is zero for both the compounds
and entropy increase rapidly as temperature increases. This
increase in entropy with temperature is due to the increase of
the vibrational motions of the atoms with temperature leading
to the increase in the internal energy of the system. From Fig.
12(c, d), it is observed that entropy decreases slowly with pre-
ssure. This is due to the fact that as pressure increases, the
volume of unit cell decreases, results smaller space for energies
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of the particles. So they are less spread out and hence entropy
decreases [23].

Conclusion

Full potential linearized potential augmented plane wave
plus local orbital method along with generalized gradient appro-
ximation (GGA) has been applied to calculate the electronic
structure and bonding properties whereas quasiharmonic Debye
model has been used to study the thermodynamic properties
of LaAuCd and La,Au,Cd. Our calculated values of structural
parameters are in good agreement with experimental/theoretical
values. These lanthanum gold compounds possess the ionic
metallic character. The band structure and density of states
histograms show metallic character of both the compounds.
Total density of states plots show that “La-p” and “Cd-d” orbital
electrons have dominant character below the Fermi level
whereas La-f orbitals are empty above the Fermi level for the
conduction.

The bulk modulus, B decreases with increasing the tempe-
rature but increases with increasing the pressure, indicating
degree of resistance of these compounds decreases with increasing
the temperature but increases with increasing the pressure. The
temperature has small impact on B, Op but high impact on Cv,
o and S in temperature range 0 < T < 300 K. The pressure has
high impact on B, 6p, but small impact on Cy, ¢ and S.
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