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a b s t r a c t

In this paper, we investigated electronic, optic, elastic, dynamic and thermodynamic properties of RbAu
compound by density functional theory within the generalized gradient approximation. The calculated
static value of real part of dielectric constant is 6.7. The calculated electronic band structure of RbAu
shows that RbAu is a semiconductor with an indirect band gap of 0.36 eV. Besides, RbAu obeys me-
chanical stability and it demonstrates elastic anisotropy. 540K is classical limit for specific heat of RbAu.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Molecules and solids containing intermetallic bonds of the late
transition metals have been studied by numerous scientists
including chemists, physicists and engineers for more than half a
century. A group of these compounds includes alkali (Li, Na, K, Rb,
Cs) and noble metals (Cu, Ag, and Au). Due to the potential use of
gold compounds in the field of microelectronics, catalysis, medical,
biology, nanostructure materials and optic, intermetallic com-
pounds including gold are widely investigated [1]. Gold is of in-
terest because it is the only metal forming a simple isolable
monoatomic anion. Due to the electronic configuration of gold, its
compounds are relatively stable [2]. After discovery of the CsAu and
RbAu, the nature of intermetallic bonds between alkali metals and
gold was subject to various experimental and theoretical studies
[3e13].

Norris and Wallden performed the photoemission spectra
measurement onMAu (M¼ Cs, Rb) and they concluded that RbAu is
metallic [3]. Belpassi et al. studied and calculated the spectroscopic
constants such as dissociation energy, harmonic and an harmonic
vibrational frequencies and dipole moments for all alkali auride
series [4]. Koenig et al. performed the relativistic band-structure
calculation of alkali-metal gold compounds [5]. Liu investigated
bin).
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electronic and optic properties of RbAu and CsAu compounds using
some well-known formulas from optics [6]. Grosch and Range
calculated the structural properties of MAu alloys (M ¼ Li, Na, K, Cs,
Rb) and examined the electronic valance charge densities of these
compounds [7]. Yu et al. used first principle method based on the
density function theory (DFT) to calculate the structural and elastic
properties of RbAu [8]. Tinelli and Holcomb performed NMR and X-
Raymeasurement of RbAu and CsAu and investigated the structural
properties of these compounds [9]. Overhof et al. obtained the
photoemission data of polycrystalline RbAu and CsAu [10]. Huang
and Liu presented the electronic energy bands of MAu (M ¼ Cs, Rb,
Li) [11].

Some works dealt with more complex structure of alkali auride
series. Hu et al. investigated AunRb for different n values and
analyzed the geometric structure, growth pattern behavior and
electronic properties [12]. Klepp and Weithaler determined the
crystal structure of RbAu3Se2 and found out its characteristic
properties [13]. Meloni and Baldercschi used the self-consistent
local density pseudo potential method to calculate the energy
band structures of RbAu and KAu. Moreover, they also investigated
KxRb1-xAu within the virtual crystal approximation [14].

Based on our best knowledge, a comprehensive study on the
physical properties of RbAu has not been carried out yet. Therefore,
in this paper, we have performed the first-principle calculations to
investigate the physical properties of RbAu compound to see
whether it is a semiconductor or not.
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

https://core.ac.uk/display/82245103?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by-nc-nd/3.0/
mailto:murataycibin@yyu.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cocom.2014.10.004&domain=pdf
www.sciencedirect.com/science/journal/23522143
http://ees.elsevier.com/cocom/default.asp
http://dx.doi.org/10.1016/j.cocom.2014.10.004
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://dx.doi.org/10.1016/j.cocom.2014.10.004
http://dx.doi.org/10.1016/j.cocom.2014.10.004


Fig. 1. Dependence of total energy on unit cell volume for cubic RbAu.

Fig. 2. Pressure versus volume for RbAu.
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2. Computational methods

The physical properties of RbAu have been investigated using
both ABINIT [15] and WIEN2K codes [16]. The full potential line-
arized augmented plane-wave (FP-LAPW) method [17] with Per-
deweBurkeeEnzerhof (PBE) [18] generalized gradient
approximation (GGA) functional is used to solve KohneSham
equations.While ABINIT packagewas used to calculate the dynamic
and thermodynamic properties, WIEN2K package was used to
obtain the structural, electronic and optic properties of RbAu
compound. 286k points were used in the first Brilliouin zone (BZ)
for the structural, electronic and optic properties. For the dynamic
and thermodynamic calculations, energy cutoff was taken 30 Har-
tree for good convergence, after careful optimization, 56 K points
used to construct a 12 � 12 � 12 MonkhorstePack mesh grid
(MPMG) [19]. In the calculations, the 5s1 and 4f145d106s1 electrons
were considered as the true valence for Rb and Au atoms,
respectively.
3. Structural properties

The RbAu has a simple cubic structure with 2 atoms per unit cell
and crystallizes in the CsCl-type structure [20] with space group
Pm-3m. The calculations have been performed by considering Rb
atom is centered at (0, 0, 0) and Au atom is located at (0.5, 0.5, 0.5)
in the reduced coordinates. The volume of unit cell is optimized
using WIEN2K code. The total energy of RbAu compound has been
calculated as a function of the unit cell volume and fitted to the
BircheMurnaghan equation of state [21] in Fig. 1. This is used to
determine ground state properties such as equilibrium lattice
constant, unit cell volume, bulk modulus and the pressure deriva-
tive of the bulk modulus. The obtained results are given in Table 1.

Calculated lattice constant a0, Bulk modulus B0 (in GPa) and its
pressure derivative B

0
0 (in GPa) for RbAu comparing with available

experimental result.
In Fig. 1, it is seen that the minimum value of

energy, �44,058.81 eV, corresponds to the ground state volume
Table 1
Calculated lattice constant a0, Bulk modulus B0 (in GPa) and its pressure derivative
B

0
0 (in GPa) for RbAu comparing with available experimental result.

Parameter a0 (in Å) B0 B
0

RbAu 4.17 16.75 8.246
4.10a

a See [20].
with value of 490.18 (a.u)3. Therefore, the calculated lattice con-
stant for RbAu is found 4.17 Å. Meanwhile, the experimental value
of lattice constant is 4.10 Å [20]. If we compare theoretical lattice
constant with experimental one, experimental lattice constant is
shorter as a result of GGA-type functions. The pressure versus
volume is given in Fig. 2. It can be extracted from the figure that
zero pressure value corresponds to minimum volume value, about
490 (a.u)3, where minimum total energy is obtained. In other
words, total net force acting on atoms equals to zero at minimum
total energy.

4. Electronic properties

The band structure of RbAu has been studied both theoretically
and experimentally using various techniques [3e6,9e11]. Accord-
ing to these works, RbAu was classified either metal [3,9] or
narrow-band semiconductor [4,5,14]. In the present work, the
calculated band structure for RbAu is given in Fig. 3 where Fermi
energy level was set to origin and shown with dashed line. Top of
valence band is located at the high symmetry point R while the
bottom of conduction band is located between the high symmetry
points G and X in the BZ, therefore, RbAu has an indirect band gap
Fig. 3. Calculated electronic band structure of RbAu.



Fig. 5. Real (ε1) and imaginary (ε2) parts of dielectric constant for cubic RbAu.
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with value of 0.34 eV. The calculated band structure is in good
agreement with previous works [5,10].

Density of state (DOS) for RbAu is calculated and given in Fig. 4.
One can see that main contribution to the top valence band comes
from Au atoms and Rb atommainly contributes to the deep valence
band. However, contribution of 6s1 state of Au atom and Rb atom to
the top valence band is negligible.

5. Optic properties

Since RbAu has cubic symmetry, it is only needed to calculate
one dielectric component. 0e40 eV photon energy range is suffi-
cient to calculate optic response of RbAu. The calculated real and
imaginary parts of dielectric constant are given in Fig. 5. As seen in
Fig. 5, the static values of real part of dielectric constant, ε1 (0), is 6.7
which is different from the value of real part of dielectric constant
given in a previous work [6]. There is no absorption till 0.34 eV.
After this point, optic transitions from valance band to conduction
band can be observed. In addition, ε1 (u) becomes zero at some
certain energy values and then decrease to minimum values below
the zero energy level at 3.75, 8.15 and 21.62 eV. The negative values
of ε1 (u) means that in this regions, the incident electromagnetic
waves are entirely reflected. After the third negative values of real
part of dielectric constant, ε1 (u) gets closer to zero values, which
means there is no transition between states (over 23 eV).

According to a previous work [6], the imaginary part of dielectric
function has a maximum at 2.37 eV photon energy value, but our
calculations display a maximum peak at 3.28 eV photon energy
value corresponding strong optic transitions.

Fig. 6 shows results for reflectivity R, refractive index n,
extinction coefficient k and energy loss function L. The function L
for volume shown in Fig. 6d describes the energy loss of a fast
electron traversing the material. As shown in the figure, sharp
peaks are associated with plasma oscillations corresponding to the
photon energy values, where the real part of dielectric constant
becomes zero. These peak values are 9.08, 24.34, 29.53 and
33.26 eV.

6. Elastic constant

To obtain elastic constants of this compound, we used the
method developed by Morteza Jamal integrated in WIEN2K code
[22]. Due to cubic structure, only three independent elastic
Fig. 4. Calculated total and partial DOSs for RbAu.
constants, namely C11, C12 , and C44; are required to completely
account for elastic properties. We calculated young module, shear
modulus, bulk modulus, and poisson's coefficients with three
different approximations that are Voight, Reuss and Hill using the
mentioned method [23]. Besides, anisotropy ratio (A) and
compressibility were calculated with these three elastic constants.
All of the calculated quantities at 0 GPa are given in Table 2. Un-
fortunately, there is currently no experimental data for elastic
constants of this compound to compare.

Calculated single crystal elastic constants (Cij in GPa), Bulk
modulus (B0 in GPa), anisotropy factor (A), compressibility (b in
GPa�1), Young Modulus (E) and Shear Modulus (G) obtained for
RbAu.

Bulk modulus was calculated both using total energy-volume
data in Table 1 and Jamal methods in Table 2. Comparing these
two results, we concluded that the measurement of the predicted
result is reliable.

The anisotropy factor (A) was calculated in order to provide
insight on the elastic anisotropy of these materials. The values
shown in Table 2 are clearly less than a value of one that indicates
complete isotropy. The anisotropy value of this compound is 0.796,
which suggest that RbAu compound exhibits elastic anisotropy.

Analyzing these three elastic constants, we saw that the elastic
constants of RbAu crystal obey the mechanical stability criteria of
the cubic structure [24,25] namely,

C11 � C12 >0; C11 >0; C44 >0 and C11 þ 2C12 >0

This confirms that RbAu compound is mechanically stable
which implies that the strain energy must be positive. Moreover,
the values of C11 is far larger than C12 and C44 which indicates some
significant resistance to pure shear deformations by the com-
pounds [24].
7. Thermodynamical and dynamical properties

RbAu crystal has 2 atoms per unit cell. Rb atom is located at (0, 0,
0) and Au atom is at (0.5, 0.5, 0.5). Ab initio calculation of the
phonon band structure was explained in details [15,26]. For two
atoms per unit cell, we have six phonon branches, three of them are
acoustic modes and the remaining are optic modes. The calculated
phonon dispersion curves along G-X-M-G-R-X-M-R directions are
displayed in Fig. 7, where there is a gap between the optic and
acoustic modes. Some of the branches are degenerate along more



Fig. 6. Optical constants for RbAu.

Table 2
Calculated single crystal elastic constants (Cij in GPa), Bulk modulus ( B0 in GPa),
anisotropy factor (A), compressibility (b in GPa�1), Young Modulus (E) and Shear
Modulus (G) obtained for RbAu.

Parameter C11 C12 C44 B0
a

(GPa)
Ea

(GPa)
Ga

(GPa)
P A b

RbAu 25.52 9.55 6.36 0.796 0.067
VOIGHT 14.87 7.01 18.17 0.296
REUSS 14.87 6.92 17.98 0.298
HILL 14.87 6.97 18.08 0.297

a See ref [4].
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symmetrical directions inside the BZ of RbAu crystal. The direction
D, which is from G to X, Lwhich is from G to R, and T which is from
M to R are more symmetrical than the other symmetry directions.
At these more symmetrical directions, transverse optical (TO) and
acoustical (TA) modes are degenerate. When symmetry is broken
along the other directions, degeneracy disappears in these modes.
One can see from Fig. 7 that the acoustic phonon dispersion curves
are linear function of k for small k values at around G high sym-
metry point. The values of calculated frequency of TO and longi-
tudinal optical (LO) are 23.47 and 28.14 THz at the center of BZ,
respectively. Moreover, TO has degeneracy at the center of BZ. We
are not able to compare our dynamic datawith any experimental or
theoretical work due to lack of both in literature.

A factor group analysis of phonon modes at the zone center
based on the group theory has been carried out using the Bilbao
Crystallographic Server [27] for RbAu crystal structures with space
group number 221. Acoustic and optic modes have T1u symmetry.
Optically active modes are in infrared region (IR) and there is no
Raman active mode.

The obtained frequency values of the modes are 12.67 THz (LA),
13.10 THz (TA), 19.10 THz (TO) and 30.32 THz (LO) at the X high
symmetry point, while 5.73 THz (LA),12.70 THz (TA),18.70 THz (TO)
and 26.03 THz (LO) at the M high symmetry point. As seen from
Fig. 7, LA modes intersect with one of TAmodes four times at points
of k¼ 2p/a (0.333, 0.333, 0), k¼ 2p/a (0.333, 0.333, 0.333), k¼ 2p/a
(0.1, 0.5, 0.1) and k ¼ 2p/a (0.1167, 0.5, 0). Moreover, LO modes
intersect with one of TO modes 3 times at points of k ¼ 2p/a (0.25,
0.25, 0), k ¼ 2p/a (0.02, 0.02, 0.02) and k ¼ 2p/a (0.3, 0.3, 0.3).
Various thermodynamic properties of a solid can be extracted
from calculated phonon DOS. The entropy (S), constant-volume
specific heat (Cv), the phonon contributions to Helmholtz free en-
ergy (F), and internal energy (E) as a function of temperature for
RbAu are given in Fig. 8. The contribution of phonon to the internal
and free energies is calculated and it is seen from the figure that the
contributions of lattice do not vanish at zero temperature. The
contribution of phonon to internal energy ðDE0), and free energy
ðDF0Þ, are the same, that is, 0.95 J/mole at absolute zero tempera-
ture (see Fig. 8c and d). That means zero-point oscillations manifest
themselves. The temperature dependent entropy is also calculated
from phonon band structure calculations. One can see in Fig. 8a
entropy curves as a function of the temperature. Finally, constant-
volume specific heat for RbAu is given in Fig. 8b, in which the
specific heat (CV) approaches to its classical limit value at 540 K.



Fig. 7. Phonon dispersion curves and phonon density of states for RbAu.

Fig. 8. (a) The entropy as a function of temperature, and (b) constantevolume specific heat as a function of temperature, (c) Phonon contribution to the free energy as a function of
temperature, (d) Phonon contribution to the internal energy as a function of temperature for RbAu.
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8. Conclusion

In this paper, we have investigated electronic, optic, dynamic
and thermodynamic properties of RbAu using WIEN2K and ABINIT
codes. GGA was used for exchange and correlation effects. The
obtained lattice constant is consistent with the experimental re-
sults. According to our calculations, the RbAu can be classified as a
semiconductor with a narrow band gap and it has indirect transi-
tion. RbAu obeys mechanical stability criteria and demonstrate
elastic anisotropy.
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