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Abstract

The electronic and optical properties of M,S (M = Li, Na, K and Rb) compounds in the cubic
antifluorite structure have been calculated, using a full relativistic version of the full-potential
augmented plane-wave plus local orbitals method based on density functional theory, within
both the local density approximation (LDA) and the generalized gradient approximation
(GGA). Moreover, the Engel-Vosko GGA formalism (EV-GGA) is applied so as to optimize the
corresponding potential for band structure calculations. The calculated equilibrium lattices and
bulk moduli are in good agreement with the available data. Band structure, density of states,
electron charge density and pressure coefficients of energy gaps are given. Results obtained for
band structure using EV-GGA are larger than those with LDA and GGA. It is found that the
spin—orbit coupling lifts the triple degeneracy at the I" point and the double degeneracy at the X
point. The analysis of the electron charge density shows that the M-S bonds have a significant
ionic character. The complex dielectric functions &;(w) for alkali metal sulfides were calculated
for radiation up to 30 eV and the assignment of the critical points to the band structure energy
differences at various points of the Brillouin zone was made. The pressure and volume
dependence of the static dielectric constant and the refractive index are calculated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There is a growing interest in the study of materials with
chemical formula AB, crystallizing in the fluorite and
antifluorite structures, due to their technological importance in
the field of solid-state ionics. Among this family of materials,
the alkali metal sulfides, Li,S, Na,S, K, S and Rb;S, crystallize
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at ambient conditions in the cubic antifluorite structure (anti-
CaF, type) (No 225) [1]. The sulfur atoms are located at
(0; 0; 0) and the metal atoms are located at (0.25; 0.25;
0.25) positions. These compounds are characterized by their
large bandgaps and their high ionic conductivity. The high
ionic conductivity in these compounds arises as a consequence
of Frenkel-defect formation by metal atoms redistributing on
their regular sites as well as on the interstitial sites without

© 2009 IOP Publishing Ltd  Printed in the UK
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any significant distortion of the FCC sulfur sublattice. This
is so mainly because of the less compact crystal structure of
antifluorite-type structure in comparison to that of fluorite-type
structure.

The alkali metal sulfides M,S (M =Li, Na, K
and Rb) appear to be promising candidates for several
technological applications. They find applications in solid-
state batteries [2—4].They are used as high capacity energy
storage devices for electric vehicles [S] and as a power source
for portable electronic devices such as mobile phones, video
cameras and notebook-type personal computers [6].

Only a few experimental works have been devoted to
exploring the physical properties of these compounds; they
focused on the elastic properties [7, 8] and the structural phase
transformation [9—11]. Theoretically, Lichanot et al [12] and
Buhrer and co-workers [13] investigated the structural and
elastic properties of LiS and Na,S compounds, using the
linear combination of atomic orbitals method (LCAQO) and the
shell model, respectively. Schon et al [14] performed the
Hartree—Fock linear combination of atomic orbitals method
(LCAO-HF) for the high pressure structural phase transition
of these compounds. The electronic band structure of
these materials at ambient conditions has been discussed by
Zhuravlev et al [15], Azavant et al [16] and Eithiraj et al
[17], using the self-consistent pseudopotential method (PP),
the LCAO-HF and the tight-binding linear muffin-tin orbital
method (TB-LMTO), respectively.

To the best of our knowledge, there are no earlier
theoretical calculations for the optical properties and bandgap
pressure dependences for these compounds. The knowledge
of the electronic and optical properties of materials under the
effect of pressure provides insight about their performance
in practical applications. It is therefore timely to investigate
these properties for Li,S, Na,S, Ki,S and Rb,S compounds in
order to provide another reference for the existing theoretical
work on this fascinating class of materials, using the full-
potential augmented plane-wave plus local orbitals method
(FP-APW + lo) within the density functional theory (DFT),
which has proven to be one of the most accurate methods for
the computation of the electronic structure of solids [18, 19].

2. Computational method

The calculations reported here were carried out using a full
relativistic version of the full potential with the mixed basis
APW + lo method [20, 21] as implemented in the WIEN2K
computer package [22]. In this method the space is divided
into an interstitial region (IR) and non-overlapping muffin-
tin (MT) spheres centered at the atomic sites. In the IR
region, the basis set consists of plane waves. Inside the MT
spheres, the basis set is described by radial solutions of the
one particle Schrodinger equation (at fixed energy) and their
energy derivatives multiplied by spherical harmonics. The
exchange—correlation effects for the structural properties are
treated by the local density approximation (LDA) [23] with and
without the generalized gradient approximation (GGA) [24].
Moreover, the alternative form of GGA proposed by Engel
and Vosko (EV-GGA) [25] is also used for the band structure
calculations.

In order to achieve energy eigenvalue convergence, the
wavefunctions in the interstitial region were expanded in plane
waves with a cut-off K.« = 12/Rmr, where Ryt denotes the
smallest atomic sphere radius and Ky,ax gives the magnitude of
the largest K vector in the plane-wave expansion. The Ryr
are taken to be 1.5, 2.2, 2.1, 2.8 and 3.0 atomic units (a.u.) for
Li, S, Na, K and Rb, respectively. The valence wavefunctions
inside the spheres are expanded up to lnx = 9, while the
charge density was Fourier expanded up to Gpax = 12 (a.u.).
The self-consistent calculations are considered to be converged
when the total energy of the system is stable within 10~* Ryd.
The integrals over the Brillouin zone are performed up to 18 k-
points in the irreducible Brillouin zone, using the Monkhorst—
Pack special k-point approach [26].

3. Results and discussion

3.1. Structural properties

In order to calculate the ground-state properties of the alkali
metal sulfides, Li,S, Na,S, K,S and Rb,S, the total energies
are calculated at different volumes ranging from 1.2 to 0.6V,
where V) is the unit cell equilibrium volume. The calculated
total energies are fitted to the Birch equation of state [27] to
determine the ground-state properties such as the equilibrium
lattice parameter ag, the bulk modulus By, and the pressure
derivative of the bulk modulus B’. The calculated aq, By and
B’ for Li;S, Na,S, KS and Rb,S are given in table 1 together
with the available experimental and theoretical data. They are
in good agreement with the experimental ones [8, 28]. The
computed lattice constant a using LDA and GGA deviates from
the measured ones within 2.4 and 0.05%, respectively, in Li,S;
2.2 and 0.9%, respectively, in Na,S; 2.6 and 1.1%, respectively,
in K»S and 1.6 and 2.0%, respectively, in Rb,S. This ensures
the reliability of the present first-principles computations. We
note that the use of the LDA slightly underestimates the
lattice constants and slightly overestimates the bulk modulus
compared to the experimental values, while the GGA slightly
overestimates the lattice constants and slightly underestimates
the bulk modulus compared to the measurements. The
calculated bulk modulus decreases when we move from Li,S
to Na,S to K, S to Rb,S.

3.2. Electronic properties

The self-consistent full relativistic band structures of Li,S,
Na,S, K>S and Rb,S were obtained in the cubic antifluorite
phase at equilibrium volume within LDA, GGA and EV-GGA
schemes.

It is well known that the LDA and GGA usually
underestimate the energy gap [29, 30]. This is mainly due to
the fact that they have simple forms that are not sufficiently
flexible to accurately reproduce both exchange—correlation
energy and its charge derivative. Engel and Vosko, by
considering this shortcoming, constructed a new functional
form of the GGA which has been designed to give better
exchange potential at the expense of less agreement as regards
exchange energy. This approach, which is called the EV-GGA,
yields a better band splitting and some other properties which
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Figure 1. Calculated band structure for Li,S, Na,S, K, S and Rb,S compounds within EV-GGA.

mainly depend on the accuracy of the exchange—correlation
potential [31, 32]. On the other hand, in this method, the
quantities which depend on an accurate description of the
exchange energy such as equilibrium volumes and the bulk
modulus are in poor agreement with experiment [33]. The
calculated band structure profiles using the LDA, GGA and
EV-GGA for the compounds studied herein were similar except
for the values of their bandgaps which were higher within
EV-GGA. Figure 1 shows the calculated band structures at
equilibrium volumes for Li,S, Na, S, K;S and Rb, S within EV-
GGA. The overall band profiles are in fairly good agreement
with previous theoretical results [15, 17]. The valence band
maximum (VBM) is located at the I point in Li,S and Na,S
and at the X point in K,S and Rb,S. The conduction band
minimum (CBM) occurs at the X point in Li,S and at the I’
point in Na;S, K, S and Rb,S, resulting in a direct bandgap for
Na,S (I'-T") and an indirect bandgap for Li,S (I'-X), K»S (X—
I') and Rb,S (X-T") compounds. The calculated bandgaps and

valence bandwidths for these compounds are given in table 2,
along with the available theoretical results. In view of table 2,
it is clear that the calculated bandgaps with EV-GGA are larger
than those with LDA and GGA. Figure 2 shows that the spin—
orbit interaction lifts the triple degeneracy at the I' point and
the double degeneracy at the X point. The spin—orbit splitting
in these compounds is about 0.07 eV and 0.03 eV at the I and
X points, respectively.

To further elucidate the nature of the electronic band
structure, we have also calculated the total and atomic site
projected densities of states (PDOS) of these compounds.
These are displayed in figure 3. Our results are consistent
with those obtained by Eithiraj ef al [17]. From the PDOS
we are able to identify the angular momentum character of
the different structures. The first structure located at about
—10.7 eV (=10 eV) below the Fermi level for Li,S (Na,S)
arises mainly from the S ‘s’-like states. The lowest lying band
situated at about —9.6 eV for K,S and —9.4 eV for Rb,S is
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Table 1. Calculated lattice parameter ay, bulk modulus By and its
pressure derivative B’ for Li,S, Na,S, K;,S and Rb,S compounds,
along with the experimental and previous theoretical calculations.

ap (A) By (GPa) B’
Li,S
Present work: LDA  5.569 (5.711) 46.19 (40.40) 3.90 (3.88)
(GGA)
Experiment 5.708? 45.7°
Other calculations ~ 5.645¢ 43.45¢
5.811¢ 41.00¢
5.817¢,5.475¢ 52.46¢,51.47°¢
5.513¢,5.575¢ 47.55¢,41.36°
NaZS
Present work: LDA  6.384 (6.577) 33.63 (27.84) 4.33(4.26)
(GGA)
Experiment 6.526" 49.00°
Other calculations  6.428° 32.95°¢
6.634¢ 28.24
6.644¢, 6.264° 39.00°, 38.80°
6.299¢, 6.375¢ 34.84¢,29.94¢
K,S
Present work: LDA  7.193 (7.475) 23.70 (19.03) 4.33(4.14)
(GGA)
Experiment 7.391* —
Other calculations  7.387¢ 27.29¢
7.626°, 6.981¢ 29.41¢, 28.67¢
7.066%, 7.779¢ 26.09¢, 21.48°
Rb,S
Present work: LDA  7.527 (7.806) 21.01 (18.30) 4.47(4.01)
(GGA)
Experiment 7.65* —
Other calculations  7.599°¢ 18.01¢

8.249¢,7.624°
7.723¢%, 6.649°

15.04¢, 25.76°
24.26°, 21.45¢

 Reference [28]; " reference [8]; © reference [17];
d reference [16]; © reference [14].

due mainly to the S ‘s’-like states. The upper valence band
(UVB) that lies close to the Fermi level is dominated by the
‘p’-like states of the S atoms. The conduction band is complex
in nature, which arises due to the hybridization of anion and
cation states. The bottom of the conduction band in Li,S is
a mixture of S ‘s, p and d’ and Li ‘s and p’-like states. In
Na,S, K, S and Rb;S, the bottom of the conduction is made up
predominantly ‘p’-like states of S atoms and ‘d’-like states of
the metal atoms with a contribution from ‘s and d’-like states of
S atoms and ‘s and p’-like states of metal atoms. The bottom
of the conduction band for Na,S, K;,S and Rb,S is separated
from the rest by an energy gap.

The present calculated upper valence band bandwidth
(UVBW) is larger than that obtained by using the TB-
LMTO [15] and pseudopotential [17] calculations. We note
that the UVBW decreases as the size of metal ion M (M = Li,
Na, K, Rb) increases. This is because as the size of the metal
ion increases the interatomic S—S distance increases in going
from Li,S to Na,S to K S to Rb,S, leading to reduced overlap
between the neighboring states.

To predict the bonding nature of solids, the electronic
density calculation within the framework of the first principle
approach can be used [34, 35]. In figure 4, we show the total
valence charge densities in the (110) plane for each material.
The numbers labelling the contours in this figure are in units

0.0 -

—— with §-0

-0.2 without S-O

044/
-0.6

-0.8 _

Energy(eV)

.04\
-1.2 4

1.4
L r X

Figure 2. EV-GGA band structure of Na,S with and without SO
coupling for energies close to the Fermi level.

Table 2. Energy bandgaps (in eV) and upper valence bandwidth
UVBW (in eV) for Li,S, Na,S, K,S and Rb,S compounds in the
cubic antifluorite phase.

Present work Other calculations

EV-GGA GGA LDA TB-LMTO" Pseudopotential®

Li,S

r-r 5.50 4.19 397 4.456 4.46
r-x 455 336 3.14 3.297 3.15
X-X 581 477 4.59

UVBW 2.54 2.87 293 1.822 1.91
NaZS

r-r 3.32 240 2.16 2.566 3.05
r-x 370 2.85 2.64 3.037

X-X 5.20 4.27 4.08

UVBW 147 1.63 1.97 0.620 1.17
K,S

r-r 3.02 240 2.19 2.683 3.15
X-TI' 2.86 224 201 2464 3.11
X-X 393 341 3.26

UVBW 0.63 0.65 0.68 1.219 0.38
Rb,S

r-r 2.76 2.28 2.08 2.795 3.15
X-I' 246 1.94 1.68 2.348 297
X-X  3.77 3.11 2.82

UVBW 0.63 0.66 0.78 0.215 0.42

2 Reference [17];  reference [15].

of electrons per cubic angstrom. Visual comparison of the
corresponding charge density plots indicates that the bonding
nature of these compounds is mainly ionic, which explains
their insulation behavior.

In figure 5, we show the pressure dependence of the
UVBW for Li,S, Na,S, K,S and Rb,S compounds. The
UVBW increases with increasing pressure from 0 to 12 GPa;
such behavior is consistent with previous calculations on
binary compounds [36].

In order to investigate the effect of the pressure on the
size of the energy gaps of these compounds in the antifluorite
structure, we have calculated at different sets of pressures the
direct and indirect bandgaps. Figure 6 shows the plots of the
pressure variation of the main direct and indirect bandgaps
of M,S compounds within the EV-GGA approximation. The
bandgap pressure data are well fitted to a quadratic function:
E,(P) = E,0) + BP + CP?, where E, is in eV, the
pressure P is in GPa, and B and C are the linear and quadratic
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Figure 3. Total and partial densities of states for Li,S, Na,S, K;,S and Rb,S compounds.

pressure coefficients, respectively. The calculated values of
B and C for a direct gap (I'-I" and X-X) and an indirect
gap (I'-X or X-T") are given in table 3. The direct gaps (X—
X) and (I'-T") increase with increasing pressure for the four
compounds studied herein. The indirect gap (I'-X) of Li,S
decreases, while the indirect gap (X-I") for Na,S, K,S and
RD,S increases. This is related to the bonding nature of the
bottom of the conduction band, which is different between Li, S
on one hand and Na,S, K>S and Rb,S on the other hand. Such
behaviors are also observed in other materials [37, 38].

3.3. Optical properties

Since the alkali metal sulfides have cubic symmetry, we need
to calculate only one dielectric tensor component to completely
characterize the linear optical properties. In the following
&(w) is the frequency dependent dielectric function. &;(w), the
imaginary part of the frequency dependent dielectric function,

Table 3. Calculated first- and second-order pressure coefficients of
some direct and indirect bandgaps (X-X, I'-X and I'-T") for Li,S,
Na,S, K;S and Rb,S compounds in cubic antifluorite phase.

E,(p) = E;(0) + Bp + Cp?, E,(0)ineV, B in 1072 eV (GPa)~!,
Cin 107* eV (GPa) 2.

r-r X-X I'Xor X-T'
B C B C B C
Li,S
EV-GGA 1385 —-254 290 -555 —1.14 —1.58
NaZS
EV-GGA 12.64 —-254 403 -—16.7 14.14 —31.7
K>S
EV-GGA 1859 —452 3.17 —-159 1501 —42.9
Rb,S
EV-GGA 152 —11.1  0.82 992 1073 —10.30

is given by [39]

e%h

B =—5s) /B 1M, (K)* 8 [wey (k) — @] dk. (1)
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Figure 5. Pressure dependence of the upper valence bandwidth for
Li,S, Na,S, K;S and Rb,S compounds.

The integral is over the first Brillouin zone. The momentum
dipole elements, M.,(k) = (uc|6 - V]uy), where § is the
potential vector defining the electric field, are matrix elements

for direct transitions between valence uy(r) and conduction
band uc (r) states, and the energy fiwe, (k) = Eq — Ey is
the corresponding transition energy. The real part € (w) of the
frequency dependent dielectric function can be derived from
the imaginary part using the Kramers—Kronig relation.

2, [T @)
€l (w):l—i——P/ ———dw 2
T 0 w? — w?
where P implies the principal value of the integral. The

knowledge of both real and imaginary parts of the frequency
dependent dielectric function allows the calculation of
important optical functions such as the refractive index n(w):

1/2
V& (@) + &2 (w)
+ .

2 2

(©)

In the calculations of the optical properties, a dense mesh
of uniformly distributed k-points is required. Hence, the
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and at P = 12 GPa (dotted line).

Brillouin zone integration was performed with 328 and 256 k-
points in the irreducible part of the Brillouin zone. We find
very small differences between both calculations. In this work
we present calculations with only 256 k-points. Broadening is
taken to be 0.2 eV. The EV-GGA was used to perform optical
property calculations since it yields better bandgaps than LDA
and GGA.

Figure 7 displays the calculated imaginary (absorptive)
part of the dielectric function ¢, (w) for Li,S, Na,S, K,S and
Rb,S at ambient and at 12 GPa pressure for a radiation up
to 30 eV. The real part of the dielectric function &;(w) is

also calculated but not presented. As can be seen, the &,(w)
spectrum varies greatly from Li, S to Na,S to K, S (Rb,S). This
is attributed to the fact that the conduction bands are usually
quite different, and the symmetries of the wavefunctions,
which dictate the selection rules, are fully reflected in the
matrix moment elements (MME:s). It is worthwhile to attempt
to identify the interband transitions that are responsible for the
structures in &, (w) using our calculated band structures. To our
knowledge there are no experimental or theoretical data con-
cerning the dielectric function of Li,S, Na,S, K,S and Rb,S.
Below, more detailed discussion of optical spectra is presented.
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3.3.1. Li,S. The dielectric function &,(w) of Li,S exhibits
three structures labeled a, b and c as shown in figure 7. The
threshold for direct optical transitions between the highest
valence band and the lowest conduction band at the I'-edge
occurs at 5.50 eV. Beyond this structure, the &,(w) curve
increases rapidly. This is due to the fact that the number of
points contributing to &;(w) increases abruptly. Structure b,
the main peak, located at 7.46 eV, is mainly due to direct
transitions between the upper valence band and the second
conduction band above the Fermi energy at the I'-edge. Peak
c located at 7.77 eV is related to direct transitions between the
upper valence band and the conduction band along the A and
A directions.

3.3.2. NaS. The calculated &;(w) has major peaks labeled
a—c in the spectrum. The threshold for direct optical transitions
between the highest valence band and the lowest conduction
band at the I'-edge occurs at 3.32 eV. Structure a centered
at 5.59 is due to direct transitions occurring around the L
point. Structure b located at 7.20 eV corresponds to direct X—
X transitions. Structure c, the main peak, located at 8.03 eV,
is mainly due to direct transitions between the upper valence
band and the second conduction band above the Fermi energy
at the I"'-edge.

3.3.3. K>S and Rb,S. The K,S and Rb,S spectra have some
features in common. The threshold for direct optical transitions
between the highest valence band and the lowest conduction
band at the I"-edge for K;,S (Rb,S) occurs at 3.02 eV (2.76 V).
Peak a located at 4.57 eV (4.09 eV) originates from direct W—
W transition. The main peak, structure b, located at 5.78 eV
(5.37 eV), is mainly due to direct transitions between the upper
valence band and the second conduction band above the Fermi
energy at the I'-edge. The main peak is followed by three
peaks, ¢, d and e, located at 8.4 eV, 11.45 eV and 21.5 eV
(7.93 eV, 12.07 eV and 17.63 eV), respectively. Peaks ¢ and
d are related to direct transitions between the upper valence
band and the conduction band along the A and A directions.
The third peak originates from direct transitions between the
valence band situated at about —10 eV and the conduction band
along the A, A and W-L directions.

Table 4. Calculated dielectric constant €(0), pressure and volume
coefficients of refractive index for Li,S, Na,S, K,S and Rb,S
compounds in cubic antifluorite phase.

e(0) L(107*GPa”)
LS 3.60 23383 —0.15
Na,S  3.15 1791 —0.09
KS  3.09 3072 —0.12
Rb,S 323 407 —0.16

It is obvious that the sulfur p states and metal s, p
and d states play the major role in these optical transitions
as initial and final states, respectively. Spin—orbit coupling
does not have any significant effect on the results. This
is what we expected, since the spin—orbit coupling changes
the eigenvalues only by around 0.1 eV, which does not
have a significant influence on the calculations of the optical
properties. This has also been found in previous FP-LAPW
and FP-LMTO calculations for WSe, and SrX [40, 41].

When we compress these materials, the positions of all
critical points cited above are shifted towards higher energies.
The reason lies in the enhancement of different gaps under
pressure. Although the positions of all peaks are shifted under
pressure, they still have the same type as those at zero pressure,
with increasing/decreasing intensity of the main and secondary
peaks.

At high frequencies the zero crossing of ¢;(w), which
corresponds to the location of the screened plasma frequency,
is located at 17.37, 14.32, 25.45 and 23.76 eV for Li,S, Na,S,
K, S and Rb;, S, respectively. The static dielectric constant &1 (0)
is given by the low energy limit of &;(w). It is necessary
to emphasize that we do not include phonon contributions to
the dielectric screening, and ¢;(0) corresponds to the static
optical dielectric constant £,. The calculated optical dielectric
constants £, are listed in table 4. Figure 8 shows the pressure
dependence of the dielectric constant €(0) for Li,S, Na,S, K,S
and Rb,S compounds within the EV-GGA formalism. As can
be seen, the increase of the static dielectric constant (static
refractive index) with pressure is practically linear in all the
compounds. The pressure derivatives of the refractive index
n of these compounds are determined by a linear fit. The
calculated pressure and volume coefficients of refractive index
are also listed in table 4. To our knowledge, there are no
experimental or theoretical results for the optical properties
available for these compounds, so the present results can be
considered as a predictive study, hopping that the present work
will stimulate some other works on these materials.

4. Conclusions

We have performed a detailed investigation on the structural,
electronic and optical properties of Li,S, Na,S, K,S and
Rb,S compounds with and without applied pressure using the
first-principles FP-APW 4 lo method within LDA, GGA and
EV-GGA. The most relevant conclusions are summarized as
follows. (i) The calculated ground-state properties such as
lattice parameter, bulk modulus and its pressure derivative
agree quite well with the available experimental and theoretical
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results. (ii) The calculated band structures show also that the
Li,S, K;S and Rb,S are indirect bandgap materials, whereas
Na,S is a direct gap material. (iii) Results obtained for band
structure using EV-GGA are larger than those within LDA
and GGA. (iv). The bonding character has been discussed
in terms of the electron charge density and it shows a strong
localization around the anion. (v) The critical point structure
of the frequency dependent complex dielectric function was
investigated and analyzed to identify the optical transitions.
(vi) The spin—orbit coupling does not have any significant
effect on the electronic and optical properties. (vii) To the best
of our knowledge, there are no earlier studies on the effect of
pressure on the electronic structure and imaginary part of the
dielectric constant; we feel that our calculations can be used to
cover the lack of data for these compounds.
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