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Abstract Structural, electronic, and optical properties of
alkali metal tellurides M,Te [M: Li, Na, K, and Rb] are
investigated in the framework of density functional theory
within generalized gradient approximation. The calculated
structural parameters are in excellent agreement with the
experimental data. The electronic band structure calcula-
tions show that tellurides of Li, K, and Rb have an indirect
fundamental energy band gap, whereas Na,Te has a direct
fundamental energy band gap. To explicate the contribution
of anion and cation states to the electronic band structure, the
electronic density of states for these compounds has been
analyzed. Optical properties such as complex dielectric
function, absorption coefficient, refractive index, extinction
coefficient, and reflectivity are reported for a wide range of
photon energy and are discussed on the basis of corre-
sponding electronic band structure. Furthermore, the
electron energy-loss functions for M, Te compounds are also
predicted. In order to validate the performance of the ab initio
calculation reported herein, we systematically study the
electronic and optical properties of wide band gap M,Te
compounds and compare them with available theoretical and
experimental data of M,O, M,S, and M,Se compounds.

Introduction

Alkali metal tellurides M,Te [M: Li, Na, K, and Rb], as
promising photo-emissive ultraviolet light materials, have
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undergone extensive research activities due to their excellent
photocathodic quantum efficiencies, low energy dispersion
of photoelectrons, and short response to pulsed light [1-3].
Their novel superionic conductivity has also attracted tech-
nological interest of a number of researchers [4—7]. Most of
the theoretical studies for alkali metal tellurides have been
dedicated to their structural properties such as lattice con-
stants and bulk modulus [8—12] or to the phase diagrams of
these materials [13—16]. Electronic band structures of some
M,Te compounds have been recently predicted by Eithiraj
et al. [17] and Seifert-Lorenz and Hafner [18] using tight-
binding linear muffin-tin orbitals (TB-LMTO) method and
pseudopotentials method, respectively, in the frame work of
density functional theory (DFT). From experimental point of
view, absorption spectra [19] at high temperatures and
thermodynamic properties of solutions of alkali metal tel-
lurides in the melt LiCl and LiCl-LiF [20] are also available
in literature; however, no experimental study has been per-
formed for electronic and optical properties of these mate-
rials at ambient temperature and pressure.

Despite the fact that many alkali metal chalcogenides
were synthesized and identified as face-centered cubic
crystals many years ago [21], there are still some gaps in
our knowledge of the electronic band structure and optical
properties of these compounds. Predicting intricate physi-
cal properties such as energy band-gaps and interband
optical transitions using first-principles techniques without
an experimental backing is a bold step. However, since the
quantum mechanical description of the physical and
physiochemical properties of alkali metal oxides [22] and
sulfides [23] using sophisticated many-body techniques
have been found to agree well with experimental data and
also because these compounds form a homologous series of
crystalline solids with predictable electronic and optical
properties, in our recent study [24] we have been able to
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close one such gap for alkali metal selenides using the full-
potential linearized augmented plane-wave (FP-LAPW)
method in the framework of DFT.

In this study, we present a series of first-principle
DFT calculations on the electronic and optical properties
of dialkali monotellurides. We have investigated the
frequency-dependent dielectric function, absorption coef-
ficient, refractive index, extinction coefficient, and reflec-
tivity of M,Te compounds. Salient features and trends in
the electronic band structures and optical properties of
alkali metal tellurides have been analyzed in the light of
available theoretical and experimental data of other group
IA-VI crystals. This study may prove to be a milestone for
future experimental investigations and a means to envisage
technological applications of these materials.

Computational methods

The calculations have been performed using the full-poten-
tial linearized augmented plane-wave (FP-LAPW) method
in the framework of density functional theory as imple-
mented in the WIEN2K code [25]. The exchange and cor-
relation effects have been treated within generalized gradient
approximation (GGA) functional proposed by Wu and
Cohen (WC-GGA) [26] for structural and electronic prop-
erties, whereas the GGA parameterization scheme proposed
by Engel and Vosko (EV-GGA) [27] has been used for
electronic and optical properties calculations only. A muffin-
tin model for the crystal potential is assumed in these cal-
culations for partitioning the core and valence electrons.
Linear combination of radial solution of the Kohn—Sham
equation times the spherical harmonic has been utilized
inside the non-overlapping muffin-tin spheres. In the inter-
stitial region plane-wave basis sets have been utilized and
plane-wave cut-off value of K;;,,x X Ryt = 9 has been used
to control the size of basis set for wave functions. The Ry,
values for Li, Na, K, Rb, and Te have been taken to be 1.6,
2.1, 2.3, 2.5, and 2.7 a.u, respectively, after performing
several tests for energy convergence. The maximum value of
angular momentum, [, for the wave function expansion
inside the atomic spheres has been taken at 10 and a mesh of
72 k-points has been used for the Brillion zone integrations
in the corresponding irreducible wedge.

To compute the possible direct and indirect interband
optical transitions in a solid-state material, one needs to
calculate the tensor components of the complex dielectric
function &(w). Due to the cubic symmetry of the crystal
structure of the compounds under study, alkali metal
tellurides can be treated as isotropic in relation to propa-
gation of light. Therefore we need to compute only one
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component of the dielectric tensor. The imaginary part
(¢2(w)) of the incident photon’s frequency (w) dependent
complex dielectric function is given by [28]:

e? 2
h Z/Bz {|M"V(k)| S[we (k) — ]| &Pk (1)

&2(0) = m2?
where the integral is over the first Brillouin Zone (BZ),
M, (k) = (ucx|0 - V]uy) are the momentum dipole elements
and 9 is the potential vector defining electric field. M, (k) are
the matrix elements for direct transitions between valence
band states |u,;) and conduction band states (u.|. The
corresponding transition energy for these states is
hwe, = E¢ — E\x. The real part of the dielectric function
can be obtained from the imaginary part using the Kramers—
Kronig relation [29],
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where, P is principle value of the integral. In order to
accurately compute ¢;(w) and to ensure convergence, we
have calculated ¢,(w) up to 65 eV and have used this value
as truncation energy in Kramers—Kronig relation. The
calculations for real and imaginary parts of the dielectric
function have been performed using a dense mesh of
k-points within the EV-GGA.

From the knowledge of the real and imaginary parts of
the dielectric function, various optical parameters can be
calculated. We have computed the reflectivity from the
Fresnel’s formula:

R(w) = Ve(w) —1
V(o) +1

The absorption coefficient /(o) and the energy-loss
function L(w) have been explicitly calculated using,
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Fig. 1 Atomic structure of the anti-CaF,-type M,Te showing the
face-centered cubic packing of (Te) anions, with (M) cations located
in all the Te tetrahedral

Results and discussions
Structural parameters

In this study, the compounds under investigation have been
modeled in the anti-CaF,-type crystal structure. Three

members of this crystal family (Li,Te, Na,Te, and K,Te)
crystallize stably into the anti-CaF, (anti-fluorite)-type
crystal structure (F,,3,,, space group No. 225) at room
temperature [21] except for dirubidium telluride, which is
metastable in anti-fluorite-type structure and transforms
irreversibly into anti-cotunnite (anti-PbCl,)-type structure
upon warming [30, 31]. The calcium fluoride (CaF,) crystal
is one of the most common ordered crystals type found in
nature and is often termed as fluorite-type structure. CaF,
has a basic structure that can be described as face-centered
cubic packing of cations, with anions in all of the tetra-
hedral holes. Contrary to the CaF, structure, the anti-CaF,
structure has a basic face-centered cubic packing of anions,
with cations at the tetrahedral holes. In the M,Te [M: Li,
Na, K, and Rb] compounds, the metal atoms (M) are
located at (0.25; 0.25; 0.25) and (0.75; 0.75; 0.75) posi-
tions, whereas the tellurium atoms (Te) are located at (0; O;
0) position as shown in Fig. 1. Only WC-GGA functional
has been used to compute the equilibrium lattice constants
(a,), total energies (Ey), bulk modulus (By), and its pressure
derivatives (B'), by fitting Murnaghan equation of state
(EOS) [32] to the total energy versus volume curves of
these materials. The calculated structural parameters have
been listed in Table 1 along with available theoretical and
experimental data. A closer look at Table 1 shows that our
results are in better agreement with experimental values
compared with previous calculations, because of the use of
accurate FP-LAPW method. As observed in the case of

Table 1 Lattice parameters a,

(A), total energy E, (Ry), bulk Present study

. b . .
modulus By (GPa). and its WC GGA Experimental TB-LMTO Other theoretical studies
pressure der.ivative B’ for alkali Li,Te
metal tellurides
ay 6.478 6.517° 6.559 -
Ey —13622.45175 —13609.6931 -
By 26.8394 26.18 51¢, 30.59, 29.6°
B 4.6489 - -
Na,Te
ag 7.285 7.314* 7.246 -
Ey —14241.51768 —14227.454 -
By 19.7235 21.47 32°,19.79, 23.9°
B 4.7739 - -
Results obtained in this study K,Te
using WC-GGA along with ag 8.114 8.220* 8.152 8.233"
available experimental and Eo ~15999.756070 —15983:5524 -
theoretical values d £
By 13.7849 13.99 21°, 15.19, 19.6°%, 12.9
4 Reference [21] ,
b B 49162 - -
Reference [17]
szTe
¢ Reference [10]
J ay 8.460 8.490% - -
Reference [9]
Ey —25516.211524 - - -
¢ Reference [11]
¢ By 12.0823 - - -
Reference [18]
B 4.8394 - - -

& Reference [31]
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oxides [22], sulfides [23], and selenides [24] of alkali
metals, the lattice constants and total energies of the system
of alkali metal tellurides increase, whereas the bulk moduli
decrease if one goes from Li,Te — Rb,Te. The small
values of bulk modulus show that these materials are
highly compressible. Moreover, from the fact that the bulk
modulus of these materials decreases from Li to Rb tellu-
ride it can be deduced that the compressibility of these
materials is dependent on the radii of alkali metal atoms.

Electronic properties

In this section, we present the electronic properties of alkali
metal tellurides in the anti-CaF, structure obtained using
both WC-GGA and EV-GGA., while only the full rela-
tivistic band structures of EV-GGA along high-symmetry
directions in BZ are shown in Fig. 2. It is well known that
calculating band structures of solids is one of the many

uses of the DFT, and the energy band gap is a critical
property for understanding the electronic and optical
properties of semiconductors in fabricating the semicon-
ductor devices. This demands an accurate determination of
the band gaps of these materials. In spite of the great
success in performing remarkably well for a wide range of
many-body problems in physics and chemistry, the stan-
dard local density approximation (LDA) and GGAs for the
exchange-correlation functional in the Kohn—Sham for-
malism of the DFT are known to systematically underes-
timate the band gap of semiconductors by as much as
~50% due to self-interaction error [33—35]. This limita-
tion in the calculations for semiconductors is a direct
consequence of the assumption that quasiparticle energy
band structure is similar to the band structure of nonin-
teracting electrons that appears in the DFT. As a result of
this assumption, the calculated band gap differs from the
exact quasiparticle band gap by an amount of the so-called

Fig. 2 Electronic band 15.0
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“derivative discontinuity” (4) in the exchange-correlation
potentials (V) that should be taken into account explicitly
for Vi to restore the exact energy band gaps for semi-
conductors. Furthermore, due to the simple treatment of
exchange-correlation energy in LDA parameterization
schemes and GGA functionals other than the EV-GGA, the
electronic, optical, and magnetic properties of semicon-
ductors are either erroneously predicted [36] or too much
overestimated [37]. On the other hand, unlike the simple
GGA formalisms that are not able to reproduce both the
exchange energy E, and the exchange potential Vi, the
EV-GGA is designed in such a way that it attempts to
reproduce better V, at the expense of less accurate
exchange energy. This results in better band splitting and
more accurate determination of some properties of semi-
conductors that are strongly dependent upon exchange-
correlation potential [38, 39]. Nevertheless, constructing
appropriate exchange-correlation functional which may be
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universally applicable remains an unresolved problem and
a variety of approximation schemes including local-spin
density (LSDA), GGA, meta-GGA, hyper-GGA, RPA+
have been discussed in the literature [40, 41].

Salient features of the electronic band structures pre-
sented in Fig. 2 can be analyzed in more detail on the basis
of electronic density of states (DOS). For this reason we
have calculated the total DOS, as well as partial DOS
which are shown in Fig. 3a—d. A first look at Fig. 2 clearly
shows that like the other chalcogenides of alkali metals, the
tellurides of lithium, potassium, and rubidium have an
indirect (X—I') band-gap, whereas Na,Te has a direct band-
gap. The Te s-like states contribute to the lowest band
structures of Li,Te, Na,Te, K,Te, and Rb,Te appearing at
—9.82, —9.01, —8.42, and —8.36 eV, respectively. K,Te
and Rb,Te have additional low laying band structures due
to cation p-like states at —13.52 and —11.04 eV, respec-
tively. Most of the contribution to the valence bands of
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Fig. 3 Total and partial DOS for a Li,Te, b Na,Te, ¢ K;Te, and d Rb,Te
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Fig. 3 continued

these materials comes from the anion p states with minor
contributions from s- and p-like states of metal atoms.
However, it is clear that the cation s like states contribute
more to the lower portion of valence band and the cation
p states contribute more to the upper portion (near Fermi
level) of the valence band. The conduction band of these
materials is made up of mixed contributions from s-,
p- and d-like states of the M atoms and p- and d-like states
of Te, however, for Li,Te and Na,Te the metal atom p-like
states contribute more to the conduction band as compared
to K,Te and Rb,Te for which the cation d states contribute
more. Due to the hybridization caused by increasing size of
the cation the band structure becomes more and more
complex and the lowest energy band split into two bands as
we go from lithium to rubidium telluride.

The calculated direct (I'-I') and indirect (X—I') energy
band gap values and the valence bandwidth of M,Te
compounds obtained with WC-GGA and EV-GGA are
presented in Table 2 along with other available theoretical
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results obtained using the TB-LMTO [17] and pseudopo-
tentials [18] methods. Since EV-GGA produces more
accurate exchange-correlation potential as compared to
WC-GGA, the values for energy gaps of the materials
under study obtained with WC-GGA are lower in value
than the ones obtained using EV-GGA. As observed in the
FP-LAPW studies of oxides, sulfides, and selenides of
alkali metals, the fundamental energy band gap of alkali
metal tellurides decreases as one goes from Li to Rb due to
the downward shift of the conduction band to the valence
band as a consequence of increasing atomic number of
cation. This decreasing trend in the fundamental energy
band gap of these materials can be utilized for tailoring the
band gaps of the mixed ternary alloys of alkali metal
tellurides.

As already mentioned, no experimental data is available
in literature for the electronic band structures of these
materials. Therefore to validate the applicability of
FP-LAPW calculations presented in this study we cite the
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Table 2 Electronic band gap values and valence bandwidth calcu- (a) 17

lated in this study using WC-GGA and EV-GGA for M,Te com- 9.81

pounds along with available theoretical results S 987

< 9.4

Crystals Energy band gap E, (eV) Valence S 45l

O T bandwidth & ]
— — £
E, (eV) Z s

Li,Te :i
WC-GGA 3.07 2.39 2.43 8:2 i ’ ' ‘ ' .
EV-GGA 4.41 3.49 217 0.013 0.015 0.017 0.019 0.021 0.023 0.025
TB-LMTO* 3.289 2.258 1.711 (b) 25

NazTe 2]

WC-GGA 2.01 291 1.65 =
@
EV-GGA 2.96 3.49 1.42 = 157
TB-LMTO" 2.176 2.782 0.605 7§ 1]
KzTe -'%
WC-GGA 1.42 1.98 0.72 B 031
EV-GGA 2.88 2.81 0.65 o ‘ ’ ’ ‘ } .
TB-LMTO? 2163 2136 0.093 0.013 0.015 0.017 0.019 0.021 0.023 0.025
VASP 2.166 2.160 0.65 Ve (A7)

Rb,Te Fig. 4 a Calculated Te s—Te p band gap showing a linear dependence
WC-GGA 2.17 1.95 0.76 on 1/d*. b Calculated Te p valence bandwidth showing a linear
EV-GGA 273 251 0.58 dependence on 1/d?. d is the nearest-neighbor Te-Te distance
TB-LMTO* - - -

4 Reference [17]
® Reference [18]

theoretical study [23] in which the same method was uti-
lized for alkali metal sulfides and it was observed that the
valence bandwidth, I'-I" band gap and X-I' band gap
decrease with increasing size of cation. A similar behavior
can be observed (See Table 2) in our FP-LAPW results for
the aforementioned band structure parameters. Further-
more, the electron momentum spectroscopy results [42] of
alkali metal oxides show that the inter-valence band gap at
I'-point of ionic crystals is dependent upon the overlap
interactions between adjacent chalcogen atoms. As the
interatomic interactions are proportional to the reciprocal
of anion—anion distance squared (1 /d2) [43], the band gap
between the Te s and Te p states should be linearly
dependent on 1/d”. In Fig. 4 we present the calculated Te
s—Te p band gap and Te p valence bandwidth as a function
of the reciprocal of nearest-neighbor Te-Te distance
squared. As argued earlier, both parameters show a linear
dependence on 1/d>.

Dielectric function and optical properties

The calculated real and imaginary parts of the complex
dielectric function as a function of wide range of the
incident photon’s energy for the compounds under study
are shown in Fig. 5. In Fig. 6, we present the calculated

spectra of absorption coefficient (10* cm™"), refractive
index, extinction coefficient, and reflectivity of M,Te
semiconductors. The critical point structures in &;(w), k(w),
and I(w) for Li,Te, Na,Te, K,Te, and Rb,STe are listed in
Table 3. It can be readily seen that the spectra of &(w)
varies greatly for these materials which can be attributed to
the fact that overall profiles of the conduction bands of
these compounds are quite different. Since & (w) is closely
connected with the energy band structure, the threshold for
&(w) in the case of Li,Te appearing at 5.56 eV is due to
the direct optical transitions between the highest valence
band and lowest conduction band along the L and X direc-
tion. The small bent about 7 eV is related to direct optical
transition along the W and 4 edges. For Na,Te the first
peak, which is the main peak, located at 4.83 eV corre-
sponds to direct transitions about the X-direction. The
second peak appearing at 6.01 eV is due to direct 4-4
transitions, whereas, the small bent appearing at 6.22 eV
corresponds to W-W transitions. The peaks for K,Te
located at 4.31, 5.10 (main peak), and 6.84 eV and for
Rb,Te located at 3.98, 4.77 (main peak), and 7.06 eV,
originate from direct transitions along A, W, and L,
respectively.

From the knowledge of the real part of the dielectric
function, &;(w), we can determine an important physical
quantity, namely, the static dielectric constant &;(0), which
is defined as the low energy limit of real part of dielectric
function and represents the dielectric response of a material
to a static electric field. Listed in Table 3 are the static
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Fig. 5 The real part & () (left panel) and imaginary part &x(w) (right panel) of the incident photon’s energy complex dielectric functions for

alkali metal telluride crystals

dielectric constants of Li,Te, Na,Te, K,Te, and Rb,Te
along with the screened plasma frequencies w,, of the same
which are defined as the zero crossing of real part of
dielectric function. The regions of incident photon energy
where &;(w) > 0, electromagnetic radiation can propagate
through a material and where ¢;(w) <0, photons are
damped and for ¢;(w) = 0, only longitudinally polarized
waves are possible.

A comparison of I(w) given in Fig. 6 with the spectra of
imaginary part of dielectric function reveals that strong
absorption regions for these materials occur where & (w)
has large values. These absorption regions are the incident
photon energy ranges in which these materials should be
optically excited. For the absorption coefficient calcula-
tions, eigen-absorption was taken into account since I(w) is
not influenced by the polarized absorption [44]. The sharp
edges of absorption coefficient and extinction coefficient
given in Table 3 also show close relationship with & (w).
These sharp edges in k and I for semiconductors emerge
due to the fact that incident photons having energy less
than the required energy to raise an electron across a band
gap are unable to cause optical excitation. The absorption
regions for M,Te compounds occurring between 4 and
9 eV suggest that these materials may find applications in
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ultraviolet (UV) opto-electronic devices. Furthermore, in
case of K,Te and Rb,Te large values of absorption coef-
ficient also occur around 20 eV showing that these mate-
rials can find applications in opto-electronic devices
requiring absorption of extreme-UV radiations. The vari-
ation of refractive index shown in Fig. 6 closely follows
e1(w), whereas, extinction coefficient changes as &(w).
Furthermore, the variation of the extinction coefficient
spectra of alkali metal tellurides show that the attenuation
capabilities of these materials for UV radiations decreases
in the fashion Li,Te — Na,Te — K,Te — Rb,Te. The
reflectivity for all these materials starts around 10%.
Maximum values of reflectivity for Li,Te, Na,Te, K,Te,
and Rb,Te are 48.77, 35.58, 30.16, and 29.20% at 5.56,
6.05, 5.07, and 4.74 eV, respectively. For the tellurides of
lithium and sodium the reflectivity spectra decreases up to
10.05 and 8.72 eV, respectively, followed by smaller peaks
around 16 eV after which the reflectivity becomes zero. In
case of K,Te and Rb,Te, the reflectivity falls off to zero at
1478 and 12.74 eV, respectively. Beyond this energy
range, the reflectivity of K,Te and Rb,Te again shows
higher values around 22 eV.

The energy-loss spectra shown in Fig. 7 for M,Te
compounds under study show the peaks at different energy
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Fig. 6 The calculated absorption coefficient /(w), refractive index n(w), extinction coefficient k(w), and reflectivity of a Li,Te, b Na,Te, ¢ K,Te,

and d Rb,Te crystals as a function of incident photon energy (%)

ranges corresponding to electronic excitations of different
orbitals. The electron energy-loss function describes the
possible interactions of an electron inside a solid, which are
responsible for phonon excitation, interband and intraband
transitions, plasmon excitations, inner shell ionizations,
and Cerenkov radiations. Energy-loss spectra have broad

bands between 8 and 18 eV for Li,Te and Na,Te, whereas
for K,Te and Rb,Te, the broad bands in energy-loss
function appear between 16 and 26 eV. The global maxima
of energy-loss function (Fig. 7) occurs at 15.38, 12.42,
25.21, and 22.48 eV for tellurides of Li, Na, K, and Rb,
respectively. These global maxima fit very well with the
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Table :: CE;lCUIE{Le(}.Opnfall Crystals Static dielectric Plasma frequencies Critical point values

parameters for alkalt meta constant &;(0) wp (10'® radrs)

tellurides & 1 k
Li,Te 4.55 227 4.09 4.06 3.88
Na,Te 3.94 1.89 2.73 2.81 2.62
K,Te 3.47 3.69 2.63 2.78 2.57
Rb,Te 3.51 3.40 2.21 247 2.16

Fig. 7 Electron energy-loss
function calculated using 5.00

Li,Te
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rapid decrease in reflectivity shown in Fig. 6 and corre- Conclusions

spond to the electronic transitions from occupied M and Te
atoms p and d states in the valence band to the Te p states
of the conduction band. These maxima are larger than the
other energy-loss peaks; because these are produced [45] as
a result of rapid oscillations of the electron density in the
form of a longitudinal wave with a characteristic plasma
frequency (Table 3) in the volume of the crystal.

@ Springer

In summary, we have used FP-LAPW method based on
density functional theory to investigate structural, elec-
tronic, and optical properties of alkali metal tellurides
M,Te [M: Li, Na, K, Rb] in anti-CaF, crystal structure. The
generalized gradient approximation functional of Wu and
Cohen has been utilized for structural properties, whereas
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the GGA suggested by Engle and Vosko has been used in
addition to the aforementioned GGA for electronic and
optical properties calculations. Some trends in the elec-
tronic properties are discussed in the light of experimental
and theoretical data of widely studied alkali metal oxides
and sulfides. Our calculations show that Li,Te, K,Te, and
Rb,Te are indirect band gap materials and Na,Te is a direct
band gap material. The band-gap parameters obtained in
this study are larger as compared to values reported in
TB-LMTO and pseudopotential calculation. The structure
of complex dielectric function has been analyzed to iden-
tify the possible optical interband transitions and is dis-
cussed based on the electronic band structure and DOS
results of these materials. The Te p states and metal atom
p and d states have been identified as initial and final states
for the optical transitions in these compounds. Moreover,
the refractive index, attenuation coefficient, reflectivity,
and electron energy-loss function for alkali metal tellurides
are presented along with theoretically calculated static
dielectric constants and screened plasma frequencies.
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