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Abstract

We present results from ab-initio, self-consistent calculations of electronic
and related properties for the ground state of cubic lithium selenide (Li,Se).
We employed a local density approximation (LDA) potential and performed
computations following the Bagayoko, Zhao, and Williams (BZW) method,
as enhanced by Ekuma and Franklin (BZW-EF). This method verifiably leads
to the ground state of materials without employing over-complete basis sets. We
present the calculated electronic energies, total and partial densities of states, ef-
fective masses, and the bulk modulus. The present calculated band structures
show clearly that cubic Li,Se has a direct fundamental energy band gap of 4.065
eV at the I point for the room temperature experimental lattice constant of
6.017 A. This result is different from findings of previous density functional
theory (DFT) calculations that uniformly reported an indirect band gap, from
I' to X, for Li,Se. We predicted a direct band gap of 4.363 eV, at the computa-
tionally determined equilibrium lattice constant of 5.882 A, and a bulk mod-
ulus of 35.4 GPa. For the first time known to us, we report calculated electron
and hole effective masses for Li,Se. The experimental confirmation of the
large, direct gap we found will point to a potential importance of this material
for ultraviolet technologies and applications. Due to a lack of experimental
results, most of our calculated ones in this paper are predictions for Li,Se.

Keywords

Density Functional Theory, BZW-EF Method, Electronic Properties,
Bulk Modulus

1. Introduction

Alkali metal chalcogenides (X,Ch, X = Li, Na, K; Ch = O, S, Se, Te) have high
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ionic conductivity and large fundamental energy band gaps, leading to their
promising applications in power sources, fuel cells, solid state gas-detectors, ul-
traviolet space technology devices and photocatalysis [1] [2] [3] [4]. Compared
to the extensive studies on the alkali metals oxides and sulfides, the alkali metal
selenides have received much less attention. Recently, several research works
have focused on lithium selenide (Li,Se) for its superionic (SI) properties. The
fast Li'*-ion transport of the SI Li,Se solid makes it a prime candidate for sol-
id-state electrolytes in next generation lithium battery technologies [5]. Up until
now, however, experimental studies of electronic and related properties of Li,Se
are very few. As far as we know, most of the research work on Li,Se has been
confined to studies of its structural properties. No experimental measurements
regarding the electronic and related properties of Li,Se are available. Theoreti-
cally, only the following three research groups have performed first-principle
calculations of electronic band structures of Li,Se. We summarized their findings
in Table 1 below. Eithiraj et al. calculated the electronic structure of Li,Se, using
a Tight-Binding and Linear Muffin-Tin Orbital (TB-LMTO) method [6] [7] and
the local density approximation (LDA) potential of von Barth and Hedin [8] [9].
Their results show that Li,Se is an indirect band gap semiconductor, with a gap
of 2.748 eV, from T to X. Alay-e-Abbas et al calculated the band structures of
Li,Se using the Full Potential Linearized Augmented Plane Wave (FP-LAPW)
method, as implemented in the WIEN2K program package [10], and density
functional theory (DFT) potentials [11] [12]. Specifically, these authors employed a
local density approximation (LDA), the Perdew-Burke-Ernzerhof [13] generalized
gradient approximation (PBE-GGA), the Wu and Cohen [14] GGA (WU-GGA),
which entails fourth-order gradient expansion of exchange energy function, and
the Engel and Vosko [15] GGA (EV-GGA) potentials. The band structures cal-
culated within the LDA, PBE-GGA, WC-GGA and EV-GGA potentials exhibit T'
to Xindirect band gap values of 2.78 eV, 2.93 eV, 2.82 eV, and 4.08 eV, respectively.

Table 1. Previously calculated band gaps of Li,Se. The computational approaches and the
utilized DFT potentials are respectively in Columns I and II, while the two lowest, calcu-
lated gaps are in Columns III and IV.

Energy Band Gap, E, (¢V)

Calculation Methods Exchange-Correlation
Direct (I-T) Indirect (I'-X)
FP-LAPW LDA 3.23 [11] 2.78 [11]
FP-LAPW PBE-GGA 3.45[11] 2.93 [11]
FP-LAPW WC-GGA 3.18 [11] 2.82 [11]
FP-LAPW EV-GGA 4.73 [11] 4.08 [11]
FP-LAPW WC-GGA - 2.80 [15]
FP-LAPW EV-GGA - 4.12 [15]
FP-LAPW mBJ - 4.19 [15]
TB-LMTO LDA 3.457 [8] 2.748 [8]
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Ali et al. carried out first-principle DFT calculations of electronic properties of
Li,Se, using the FP-LAPW method and the WC-GGA as well as the EV-GGA
potentials [16]. In their work, they utilized the recently modified Becke and
Johnson (mBJ) potential [17], which is a “hybrid” potential whose amount of
“exact exchange” is controlled by a parameter ¢, to improve the calculated, elec-
tronic band structure. The first-principles WC-GGA, EV-GGA and mB]J calcula-
tions by Ali et al show that Li,Se has a I' to X indirect band gap of 2.80 eV, 4.12
eV, and 4.19 eV, respectively [16].

Our motivation for this work partly stems from current and potential applica-
tions of Li,Se for the next generation of battery technologies. Accurate, calcu-
lated electronic and related properties are important in informing and in guiding
the development of new applications. While previous DFT calculations agreed
on the indirect nature of the band gap, the resulting numerical values range from
2.748 eV to 4.19 eV. Such a wide range points to the need for further theoretical
studies of electronic and related properties of lithium selenide. The current lack
of experimental studies of electronic and related properties of Li,Se is an added
motivation for this work. With our distinctive computational method, we have
correctly described and predicted electronic and related properties of more than
30 semiconductors [18]. These past successes portend an accurate DFT descrip-
tion of this material, using our BZW-EF method. We describe below, in Section
2, the general computational approach and our distinctive method. We subse-
quently present our findings in Section 3. We then provide discussions and a

conclusion in Sections 4 and 5, respectively.

2. Computational Method

In ambient conditions, Li,Se crystallizes in a stable face center cubic (FCC) anti-
fluorite (anti-CaF,-type) structure [19] (Space group O,f — Fm3m, No. 225),
with the Li atoms located at + (0.25, 0.25, 0.25) and the Se atoms at (0, 0, 0)
Wyckoff positions. In this work, we performed first-principle full-potential DFT
calculations for the electronic properties of Li,Se, using the experimental lattice
constant of 6.017 A from Zintl et al [19] and our predicted, equilibrium lattice
constant. We utilized a linear combination of atomic orbitals (LACO) formalism
and the BZW-EF method, which has been extensively described in several of our
previous publications [18] [20] [21] [22] [23]. Our first-principle LCAO package
is from the Ames laboratory of the US Department of Energy, in Ames, Iowa
[24] [25]. We began the calculations with self-consistent computations for the
atomic wave functions for Li'"* and Se*” atoms. The radial parts of the atomic
wave functions were expanded in terms of Gaussian functions. The s, p orbitals
for the cation Li* were described with 16 even-tempered Gaussian functions with
respective minimum and maximum exponents of 0.2400 and 0.90 x 10° for the
atomic potential and 0.1200 and 0.90 x 10° for the atomic wave functions. The
self-consistent calculations for Li* led to the total charge of 2.0009, which is also
the valence charge. For Se’” the s p and d orbitals were described with 24

even-tempered Gaussian functions with respective minimum and maximum
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Gaussian exponents of 0.2300 and 0.220 x 10° for the atomic potential and
0.1350 and 0.240 x 10° for the atomic functions, respectively. These Gaussian
exponents led to the convergence of the atomic calculations. We utilized the
Ceperley and Alder local density approximation (LDA) potential. In the itera-
tions for self-consistency, we used a mesh of 60 k-points with proper weights in
the irreducible Brillouin zone. We reached convergence for a given self-consistent
calculation after 90 iterations; the criterion for convergence was that then, the
difference between the potentials from the last two consecutive iterations was
107 or less. Further, for the production of the final, self-consistent electronic
band structures, we used a total of 81 & points in the Brillouin zone, with the
same computational errors as for the self-consistent potential calculations. Based
on the above points, our computational approach is the same as those of other
DFT calculations. We underscore below the critically important, distinctive fea-
ture of our computational method, with multiple, self-consistent calculations
with basis sets of different sizes.

Our ab initio self-consistent calculations for the solid, with the BZW-EF me-
thod, began with a small basis set containing the minimum basis set, which is the
smallest one accounting for all the electrons in the system under study, ie,
Li,Se. Following this Calculation I, we augmented the basis set with one orbital
representing an excited state and performed Calculation II. We graphically and
numerically compared the occupied energies from Calculations I and II, with the
Fermi levels set to zero. After augmenting the basis set of Calculation II with one
orbital, we carried out Calculation III and compared the resulting occupied
energies with those from Calculation II. In both of the preceding comparisons of
occupied energies, at least some of the ones obtained with the larger basis set
were lower than corresponding ones from the immediately preceding calculation
(with a smaller basis set). We continued this process of augmenting the basis set
and of performing self-consistent calculations until three consecutive ones led to
the same occupied energies. The perfect superposition of these occupied energies
is the criterion or proof that these calculations produced the absolute minima of
the occupied energies, e, the ground state of the system.

Let N be the number of the first of these three calculations to reach the ground
state. We dubbed the basis set of this calculation as the optimal basis set, i.e., the
smallest basis set that leads to the ground state upon the attainment of
self-consistency. Calculations (N + 1), (N + 2) and other with larger, augmented
basis sets produced (a) the same charge density, (b) the same Hamiltonian, and
(c) the same occupied energies as respectively obtained with Calculation N. We
distinguish the Hamiltonian from the Hamiltonian matrix that changes with the
size of the basis set. Despite (a) through (c) above, some unoccupied energies
from calculations (N + 1), (N + 2) and others with larger, augmented basis sets,
were generally lower than corresponding ones obtained in Calculation N. Given
that the Hamiltonian did not change from that of Calculation N, any eigenvalues
that deviate from (i.e., are lower than) their corresponding values resulting from

Calculation N are clearly unphysical. Another proof of this assertion stems from
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the second corollary®® of the first DFT theorem: According to it, the spectrum of
the ground state Hamiltonian is a unique functional of the ground state charge
density. Hence, if an eigenvalue from Calculation (N + 1) or higher is different
(lower than) its corresponding value obtained in Calculation N, then the new
value no longer belongs to the spectrum of the Hamiltonian—as the charge den-
sity did not change. In summary, Calculation N is the only one providing the
true DFT description of the material; the resulting eigenvalues possess the full
physical content of the DFT, unlike eigenvalues resulting from self-consistent
iterations with a single basis set. These iterations produce stationary solutions
among an infinite number of such solutions. Our generalized minimization of
the energy functional of the Hamiltonian, using successive, self-consistent cal-
culations, verifiably reaches the true ground state of the system—instead of an

arbitrary, stationary solution unwittingly confused with the ground state.

3. Results

Table 2 shows the successive calculations inherent to the implementation of the
BZW-EF method. Calculation III-V were the first ones to reach the ground state
of the system, as explained above in the method section. As per the explanations
in this method section, Calculation III is the one providing the DFT description
of Li,Se. Table 2 also shows the specific orbitals for the two ionic species, the to-
tal number of valence functions (with the number of orbitals for Li* counted
twice for Li,Se), and the calculated band gaps at the I' point, from T to X, and
from I' to K. The superscript of zero for an orbital signifies that it represents an
unoccupied state, 7.e., an excited state.

Figure 1 shows the calculated, electronic band structures of Li,Se along high
symmetry k points in the irreducible Brillouin zone, as obtained in Calculations
IIT and IV of the BZW-EF method.

Table 2. Successive, self-consistent calculations in the implementation of the BZW-EF
method of the generalized minimization of the energy. The band gaps are in the last three
columns, in eV. For the total number of valence functions, the number of orbitals on Li'*
is counted twice. The smallest band gap is direct, for Calculations I-V, it is indirect for
Calculation VI. Calculation III provides the DFT description of Li,Se; it is the first of
three consecutive ones leading to the same absolute minima of the occupied energies (i.e.,
the ground state, with a direct band gap of 4.065 eV at I').

No. of

Cal. No. Orbitils Orbitals for val_ence Valence Ga.p Ga‘p (r-X) Ga.p
for Li'* state of Se? Punctions (atT)ineV  ineV  ([-K)ineV

I 15225%2p° 3523p63d104s24p® 46 4.111 4551 5.427

II 15225%2p° 3523p©3d!%4s24p°4d° 56 4.096 4.536 5.412

II 1s2s°2p°3p°  3s23p°3d"°4s4pad’ 68 4.065 4.395 5.195
IV 1s%2s%2p”3p°3s®  3s?3p°3d'%4s’4p4d’ 72 4.023 4.394 5.172

Vo 1s%2s2p"3p?3s”  3523p°3d'%4s?4p®4d°5p° 78 3.940 4.221 4.967

VI 15%25"2p°3p°3s° 3s?3p©3d'°4s%4p°4d°5p°5s° 80 3.923 3.900 4.883
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Energy (eV)

L r X K r
Figure 1. Calculated band structure of Li,Se, as obtained in Calculations III and IV of the
BZW-EF method. The occupied energies from the two calculations are perfectly supe-
rimposed. No calculations with basis sets resulting from augmenting that of Calculation
IIT produce occupied energies lower than their corresponding values from Calculation III.

From this figure and the content of Table 2 above, we conclude that Li,Se is a
direct band gap semiconductor; this result is in stark disagreement with the pre-
viously reported DFT band gaps, in Table 1, that are uniformly given that all of
these previous gaps are indirect. The top of the valence band and the bottom of
the conduction bands are both at the I' point. From the results of Calculation III,
performed with the optimal basis sets, the calculated DFT band gaps of the ma-
terial are 4.065 eV (at I'), 4.395 (I'-X) and 5.195 eV (I'-K), respectively.

In Table 3, we list illustrative, calculated, electronic energies for Li,Se at high
symmetry points (I', X, K, and L) in the Brillouin zone. These energies are ex-
pected to be useful in comparisons of our findings with future, experimental re-
sults. Such results include direct, optical transition energies and various X-ray
and ultraviolet (UV) spectroscopic measurements.

Figure 2 shows the total electronic density of states (DOS) derived from the
bands produced in Calculation 3, with the optimal basis set. The inset presents
the magnified DOS in the vicinity of the band gap. This inset suggests a relative-
ly sharp absorption edge starting around 4 eV. The total valence bandwidth is
about 11.22 eV, from the DOS figure, and 11.21 eV, from the above table of ei-
genvalues. From the DOS figure, the width of the lowest laying valence band is
0.456 eV, while that of the group of upper valence bands is about 2.93 eV. The
peaks in the DOS for the conduction band are at 5.74 eV, 6.653 eV, 8.86 eV, and
9.47 eV, according to Figure 2.
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Table 3. At the room temperature lattice constant of 6.017 A, the calculated eigenvalues
(in eV), along high symmetry points, for rock salt Li,Se are shown below. They resulted
from Calculation III, the first to reach the ground state of the system.

I'-point X-point K-point L-point
14.367 15.494 14.907 13.690
12.251 12.993 13.748 13.109
12.251 12.993 10.588 11.760
12.251 11.615 10.353 11.760
5.836 10.509 9.875 9.221
5.836 10.509 8.918 6.573
5.836 6.889 8.264 6.548
4.065 4.395 5.194 14.907
0.000 -1.509 -1.207 -0.557
—0.003 -1.509 -2.041 -0.557
-0.003 —2.347 -2.142 -2.889
-11.211 -10.724 -10.739 -10.857
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Figure 2. Calculated, total density of states (DOS) for Li,Se, as derived from the bands
resulting from Calculation III, the first to reach the ground state. The vertical line at zero
indicates the position of the Fermi level. The inset suggests a relatively sharp absorption
edge in the vicinity of 4 eV.

We present the electronic, partial DOS (pDOS) in Figure 3. These densities
are also derived from the bands obtained with the optimal basis set. From the
pDOS, we see that the valence band of Li,Se is almost exclusively composed of Se

s and p states. In other words, these bands are described by the s and p atomic
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Figure 3. Calculated, partial densities of states (pDOS) for Li,Se, as derived from the band

resulting from Calculation, the first one to reach the ground state of the system. Zero on
the horizontal axis indicates the position of the Fermi level.

orbitals on Se. More specifically, the lowest laying valence band is dominated by
Se s state, with a feint contribution from Li-s. The uppermost group of valence
bands is from Se p state. The conduction bands are mainly from the hybridiza-
tion of Li p and s, with the domination of the former. Se d (3d), even though
treated as valence states in the calculations, turned out to belong to the core
states. The pDOS figure shows that Se 4d contributes to much higher, excited
states. The above features of the band structure can be measured in various
X-ray and UV spectroscopic investigations, as was the case for our calculations
of electronic and related properties of wurtzite aluminum nitride [26].

The electrical conductivities, and transport and other related properties of
materials require an accurate and detailed knowledge of effective masses. As per
the content of Table 4, we have performed calculations of electron effective
masses around the minimum of the conduction band, at the I point, and around
the next, lowest conduction band minimum at the X-point. We have calculated
the effective masses of the light and the two heavy holes at the top of the valence
band, at the I'-point. We list these calculated, effective masses in Table 4 below,
for various directions, in units of the mass of the electron (m,). The effective
masses of heavy Hole 1 and heavy Hole 2 are equal, except in the (I'-K),,, direc-
tion. Their difference in that direction is due to the splitting of the bands in the
(T'-K),,, direction by the Coulomb crystal field. The hole effective masses are
much more anisotropic than those for the electron. The calculated electron ef-
fective mass for antifluorite Li,Se, in the vicinity of the I point, is nearly isotrop-
ic and is equal to 0.352 m,. The electron effective masses at the X point are es-
sentially anisotropic, with the longitudinal electron effective mass of 0.647 m, in

the X to I direction, with the transverse electron effective mass of 0.413 m, in
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the X to K direction, and of 0.464 m, in the X to U direction. The value of the
heavy Hole 1 effective mass is 2.33 m, in the I' to L direction (I'-L),,;, 1.17 m, in
the T to X direction (I'-X),o, and 1.53 m, in the T to K direction (I'-K),,,. This
hole effective mass is strongly anisotropic. The heavy Hole 2 effective mass in
the (I'-K),,, direction is 0.989 m,. The effective masses of light Hole are 0.292 m,
in the (I'-L),;; direction, 0.515 m, in the (I'-X),,, direction, and 0.343 m, in the
(T-K),;, direction. We found no experimental values for these effective masses.
We expect future measurements to confirm our predictions in Table 4.

The graph of the total energy versus the lattice constant is shown in Figure 4

Table 4. Calculated, effective masses for antifluorite Li,Se, in units of free electron mass
(m,). M, indicates an electron effective mass at I' or at X.; M,;, and M, denote the heavy
and light hole effective masses, respectively.

Types and Directions of Effective Masses Values of Effective Masses (m,)

M, 0.352
M, (X-T) Longitudinal 0.647
M, (X-K) Transverse 0.413
M, (X-U) Transverse 0.464
My (T-L)1y 2.33
My (T-X) 100 1.17
My (T-K)110 1.53
M, (T-K)pp0 0.989
M, (T-L),, 0.292
My, (T-X) 100 0.515
M, (T-K) 110 0.343
—2 e[ T T T I T
—~ —2.8[ ]
> L . ]
) p
N—r B .,/ T
>~ - o -
(o)) - 3 . O [ e .,’ ]
- § ¥
(O] B . o _
C r ) i
Ll i o . b
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o - 5 .
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5.70 5.80 5.90 ©.00 6.10 6.20
Lattice Constant (Angstrom)

Figure 4. The total energy per unit cell, for Li,Se. The minimum of the curve occurs at a
= 5.882 A. The predicted, direct, band gap (I'-T) at this lattice constant is 4.363 eV.
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below. The range of the lattice constant in which our total energy values were
obtained is 5.70 to 6.20 A. The minimum of the total energy curve is at 5.882 A,
which is our predicted equilibrium lattice constant. With this lattice constant, we
predicted at zero temperature band gap of 4.363 eV at the IT' point, larger than
the room temperature value by 0.298 eV. Our calculated bulk modulus is 35.4
GPa; it is the same as the finding of Ali et al. [16] and is slightly larger than the
calculated result of 34.72 GPa of Alay-e-Abbas [11] [12]. No experimental mea-

surements for the bulk modulus of Li,Se are available for comparison.

4. Discussion

The following discussion is guided by the fact that our calculations, as explained
in the section on our method, 1) verifiably attained the ground state of the sys-
tem 2) while avoiding over-complete basis sets. The latter feature guarantees that
spuriously low, unoccupied energies are not in the spectrum of the ground state
Hamiltonian. The two features further guarantee that the eigenvalues obtained
with the optimal basis set, defined earlier, possess the full, physical content of
DFT. The claim in the literature that DFT eigenvalues do not have any particular
physical meaning does not apply to our findings that are true ground state results.

As shown in Table 1, all previous DFT calculations produced indirect band
gaps for Li,Se, in stark contrast to our calculated, direct (I'-I') band gaps of 4.065
eV and 4.363 eV, respectively, obtained with room temperature and the equili-
brium lattice constants. Additionally, while three of the previous GGA results
(4.08 - 4.19 eV) are numerically close to ours, the latter is larger by 1.135 or
more than five (5) GGA and LDA results in Table 1. The excellent agreement
between our previous results and corresponding, experimental ones [8] portends
a future, experimental confirmation of our findings. Such a confirmation will
point to extensive, potential importance of Li,Se in various ultraviolet technolo-
gies and applications.

Most DFT calculations in the literature perform self-consistent iterations with
a single basis set to produce results that are assumed to describe the ground state
of the system. Such a single basis is deliberately chosen to be large, more often
than not. This choice is to avoid possibilities for the basis set to be incomplete,
e, not large enough in size (number of functions) or not rich enough in radial
and angular features to accommodate the redistribution of the charge density in
the formation of the system under study. As explained in our method section,
large basis sets that contain the optimal one can lower some unoccupied ener-
gies; the larger the basis set, the larger the lowering is.

Hence, we should expect single basis set calculations by different authors to
produce different underestimates of the band gap of a semiconductor, even if
they employ the same DFT potential and similar computational approaches. The
outcomes of our Calculation VT illustrate the point. Let us first recall that calcu-
lations with large basis sets resulting from an augmentation of the optimal basis

set do not lower any occupied energies from their value obtained with the op-
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timal basis set. Additionally, if such basis sets are not significantly larger than the
optimal one, they also reproduce low laying, unoccupied energies obtained with
the optimal basis set. The content of Figure 1 shows that the low laying, unoc-
cupied energies produced by Calculation IV are the same as those from Calcula-
tion III, up to +6 eV. The values of the band gaps resulting from Calculation VI,
whose basis set contains 12 more functions than the optimal one, illustrate the
point. This calculation not only reduced the band gaps from their values ob-
tained in Calculation III, but also it resulted in an indirect (I'-X) band gap. The
latter feature is in qualitative agreement with the findings of the previous DFT
calculations shown in Table 1; we presume that these single basis set calcula-

tions most likely utilized relatively large basis sets.

5. Conclusion

In summary, we performed first principle, self-consistent calculations of electronic,
transport, and bulk properties of cubic antifluorite lithium selenide (Li,Se), using a
local density approximation (LDA) potential. As per the BZW-EF method, our
implementation of the linear combination of atomic orbitals entailed the per-
formance of successive, self-consistent calculations with increasingly large basis
sets. We obtain the basis set of a calculation, except for the first one that has a
small basis set, by augmenting the basis set of the immediately preceding calcu-
lation with one orbital. This generalized minimization of the energy not only
reached the ground state, but also does so without employing over-complete ba-
sis sets that tend to lower, unphysically, some unoccupied energies. This fact
suggests that the widespread underestimation of the band gaps of semiconduc-
tors and insulators, by DFT calculations, may be due to this spurious lowering of
unoccupied energies. Our calculated, indirect band gap of Li,Se, at room tem-
perature, is 4.065 eV. This result is in stark contrast with those from previous
DFT calculations that found an indirect band gap. The accurate results we ob-
tained for more than 30 semiconductors are the basis for us to expect a future,
experimental confirmation of our results for the energy bands, the densities of

states, effective masses, and the bulk modulus of Li,Se.
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