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tronic properties of lithium
thiogallate (LiGaS2): experiment and theory
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L. I. Isaenko, fg S. I. Lobanov,fg A. F. Kurus’fg and O. Y. Khyzhun *h

We report the relation between the optical properties and electronic structure of lithium thiogallate (LiGaS2)

by performing XPS and XES measurements and theoretical calculations. According to the XPS

measurements, the LiGaS2 crystals grown by the Bridgman–Stockbarger method possess promising

optical qualities, low hygroscopicity and high stability upon middle-energy Ar+-ion irradiation. The

difference in the LiGaS2 band gaps obtained by theoretical calculations and experimental measurements

was, for the first time, reduced down to 0.27 eV by applying the Tran–Blaha modified Becke–Johnson

(TB-mBJ) potential where the Coulomb repulsion was considered by introducing Hubbard parameter, U.

The TB-mBJ+U method also reproduces the XPS spectrum well. The TB-mBJ+U band-structure

calculations of LiGaS2 are found to be in good agreement with the XPS and XES experimental data. The

accurate electronic structure of LiGaS2 allows further investigation of the optical properties. The relation

between the photoluminescence of LiGaS2 and its electronic structure was revealed. Moreover, the

theoretical results show the possibility of emissions at higher energy levels in LiGaS2, that has not been

measured in experiments yet. Good phase-matching of LiGaS2 was expected to occur at energy levels of

5, 6, 6.2, 7, 7.2, and 8 eV.
1 Introduction

For the last 30 years, non-linear optical (NLO) materials have
been developed and studied due to their crucial role in many
mid-IR applications including solar energy, optoelectronic
devices, optical frequency conversion, and detectors.1,2

However, many obstacles remain and silver thiogallate
(AgGaS2), selenogallate (AgGaSe2), and zinc germanium phos-
phide (ZnGeP2), are still the most popular mid-IR NLO mate-
rials. The main drawbacks of these widely used NLO crystals are
low laser damage threshold, limited phase-matching, and two-
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photon absorption.3–5 In order to overcome these drawbacks,
the Ag element can be replaced by Li in the LiGaX2 family (X¼ S,
Se) resulting in higher optical damage thresholds due to a larger
band gap.6–8 At the same time, the LiGaX2 orthorhombic crystals
are also distinguished from non-oxide NLO crystals by high
thermal conductivity, better phase-matching,9,10 two-photon
absorption suppression, and lower mismatching of group-
velocity.11 Both LiGaS2 and LiGaSe2 have been successfully
synthesized.12–14 These compounds reach their damage thresh-
olds under about 3 J cm�2

uence, where the pulses are 14 ns at
1.0642 mm,15 with no gray tracking formation.16 These advan-
tageous properties make LiGaX2 some of the very rare crystals
which are suitable for frequency down-conversion. However,
LiGaSe2 exhibits low chemical stability, meanwhile LiGaS2 can
resist the surface degradation for more than 7 years.15 In 2016,
a 1 mm-thick sample of LiGaS2 was observed to be optically
stable under the pump intensity of 200 GW cm�2.17

It is well-known that the electronic structure of NLO
materials plays a crucial role in many properties such as the
second-order susceptibilities, the generation of free charge
carriers, photoluminescence, absorption edge, and the higher
order wave-mixing processes.18–20 Despite the fact that LiGaS2
has been thoroughly studied in both theoretical and experi-
mental work, its electronic structure remains controversial.
In 1990, the atomic positions, bond length, and bond angles
were determined by Leal-Gonzalez et al. using X-ray tech-
niques.14 In 2003, Isaenko et al. grew LiGaS2 single crystals to
RSC Adv., 2020, 10, 26843–26852 | 26843
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Fig. 1 (a) Photo of as-grown LiGaS2 crystal boule, (b) polished LiGaS2
plate used in the present XPS and XES measurements.
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View Article Online
study the crystallographic parameters, absorption spectra,
and refractive indices.10 In 2009, theoretical calculations were
used to describe the electronic structure of LiGaS2 based on
which the optical properties of the compound can be
revealed. However, the LDA+U calculation was modied
according to X-ray photoelectron spectroscopy (XPS)
measurements resulting in a band gap of 3.28 eV.21 Many
theoretical studies have been performed leading to the same
situation where the band gap of the electronic structure is
about 3.08–3.29 eV,21–24 which is much lower than the exper-
imental band gap of 4.15 eV.10

In order to achieve more reliable data on the electronic
structure, and optical properties of LiGaS2, both experimental
and theoretical studies have been performed in the present
work. A sample of this compound was grown and measured
with XPS and X-ray emission spectroscopy (XES) methods. The
band gap was experimentally determined by the cross point
between abscissa axis and the line of the absorption spectrum.
As the Tran–Blaha modied Becke–Johnson potential with
Hubbard parameter U (TB-mBJ+U)25–30 technique has been
successfully applied to study the electronic structure and optical
properties of different families of suldes,31–38 it is also applied
in the current study. The theoretical result was veried by
comparing it with experimental data.
Fig. 2 (a) Orthorhombic structure of LiGaS2, and distorted (b) LiS4 and
(c) GaS4 tetrahedra in the LiGaS2 crystal.
2 Experimental procedure

The LiGaS2 crystals for the present experimental studies of its
electronic structure were grown using the Bridgman–Stock-
barger method following the technique reported in detail in ref.
10. For the present XPS and XES measurements, the crystal was
shaped as a plate with dimensions 8.7 � 4.5 � 4.5 mm3, and its
surface was polished similar to that reported elsewhere.39

Photos of the as-grown LiGaS2 crystal boule and the polished
LiGaS2 plate used in the present XPS and XESmeasurements are
presented in Fig. 1. The XPS spectra of the LiGaS2 crystal were
recorded with the UHV Analysis System (SPECS, Germany)
operated at a constant pass energy of 30 eV, and employing aMg
Ka X-ray source. When using such a source for spectra excita-
tion, in the case of Ga-bearing compounds, the Auger Ga
L3M23M45 line superimposes the C 1s core-level spectrum of
hydrocarbon surface adsorbates that generally serves as
a reference to compensate for the surface charging effects in the
XPS technique.40 Therefore, to overcome this problem, the
charging effects in the present XPS experiments were compen-
sated for by employing a ood gun, as previously recommended
in such a case.41 The technique used to measure the XES S Kb1,3
(transition MII,III / K) and Ga Kb2 (transition NII,III / K)
bands, giving information on the energy distribution of S 3p
and Ga 4p electronic states, respectively, is the same as reported
in ref. 42. Briey, a DRS 2M spectrograph with analyzing
elements prepared according to Johan as reported elsewhere,41

and equipped with an X-ray BKhV-7 tube (Au anode) operated at
42 kV and 72 mA was used. The XES S Kb1,3 and Ga Kb2 spectra
were measured with apparatus energy resolution better than
0.3 eV.
26844 | RSC Adv., 2020, 10, 26843–26852
3 Computational method

Lithium thiogallate LiGaS2 (LGS) crystalizes in a non-
centrosymmetric structure with space group Pna21. The ortho-
rhombic system was simulated based on experimental lattice
parameters a ¼ 6.5133�A, b ¼ 7.8629�A, c ¼ 6.2175�A.10 As shown
in Fig. 2, one Ga atom connects with four S atoms to create
a GaS4 tetrahedron. Meanwhile, the Li atoms are situated in
cavities formed by Ga–S bonds.

The electronic structure calculation for LiGaS2 crystals was
performed by applying the augmented plane wave plus local-
orbital (APW+lo) method43,44 as implemented in the WIEN2k
package.45 The Muffin-Tin (MT) model was used to reproduce
the system’s full potential without shape approximations,
where the MT radius for Li, Ga, and S was 2.09 (a.u), 2.29 (a.u)
and 1.97 (a.u), respectively. The expansion of the wavefunction,
within a Brillouin zone of 3000 k-points, was limited by the
This journal is © The Royal Society of Chemistry 2020
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View Article Online
maximum angular momentum lmax ¼ 10, and RMT
minkmax ¼ 8. The

Fourier expansion of charge density was carried out until
Gmax ¼ 14 (a.u.)�1. The exchange–correlation potential was
modeled by both traditional GGA-PBE method46 and a TB-mBJ
functional.47,48 The Coulomb repulsion of strongly correlated
Ga-3d states was treated by the Hubbard technique.49,50 The
Hubbard parameter U ¼ 0.515 Ry was applied for 3d states of
Ga, because this U value was proven to be suitable for systems
containing the Ga element.26 The convergence of a self-
consistent process was controlled by setting the charge
density difference to be less than 10�4 Ry.

The optical properties of the LiGaS2 crystal were calculated
based on the dielectric function 3(u) ¼ 31(u) + 32(u)51 which in
turn depends on the unit-cell volume V, the crystal momentum
k, spin s, and the eigenvalue energy Ekn of the wave function
|knpi. Applying the Kramers–Kronig relations,52 32(u), and 31(u)
can be calculated as follows:53

32
ijðuÞ ¼ 4p2e2

Vm2u2

X
~knn

0
s

�
~kns|pi |~kn

0
s

��
~kn

0
s|pj |~kns

�

�f~kn

�
1� f~kn0

�
d
�
E~kn

0 � E~kn � ħu
�

(1)

and

31ðuÞ ¼ 1þ 2

p
P

ðN
0

u
0
32

�
u

0
�

u
02 � u2

du
0
; (2)

where the Cauchy principal was denoted by P, the momentum
operator p, the Fermi distribution function fkn, the frequency of
incident electromagnetic wave (EM) u, the electron mass and
charge are m, and e, respectively.
4 Results and discussion
4.1 XPS studies of the LiGaS2 crystal

The survey XPS spectrum of the pristine surface of the LiGaS2
crystal (Fig. 3) reveals only the presence of the constituent
elements and, in addition, signals associated with adsorbed
oxygen- and hydrocarbon-containing species. The binding
energy value of the C 1s line is impossible to evaluate precisely
because it superimposes the Auger Ga L3M23M45 line in the
Fig. 3 Survey XPS spectra of (1) pristine and (2) Ar+-ion irradiated
surfaces of the LiGaS2 crystal.

This journal is © The Royal Society of Chemistry 2020
LiGaS2 crystal; however, its presence is evidenced through the
existence of the Auger C KLL line when measuring the pristine
crystal surface (Fig. 3). The binding energy of the O 1s line in the
case of the pristine LiGaS2 crystal surface (the spectrum is not
presented here) gives the value of 531.8� 0.1 eV, corresponding
exclusively to oxygen adsorbed from the laboratory air.54 Treat-
ment of the pristine surface with middle-energy (3 keV) Ar+ ions
(5 min duration, ion current density was set to be equal to about
17 mA cm�2 as we used in the case of the related chalcogenide
compounds, LiGaSe2 (ref. 26) and LiGa0.5In0.5Se2 (ref. 28)), leads
to almost complete elimination of adsorbed oxygen- and
hydrocarbon-containing species. These facts show the high
optical quality and low-hygroscopicity of the LiGaS2 crystal
surface. Previously, such peculiarities have been found to be
characteristic of the related selenides LiGaSe2 (ref. 26) and
LiGa0.5In0.5Se2.28

Detailed XPSmeasurements of the most important core-level
spectra associated with lithium, gallium and sulfur atoms
(Fig. 4) indicate that the 3 keV Ar+ ion-treatment does not lead to
visible changes in the shapes of the XPS spectra or the binding
energy values (Table 1). We do not see the formation of new ne-
structure peculiarities in the XPS valence-band spectra in such
a case (Fig. 5). Therefore, like in the case of selenides LiGaSe2,26

and LiGa0.5In0.5Se2,28 the LiGaS2 crystal also reveals the high
chemical stability. In the LiGaS2 crystal, the XPS S 2p core-level
spectrum superimposes the Auger Ga L2M45M45 line, as Fig. 4(c)
demonstrates.

It is worth mentioning that XPS is recognized as an experi-
mental technique that is very sensitive to peculiarities in the
chemical bonding in solids.40,54 However, it is also very sensitive
to surface charge effects and calibration methods. Therefore, it
is benecial to ensure that XPS measurements are performed
with one instrument and the same experimental conditions are
used. Previously, we measured XPS spectra of the related sele-
nide, LiGaSe2 (ref. 26), and derived a binding energy of 1117.34
� 0.05 eV for Ga 2p3/2 core-level spectrum. Since the experi-
ments in ref. 26 were performed under similar experimental
conditions as compared to those used in the present work,
comparison of the above binding energy value with that derived
for the Ga 2p3/2 core-level of LiGaS2 (1117.88 � 0.05 eV; Table 1)
allows us to conclude that the ionic component of the Ga–X
bonds (X ¼ S, Se) decreases when in the LiGaX2, the chalco-
genide sulfur is substituted by selenium. The comparison of the
ionic component of the Li–X bonds (X¼ S, Se) in LiGaX2 can not
be made because the Li 1s spectrum superimposes the Se 3d
spectrum in selenide LiGaSe2.26
4.2 Electronic properties of LiGaS2

The band gap Eg is one of the key factors to dene the laser
damage resistance of LiGaS2. However, it has not been well
reproduced by previous theoretical studies of this sulde. Due
to the discontinuity of the exchange–correlation potential or the
over-delocalization of the valence band (VB) in the GGA/LDA
calculation, the LiGaS2 band gap is about 1 eV smaller than
the experimental data.10,21–24,55,56 The experimental band gap of
LiGaS2 can be 3.93 eV, 4.03 eV, and 4.15 eV, depending on
RSC Adv., 2020, 10, 26843–26852 | 26845
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Fig. 4 Detailed XPS core-level spectra of (1) pristine and (2) Ar+-ion irradiated surfaces of the LiGaS2 crystal: (a) Ga 2p, (b) S 2s, (c) S 2p (and Auger
Ga L3M45M45 and Ga L2M45M45 lines), (d) Ga 3p, and (e) Li 1s.

Fig. 5 XPS valence-band spectra of (1) pristine and (2) Ar+-ion irra-
diated surfaces of the LiGaS2 crystal.

26846 | RSC Adv., 2020, 10, 26843–26852

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
11

:5
5:

26
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
temperature and the thickness of sample.10,57,58 To achieve
consistency between theory and experiment, the atomic posi-
tions in LiGaS2 were taken from an experimental study which
Table 1 Binding energies measured in eV of pristine and Ar+ ion-
treated LiGaS2 crystal surfaces (uncertainty is �0.05 eV)

Core-level
Pristine
surface

Ar+ ion-treated
surface

Ga 3d 19.80 19.74
Li 1s 54.97 55.12
Ga 3p3/2 105.14 105.07
S 2pa 161.79 161.81
S 2s 225.73 225.66
Ga 2p3/2 1117.88 1117.76
Ga 2p1/2 1144.68 1144.63

a Superimposed with Auger Ga L2M23M45 line.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Band structure of LiGaS2 calculated by (a) GGA-PBE, (b) GGA-PBE+U, and (c) TB-mBJ methods (the Fermi level is set to zero).

Table 2 The LiGaS2 band gap Eg (eV) obtained by theoretical calcu-
lations and experimental measurements

Methods This work Other work Experiment

GGA-PBE 3.259 3.29a, 3.12b 4.15 (ref. 10)
TB-mBJ 4.566 3.08c, 3.24d

GGA-PBE+U 3.202
TB-mBJ+U 4.418

a Ref. 21. b Ref. 22. c Ref. 23. d Ref. 24.
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reveals an LiGaS2 band gap of 4.15 eV,10 the strongly correlated
electrons of Ga d-orbitals were treated by Hubbard U parameter
as it is reported to improve the Eg by about 0.2 eV,21,23 and
correction is added to the exchange effect in the TB-mBJ
method.47,48,59,60

As can be seen from the data reported in Table 2, the LiGaS2
band gap obtained by PBE-GGA and PBE-GGA+U are 3.259 eV,
and 3.202 eV, respectively. These values are just slightly
different from previous theoretical studies, and the introduc-
tion of the Hubbard parameter U does not lead to a signicant
improvement of the LiGaS2 band structure, as shown in Fig. 6.
The TB-mBJ method results in a remarkable shi of conduction
band (CB) to an upper energy level, Fig. 6, giving a LiGaS2 band
gap of 4.566 eV, which is about 0.4 eV bigger than the experi-
mental data.10 Meanwhile, the TB-mBJ+U method reduces the
difference between theoretical and experimental band gaps
down to 0.27 eV. The TB-mBJ+U band structure of LiGaS2 is
presented in Fig. 7. As both VB maximum and CB minimum are
located at G-point, LiGaS2 is also a direct band gap semi-
conductor like other members in the family LiMX2 (M ¼ In, Ga,
Fig. 7 (a) TB-mBJ+U band structure and DOS of LiGaS2 along the high-

This journal is © The Royal Society of Chemistry 2020
X ¼ S, Se).10 This result is consistent with experimental
studies.58 The band dispersion near the valence region is mainly
at implying rather high effective mass, and peculiarities of the
bonding nature in LiGaS2. Subsequently, the hopping of parti-
cles between different regions in real space is expected to be
inhibited.

In previous work, the TDOS calculated by GAA/LDA fails in
describing the d-orbital of Ga which is at very low density.18 The
d-orbital of Ga as well as the whole VB is shied to a higher
symmetric direction in (b) the Brillouin zone.

RSC Adv., 2020, 10, 26843–26852 | 26847
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Fig. 9 XPS valence-band spectrum of the LiGaS2 crystal matched on
a common energy scale with the XES S Kb1,3 and Ga Kb2 bands.
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energy level, and therefore, the calculated band gap is signi-
cantly reduced.22 The reliability of the TB-mBJ+U method is
conrmed by comparing the TDOS with the XPS spectrum of the
VB in the LiGaS2 crystal (Fig. 8). It can be seen that the TB-
mBJ+Umethod is very good with respect to reproducing the XPS
spectrum with main peaks in the vicinity of �17.6 eV, �13 to
�11 eV, �6 to �4 eV, and �3 to 0 eV. The highest part of the
LiGaS2 VB is mainly constructed by the hybridization of s/p-
orbitals from the Li, Ga, and S elements. The strong hybrid-
ization of Li-2s and S-3p orbitals reveals the covalent nature of
the Li–S bonds. Meanwhile, the admixture of S-3p and Li-2p
orbitals results in a sharp increase of DOS at the VB
maximum. While the d-orbitals of Ga are the only contributors
to VB with the lowest part at �17.5 eV, the unoccupied CB is
formed by hybridization of Li-2p, Ga-4s, and S-3p orbitals.

Regarding the occupancy of the LiGaS2 VB by S-3p and Ga-4p
states, the substantial contributors in the valence-band region,
as Fig. 9 presents, show that the above theoretical predictions
are reasonably supported by the data of the present XES
measurements. Fig. 9 presents the comparison results, on
a general energy scale, of the XES S Kb1,3 and Ga Kb2 spectra,
providing the energy distribution of the S 3p and Se 4p states in
LiGaS2, respectively, with the XPS VB spectrum. From Fig. 9, it is
clear that the main maximum of the S Kb1,3 band (S-3p states) is
detected at the top of the XPS VB spectrum (peculiarity A), while
the main maximum of the XES Ga Kb2 band (Ga-4p states) is
Fig. 8 Total and partial DOS of LiGaS2 compound (obtained by the
TB-mBJ+U method) in comparison with the XPS spectrum. The DOS
of Ga-s, and Ga-p are zoomed-in by 25, and 50 times, respectively.
The VB maximum was set to be at the Fermi level, while the energy
level of the XPS spectrum was also shifted to match the total DOS.

26848 | RSC Adv., 2020, 10, 26843–26852
positioned near peculiarity B of the XPS spectrum (cf. Fig. 8 and
9). As can be seen from Fig. 8, the theoretical data also predict
substantial input from the Ga-4s states at the bottom of the
LiGaS2 VB, while minor contributions of Li-2s, 2p states
contribute to the upper portion. However, the available ability
of our group does not allow experimental measurements of
those states in the LiGaS2 crystal.

One of the emission maxima in LiGaS2 was observed at
5 eV,58 this is exactly the band-to-band transition between peak
A in the VB maximum and the highest peak A* in the CB lowest
peak, as shown in Fig. 8. The remaining extrema in the spectra
of pink, blue, and violet photoluminescence are at lower
intensity and they are observed at 3.4 eV, 3.94 eV, 2.9 eV, 2.74 eV,
2.98 eV, and 3.28 eV.58 The reduction in emission energies may
arise from experimental factors including temperature, defects,
self-trapped exciton.61,62 In the framework of theoretical calcu-
lations, this reduction may also originate from the low intensity
of bands near the band gap, as shown in Fig. 8. Since the
photoluminescence originates from absorption and recombi-
nation processes, the optical properties of LiGaS2, including
dielectric function, and absorption rate are calculated in the
next paragraph.

4.3 Optical properties of LiGaS2

The reliable TB-mBJ+U electronic structure allows for the study
of the dielectric function of LiGaS2 that is formed as a result of
intra-band and inter-band transitions. As the LiGaS2 is a direct
semiconductor, the indirect inter-band transition, which arises
from phonon-scattering, is negligible.63–65

The 31(u) spectrum of LiGaS2, as shown in Fig. 10(a), is
characterized with main extrema A, B, C, D, E, and F in the
vicinities of 4 eV, 5 eV, 5.5 eV, 6.5 eV, 7.5 eV, and 9 eV, respec-
tively. The static values of 31(0) are almost the same (31

xx(0) ¼
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Polarization of (a) 31(u), and (b) 32(u) spectra along x-, y-, and z-directions in the LiGaS2 crystal.

Fig. 11 Polarization of the absorption spectrum a(u) along x-, y-, and
z-directions in the LiGaS2 crystal.
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4.185, 31
yy(0)¼ 4.150, 31

zz(0)¼ 4.225). It can be seen in Fig. 10(a),
that LiGaS2 possesses high reectivity for photons with energy
of 3–6.5 eV. The polarization of dielectric function is strong in
the energy level range 4–11 eV, within this range (31

xx(0) is
slightly higher than (31

yy(0), and (31
zz(0). The damping of the

electro-magnetic wave occurs at about 9 eV where 31(u) becomes
negative. At energy levels higher than 13 eV, 31(u) is almost
isotropic, and slightly increases to a positive value near zero.
The imaginary part of the dielectric function (Fig. 10(b)) is only
anisotropic in the energy range 6–11 eV. The extrema A, B, C, D,
E, and F occur near energy levels of 5.5 eV, 6 eV, 6.5 eV, 7 eV, 8,
and 9 eV, respectively. Analyzing Fig. 8 and 10, it is obvious that
the extrema in the 32(u) spectra correspond to the inter-band
transitions from S-3p/Li-2s/Li-2p/Ga-4s states to Ga-4s/Ga-4p/
Li-2p/Li-2s states. The inter-band transition happens only
from energy levels of �4 to 0 eV in the VB to energy levels of 4–
6 eV in the CB. It is also shown that the value of 32

xx(u) is always
lower than those of 32

yy(u), and 32
zz(u) which are close to each

other.
It is well-known that the imaginary part of the dielectric

function is proportional to the joint density of states,66,67 which
is relative to the power of emission. As 32(u) reaches its extrema
at 5.5 eV, 6 eV, 6.5 eV, 7 eV, 8, and 9 eV, it is expected that the
emission is from a high intensity of photons in these energy
ranges. However, previous measurements58 show only one
theoretical maximum at 5 eV. Our theoretical results indicate
a need to measure the emission in LiGaS2 at higher energy
levels. Meanwhile, in the framework of theoretical calculations,
some aspects of the photoluminescence can be revealed via the
absorption spectrum a(u), which was calculated by the TB-
mBJ+U method and is presented in Fig. 11.

For the energy range 0.1–3.9 eV (0.32–11.6 mm), the LiGaS2
compound is reported to be nearly transparent.58 This experi-
mental result is reasonable because the electromagnetic wave
absorption of LiGaS2 in this energy level is very low. However,
the a(u) neatly maintains at 104 cm�1 which results in pink,
blue, and violet emission with main extrema at 2.74 eV, 2.9 eV,
2.98 eV, 3.28 eV, 3.38 eV, 3.4 eV, and 3.94 eV.63
This journal is © The Royal Society of Chemistry 2020
As shown in Fig. 11, the optical absorption edge is observed
near 4.4 eV. The rst extremum of a(u) is near 5 eV, which is
also the highest intensity of emission observed in previous
work.62 The emission at higher energy levels has not been
available, however it can be seen that LiGaS2 single crystal
intensively absorbs propagating electro-magnetic waves with
photon energies in the range of 7–17 eV, where the a(u) is in the
order of magnitude of 106 cm�1. At energy ranges of 8–11 eV, the
absorption ayy(u) is slightly higher than axx(u), and azz(u),
whose intensities are almost the same. At energy levels higher
than 17 eV, there is a sharp decrease of absorption in LiGaS2,
and negligible polarization.

Since the polarization of absorption a(u) is signicant at
high energy levels, it is expected that the intensity of photo-
luminescence in LiGaS2 also depends on different directions. It
is necessary to note that the emission at high energy level
results in a high refractive index.68 Therefore, the photo-
luminescence is actually observed to be best preserved in the
normal direction.69 On the other hand, the reected emission
RSC Adv., 2020, 10, 26843–26852 | 26849
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Fig. 12 Polarization of (a) refractive index n(u), (b) extinction coefficient k(u), (c) electron energy-loss spectrum L(u), and (d) optical reflectivity
R(u) along x-, y-, and z-directions in the LiGaS2 crystal.
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can cause attenuation of photoluminescence.69 Therefore, the
refractive index n(u) and extinction coefficient k(u) were calcu-
lated and are presented in Fig. 12.

At equilibrium, the refractive indices n(u) along x-, y-, and z-
directions in the LiGaS2 crystal are very close to each other. The
difference in the values of n(u) remains minor in the trans-
parent region of 0–3.9 eV.58 The polarization becomes strong in
the energy range of 4.4–13 eV, where nxx(u) > nzz(u) > nyy(u)
(Fig. 12(a)). In the energy range of 5–8 eV, n(u) reaches its
extrema in the vicinity of 5, 6, 6.2, 7, 7.2, and 8 eV, where LiGaS2
exhibits its best phase-matching as the birefringence is most
remarkable.70 As the conditions for phase-matching are met, the
constructive interference is expected to occur leading to a high
intensity eld. Generally, the intensities of k(u) along the three
crystal directions of LiGaS2 are nearly the same, Fig. 12(b).
However, there is a remarkable shi of kyy(u) to higher energy
levels within the energy range of 7–11 eV. At the energy range of
5–17 eV, the attenuation of the propagating wave is at a high
rate as the extinction coefficient k(u) is as high as 1–2. This is
also the energy range where the absorption rate a(u) is the
highest. So, the extinction coefficient k(u) is well proportional to
a(u). Due to the absorption process, the energy-loss L(u) is
26850 | RSC Adv., 2020, 10, 26843–26852
partly caused by thermalization during the inter-band transi-
tion. As shown in Fig. 12(c), the energy loss becomes signicant
in the energy range of 5–18 eV, then it sharply increases to the
highest values of about 4.5 in the narrow energy range of 18–
20 eV. The plasma frequency is expected to be at 19 eV, signi-
fying a plasma frequency of about 4594 THz. This is also the
energy level of strong polarization, where Lzz(u) is obviously
higher than Lxx(u), and Lyy(u). The reectivity spectrum R(u)
extends to 22 eV with strong polarization at the extrema in the
vicinity of 5, 6, 7, 10, 12, and 16 eV (Fig. 12(d)). The static values
of the reectivity spectrum R(u) are as follows: (Rxx(u) ¼
11.79%, Ryy(u) ¼ 11.661%, Rzz(u) ¼ 11.933%).
5 Conclusion

The electronic and optical properties of lithium thiogallate
(LiGaS2) were studied by XPS and XES measurements, and DFT
calculations. The theoretical calculation was performed using
the GGA, and TB-mBJ methods where the effect of the
Coulomb repulsion was also considered by introducing the
Hubbard parameter U into the GGA+U, and TB-mBJ+U
methods.
This journal is © The Royal Society of Chemistry 2020
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Despite the fact that the LiGaS2 crystal structure was
modeled based on experimental data, both GGA and LDA
methods reproduce a band gap that is about 1 eV smaller than
the experimental measurements. The improvement of
exchange–correlation potential via the TB-mBJ method leads to
a band gap of about 0.4 eV higher than the experimental data.
The Hubbard parameter in the TB-mBJ+U method plays an
important role in reducing the difference between theoretical
and experimental results to 0.27 eV.

The nature of the band-to-band transition, which is relative to
the photoluminescence in LiGaS2, was studied by analyzing the
DOS, TDOS, and XPS spectra. Both the TB-mBJ+U method and
XPS spectrum separate the valance band of LiGaS2 into the lowest
part at �17.6 eV (mainly contributed to by the d-orbitals of Ga);
themiddle part at�13 to�11 eV (donated by s/p-orbitals fromLi,
Ga, and S elements); and the highest part at �6 to 0 eV (donated
by s/p-orbitals of Li, and S elements). Meanwhile, the Li-2p, Ga-
4s, and S-3p orbitals provide the major contribution to the CB.
Regarding the occupancy of the LiGaS2 VB by S-3p and Ga-4p
states, the above theoretical predictions are reasonably sup-
ported by data of the present XES and XPS measurements when
comparing them on the general energy scale of the XES S Kb1,3
and Ga Kb2 spectra bringing the energy distribution of S 3p an Se
4p states with the XPS VB spectrum. Furthermore, the XPS data
indicate the low hygroscopicity of the LiGaS2 crystal surface. The
ionic component of the Ga–X bonds (X¼ S, Se) decreases when in
the LiGaX2 chalcogenide sulfur is substituted by selenium.

LiGaS2 possesses high reectivity for photons with energies 3–
6.5 eV, where the 31(u) spectrum reaches its extrema. The polar-
ization of dielectric function is strong in the energy level range 4–
11 eV. The theoretical spectra of LiGaS2 dielectric function 3(u)
conrm the band-to-band transition relating to the photo-
luminescence of pink, blue, and violet spectra, where the emis-
sion is observed at energy levels lower than 5 eV. As 32

xx(u) reaches
its extremum beyond 5 eV, it is recommended to measure the
emission of LiGaS2 at higher energy levels. The transparency of
LiGaS2 in the energy range 0.1–3.9 eV (0.32–11.6 mm) is conrmed
by the current theoretical results. The LiGaS2 single crystal is
predicted to intensively absorb photons with energies of 7–17 eV,
with the absorption rate a(u) is in the order of magnitude of
106 cm�1, where the polarization is remarkable in such a case.

LiGaS2 can exhibit constructive interference with high inten-
sity elds at 5, 6, 6.2, 7, 7.2, and 8 eV, where the birefringence is
most remarkable (nxx(u) > nzz(u) > nyy(u)). The extinction coeffi-
cient k(u) is highest in the energy range of 5–17 eV. The loss
energy L(u) reaches the highest value near 19 eV, signifying
a plasma frequency of about 4594 THz. The reectivity spectrum
R(u) is at high intensity (0.1–0.5) in the energy range of 0–20 eV.
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G. A. Sawatzky, Phys. Rev. B: Condens. Matter Mater. Phys.,
1993, 48, 16929–16934.

50 P. Novák, F. Boucher, P. Gressier, P. Blaha and K. Schwarz,
Phys. Rev. B: Condens. Matter Mater. Phys., 2001, 63, 235114.

51 F. Wooten, Optical Properties of Solids, Academic Press, New
York, 1972.

52 C. Ambrosch-Draxl and J. O. Sofo, Comput. Phys. Commun.,
2006, 175, 1–14.

53 T. V. Vu, A. A. Lavrentyev, B. V. Gabrelian, O. V. Parasyuk,
V. A. Ocheretova and O. Y. Khyzhun, J. Alloys Compd.,
2018, 732, 372–384.

54 O. Y. Khyzhun, V. L. Bekenev, V. V. Atuchin, E. N. Galashov
and V. N. Shlegel, Mater. Chem. Phys., 2013, 140, 588–595.

55 A. J. Cohen, P. Mori-Sánchez and W. Yang, Phys. Rev. B:
Condens. Matter Mater. Phys., 2008, 77, 115123.

56 D. Mei, W. Yin, K. Feng, Z. Lin, L. Bai, J. Yao and Y. Wu,
Inorg. Chem., 2012, 51, 1035–1040.
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