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1 Introduction

Electronic and optical properties of thiogermanate
AgGaGeS,: theory and experiment

Tuan V. Vu, ©*3® vo D. Dat,?® A. A. Lavrentyev,© B. V. Gabrelian,® Nguyen N. Hieu, © ©f
G. L. Myronchuk®" and O. Y. Khyzhun (& *3"

The electronic and optical properties of an AgGaGeS, crystal were studied by first-principles calculations,
where the full-potential augmented plane-wave plus local orbital (APW+lo) method was used together with
exchange—correlation pseudopotential described by PBE, PBE+U, and TB-mBJ+U approaches. To verify
the correctness of the present theoretical calculations, we have measured for the AgGaGeS, crystal the
XPS valence-band spectrum and the X-ray emission bands representing the energy distribution of the
electronic states with the biggest contributions in the valence-band region and compared them on
a general energy scale with the theoretical results. Such a comparison indicates that, the calculations
within the TB-mBJ+U approach reproduce the electron-band structure peculiarities (density of states —
DOS) of the AgGaGeS, crystal which are in fairly good agreement with the experimental data based on
measurements of XPS and appropriate X-ray emission spectra. In particular, the DOS of the AgGaGeS,
crystal is characterized by the existence of well-separated peaks/features in the vicinity of —18.6 eV (Ga-
d states) and around —12.5 eV and —7.5 eV, which are mainly composed by hybridized Ge(Ga)-s/p and S-
p state. We gained good agreement between the experimental and theoretical data with respect to the
main peculiarities of the energy distribution of the electronic S 3p, Ag 4d, Ga 4p and Ge 4p states, the
main contributors to the valence band of AgGaGeS,. The bottom of the conduction band is mostly
donated by unoccupied Ge-s states, with smaller contributions of unoccupied Ga-s, Ag-s and S-p states,
too. The AgGaGeS, crystal is almost transparent for visible light, but it strongly absorbs ultra-violet light
where the significant polarization also occurs.

and developed to produce laser sources of these ranges.*>***
Among these materials, special attention has been paid to those

Laser sources working in the UV, near-infrared, and mid-
infrared ranges have shown their important role in many
practical applications such as atmospheric and solar guidance,
free-space communication, detectors, and others.” Therefore,
many nonlinear optical crystals have intensively been studied
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which can effectively convert the 1.060-1.064 pm emission from
commercially available laser medium sources such as Nd:YAG,
Nd:Cr:YAG, Nd:YLF, Nd:YVO,, and Nd:YCO."*** However, only
a few of the explored nonlinear optical materials, namely
AgGaS,, AgGaSe,, and ZnGeP,,”*" are suitable for practical
uses. At the same time, practical applications of these NLO
crystals are also limited when pumping within the 1-9 pm range
due to the opaqueness to wavelengths less than 2 pm and the
multi-phonon absorption at wavelengths more than 9 um. Laser
damage threshold causes another practical restriction of these
crystals because the anisotropic thermal expansion lowers their
resistance to thermal shock.**'*

With many advantages over the drawbacks of the afore-
mentioned compounds, a thiogermanate AgGaGeS, crystal is
currently considered among best NLO materials. The AgGaGeS,
crystal possesses a wider transparency range (0.5-11.5 pm)* in
comparison with ZnGeP,. Its residual absorption around 1.064
um wavelengths is as low as 0.05 cm™ ' making the titled crystal
to be suitable for Nd:YAG laser pumping.”® The laser damage
threshold of AgGaGeS, was revealed to be 203 MW cm 2 at 2.05
um,” and 230 MW cm 2 at 9.55 um,?® allowing applications of
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operating conditions at higher current powers than AgGas, or
AgGaSe, crystals allow.>”?® Moreover, AgGaGeS, crystal reveals
a wide range of phase-matching schemes, allowing the crystal to
be effectively used for various frequency conversions.**°
Finally, the growth/synthesis conditions were successfully
explored aiming to obtain high-pure and large-size AgGaGeS,
crystals (centimeter dimensions) that can be effectively used to
convert over wide range of wavelengths including 1.064 um, 4
um, and 11 pm.

Most of studies of AgGaGeS, crystals depend essentially on
experimental conditions and quality of the crystals. During the
growth of AgGaGeS, crystals, many defects may occur forming
additional electronic states in the band gap, making its value
varying from 2.25 till 2.80 eV.*"* In particular, vacancies on
special crystallography sites have been established to form
during annealing AgGaGeS, crystals and their presence affects
the band gap value being within the energy range of 2.787-
2.805 eV in such a case.” Moreover, the band gap of AgGaGeS,
was experimentally discovered to be inversely proportional to
temperature value,* and at temperatures lower than 100 K, the
band gap of AgGaGeS, is bigger than 3 eV. It is well-known that
the electronic structure plays a crucial role in determining the
optical properties of semiconductors. For the case of AgGaGeS,
crystal considering a promising laser convertor, the value of the
band gap is very important as it determines the transparency of
semiconducting materials. In this study, a detailed knowledge
about the electronic structure of the AgGaGeS, crystal as well as
its optical properties is provided based on first-principles
calculations. It is worth mentioning that, to the best of our
knowledge, the electronic structure of AgGaGeS, has not been
studied theoretically yet. Furthermore, the theoretical densities
of states of AgGaGeS, are verified in the present work by using
measurements of experimental XPS and X-ray emission spectra.

2 Calculation method

The unit-cell of the AgGaGeS, crystal was constructed using its
space group Fdd2 and the lattice parameters ¢ = 12.019 A, b =
22.924 A, ¢ = 6.8837 A as established in ref. 34 in which each Ga
or Ge atom belongs to a tetrahedron formed by S atoms, while
Ag atoms occupy the space between these tetrahedra as pre-
sented in Fig. 1. For structural optimization as well as electronic
properties calculations, a 1 x 1 x 1 supercell is used, and the
Brillouin zone is sampled with a 1000-k-point mesh to satisfy
requirements of density functional theory (DFT) methods as
implemented in the WIEN2k package, where the Kohn-Sham
equations are solved by the APW+lo method.*® In the APW+lo
method, for the case of the AgGaGeS, crystal, the unit cell is
partitioned into atomic spheres for Ag, Ga, Ge, and S atoms with
their radii Ry of 2.5, 2.2, 2.26, 1.91 a. u., respectively, where the
basis functions are expressed as the sum of atomic partial waves
to the maximum angular momentum /,,x = 10, and the elec-
tron density p is expanded as Fourier series up to Gp.x = 14 a.
u.”'. Meanwhile, in the interstitial space of the unit cell, the
plane waves are summed up to [, = 4, and p is presented as
the sum of the product of lattice harmonics and radial func-
tions. Because thiogermanate AgGaGeS, is a semiconductor
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Fig.1 (a) Positions of the atoms and (b) stacking the [GaS,4] and [GeS,]
tetrahedra in the AgGaGeS, unit cell that is outlined, for clarity.

consisting of atoms involving d orbitals, either Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE)*® or Tran
and Blaha modified Becke-Johnson (TB-mB]J) potential®’ are
known to produce reasonable results being used for the
exchange-correlation potential in such a case and the Hubbard
parameter U*** was also included to treat the Coulomb inter-
actions between local orbitals.**** The parameter RN o Knax =
8.0 is used as convergence criterion of the scf-calculations,
while the iterations are suggested to reach the convergence
when the difference in charge density for two subsequent iter-
ations is less than 10™* Ry. After reaching the convergence, an
equilibrium structure of AgGaGeS, is achieved together with its
wave functions |kno) at wave vector k and spin ¢, and the cor-
responding eigenvalues of energy Ej,. This information can be
used to calculate the imaginary part e,(w) of the dielectric
function ¢(w) = &(w) + iey(w) at the angular frequency w of the
electromagnetic radiation by applying the momentum operator
p on the wave function |kno) as follows:*

& (w) = ;:2;2 x Z<kna|pl|kn a><kn U’pj|kna>
% Sin(1 =St )3( Bt = Biw = 1) (1)

where f;, is the Fermi distribution function, V is the volume of
AgGaGeS, unit cell, while the electron's mass and charge are m
and e, respectively. Then, the Kramers-Kronig relations** were
used to calculate the real part ¢;(w) of the dielectric function.
Finally, the obtained matrix of ¢,%(w) was used in the “joint
density of states™* to calculate optical properties of the
AgGaGeS, crystal.

3 Experimental

For the present X-ray spectroscopy measurements, we use the
AgGaGeS, crystal synthesized by the two-zone Bridgman
method in ref. 34. In the above article, it was proved that the
crystal under consideration is of high optical quality and
without any additional phase admixtures. Therefore, in the
present work we report on measurements of X-ray emission Ag

© 2023 The Author(s). Published by the Royal Society of Chemistry
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LBs15 (Nivy — Ly transition) and Ga(Ge) KB, (Nym — K
transition) bands, which represent the energy distribution of
the valence Ag d and Ga(Ge) p states, respectively. The X-ray
emission Ag LB, .5 and Ga(Ge) KB, bands were derived using
DRS-2M spectrographs equipped with X-ray BKhV-7 tubes (gold
anodes) using quartz crystals with the (1010) and (1340)
reflecting planes, respectively. The both crystals were focused by
the Rowland circle geometry following Johann's technique.*
The details of the present X-ray emission measurements are
similar to those described in details in ref. 46 and 47 in the case
of the Ag LB, 5 band and the Ga(Ge) KB, bands, respectively.
The XPS valence-band spectrum of the AgGaGeS, crystal was
measured using the UHV-analysis system following the tech-
nique;** however, to gain better resolution, in the present work
we employ a Mg Ka source (E = 1253.6 eV) and the spectrum was
recorded at constant pass energy of 20 eV. The XES S KB, ; band
was measured as reported in ref. 34.

4 Results and discussion

4.1 Calculated electronic structure and XPS and XES data for
the AgGaGeS, crystal

The major distinction between PBE, PBE+U, and TB-mBJ+U
methods is that, how these methods describe exchange-corre-
lation potential, which affects the theoretical electronic struc-
ture of a solid, in particular AgGaGeS,. In order to determine the
best method for evaluating the electronic band structure of the
AgGaGeS, crystal, both theoretical total density of state and the
experimental XPS valence-band spectrum are shown in Fig. 2,
where the Fermi level has been shifted to 0 eV corresponding to
the top of the highest occupied valence band in the compound
under consideration. It is well known that, the XPS technique
induces a higher energy position of the Fermi level than the
theoretical valence highest bands® (in our case, zero of the
energy scale of the experimental XPS spectrum corresponds to
the Fermi level of the energy analyzer used in the UHV-analysis
system, in fact, a PHOIBOS 150 analyzer). Therefore, presented
in Fig. 2 the XPS valence band spectrum measured for the
AgGaGeS, crystal was shifted by 0.9 eV toward the direction of
the Er position to gain correspondence between most prom-
inent peaks/peculiarities detected for the experimental and
theoretical results as recommended to do in the case of semi-
conducting materials.*”

Fig. 2 shows a noticeable variation in the energy band gaps of
the AgGaGeS, crystal as it is calculated by the PBE, PBE+U, and
TB-mBJ+U methods, which are found to be equal to 1.575 eV,
2.012 eV, and 3.414 eV, respectively (note that, the values of Ug,
= 0.65 Ry and U, = 0.5 Ry are used in the present DFT calcu-
lations). It is worth mentioning that, we treated different U
parameters for finding the best correspondence of the shapes of
theoretical DOS curves with the experimental XPS spectrum,
energy positions of their most prominent fine-structure pecu-
liarities and E, values. In the present work we present data only
for the case of the best agreement between the theoretical and
experimental data. Available experimental data reveal the band
gap of about 2.84 eV for AgGaGeS, at room temperature.>>>*"*
Meanwhile, Davydyuk et al** have shown experimental data
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Fig. 2 Experimental electronic structure as determined in the present
work by measurements of the XPS valence band spectrum versus
theoretical total density of states revealed by DFT calculations
employing the PBE, PBE+U and TB-mBJ+U approaches for
AgGaGeS,.

where the band gap of the AgGaGeS, is from 2.84 eV to above
3 eV. Therefore, in our opinion, the TB-mBJ+U method, which
features the energy band gap of 3.414 eV, looks to be the most
suitable for calculating the electronic properties of the
AgGaGeS, crystal. By Pauli principles, electrons with the same
spin avoid each other causing the exchange effect; meanwhile
electrons with opposite spin interact with each other due to the
correlation effect. Both effects are not correctly introduced in
the PBE method providing the interaction of an electron with
itself. Due to the ground-state nature of the DFT approach, the
valence band values are overestimated under such circum-
stances. This overestimation does not happen to the unoccu-
pied conduction bands; therefore, the energy band gap
occurring between the valence and conduction bands is nar-
rowed. As it is shown in Fig. 2, the band gap revealed by the PBE
method is by about 0.5 eV smaller than that derived by
employing the PBE+U method. The Hubbard parameter U was
introduced to the PBE+U method in the present DFT calcula-
tions to provide some correction to the correlation effect of the
core electrons. This correlation correction effect, as it is evi-
denced from Fig. 2, improves the theoretical energy band gap
value of the AgGaGeS, crystal and provides better valence band
structure regarding the shape of the experimental XPS valence-
band spectrum. The main peak occurring at around —3 eV in
the PBE-derived spectrum shifts down to —4 eV in the PBE+U-

RSC Adv, 2023, 13, 881-887 | 883
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like spectrum. In the latter case, the main valence band peak
coincides well with the energy position of the peak B of the XPS
curve. One of the most important improvements in the present
DFT calculations brought by the U correction technique is the
rearrangement of the electron energy levels. The PBE+U method
recognizes more electrons for the electronic states positioned
near —3 eV, and features another high intensity peak to be
located near —18.1 eV instead of —14.9 eV as derived by the PBE
method. These electronic peculiarities are in good agreement
with the XPS data. It is worth mentioning that, the exchange
correction is introduced in the TB-mBJ approach by a short-
range potential model.*” As can be seen from Fig. 2, when
employing the U correction technique using TB-mB]J potential®”
(the TB-mBJ+U method), we observe better correspondence of
the theoretical total DOS curve to the experimental electronic
structure of the AgGaGeS, crystal; in such a case, the main peak
near —18.6 €V is located exactly around the energy position of
the peak E detected in the XPS valence-band spectrum and with
an expected relative intensity.

Curves of partial DOS of AgGaGeS, are presented in Fig. 3.
The highest peak E of the XPS spectrum corresponds to the
energy level around —18.6 eV in the theoretical DOS curve,
where the electrons originating from Ga-d orbitals form the

L o b 5 B

DOS, XPS (arb.units)

0 —rrrr1r

-25 -20 -15 -10 -5 0 5 10
Energy (eV)

Fig. 3 Experimental electronic structure (XPS valence-band spec-
trum, XES S KBy 3. Ag LB215. Ga KB, and Ge KB, bands) versus total DOS
and its main constituent orbitals calculated by TB-mBJ+U for
AgGaGeS, crystal.
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densest electronic state sub-band. The Ge(Ga)-s/p and S-s
orbitals mainly donate into broader energy regions, however
less dense sub-bands, ranging from —14.3 to —11 eV, and —8 to
—7 eV. These bands correspond to the D and C peaks in the XPS
spectrum, respectively. In the highest energy levels of the
valence band of AgGaGeS, ranging from —6.1 to 0 eV, the Ag-
d orbitals donate major parts to the peak B at —4 eV. As can
be seen from Fig. 3, Ga-s states bring the principal contribu-
tions to the bottom of the valence band, Ga-p and S-p states
produce the formation of the near-Fermi feature A of the XPS
spectrum, while S-p states dominate at the top of the valence
band of the quaternary sulfide under consideration. In addition
to the above-mentioned contributors, Fig. 3 presents that Ge-p
states also substantially contribute to the peak B of the XPS
valence band spectrum of AgGaGeS,.

To verify the above predictions made on the basis of the
present DFT calculations, we have performed XES measure-
ments of the appropriate bands giving information on the
partial densities of states for atoms composing AgGaGeS,. Our
estimations employing the XPS technique bring the following
atomic percentage of the constituting chemical elements in the
AgGaGeS, crystal under study: 14.9 at% Ag, 12.2 at% Ga, 14.6
at% Ge, 58.3 at% S. The nominal atomic percentage in the ideal
AgGaGeS, crystal should be as follows: 14.3 at% Ag, 14.3 at%
Ga, 14.3 at% Ge, 57.1 at% S. Our XPS data indicate that the
composition of the constituting chemical elements in the
AgGaGeS, crystal used for the present experiments is close to
the ideal composition for all the atoms except of Ga. In partic-
ular, literature data indicates®® that some deficit of Ga in the
AgGaGeS, crystals looks to be a problem for such kinds of
compounds. In particular, partial lack of Ga atoms in compar-
ison to the expected theoretically atomic ratios was detected
previously for a series of AgGaGeS,-nGeS, crystals possessing
the crystal structure belonging to the SG Fdd2, with n equal to 0,
2, 3, and 4. We believe that this small lack of Ga in the crystal
being investigated does not influence the present experimental
results. In the present experiments we do not detect XPS or XES
spectral peculiarities associated with vacancy formation. It
should be noted that our XPS measurements of the XPS core-
level Ga 2ps/,, Ag 3ds,, and Ge 3d spectra in the AgGaGeS,
crystal®* indicate that their binding energies are equal to
1117.35(£0.05), 367.45(+0.05), and 30.86(+0.05) eV, respec-
tively, being in excellent agreement with the XPS data by Huang
et al.>* for AgGaGe,Sy(,.1) (n = 2, 3, 4, and 5) crystals. For the
latter crystals, the XPS measurements® give the binding ener-
gies of 1117.35-1117.03 eV, 367.45-367.38 eV, and 30.88-
30.87 eV for the XPS core-level Ga 2p;/,, Ag 3ds/,, and Ge 3d
spectra, respectively. Interestingly, the authors® have detected
some tendency of decreasing binding energies for the XPS core-
level Ga 2p;,, and Ag 3ds, spectra in the AgGaGe,,Sy(,.+1) crystals
with increasing the n value, while the binding energy of the Ge
3d spectra remains unchanged in such a case.

It is well-known that the X-ray emission S KB, 3, Ag LB, 15,
Ga KB, and Ge KB, bands plotted in Fig. 3 represent the energy
distributions of the valence electronic S-p, Ag-d, Ga-p and Ge-p
states, respectively.*>*>** As shown in Fig. 3, the maximum
position of the XES S KB,; band is located around the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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peculiarity A of the XPS spectrum indicating that the main
contributions of S 3p states are expected to be positioned in the
upper part of the AgGaGeS, valence band, with essential
contributions of these electronic states throughout the whole
band region ranging from —6.1 to 0 eV being in excellent
predictions of the present DFT calculations. Furthermore, the
maxima of the XES Ag Lf, ;5 and Ge KB, bands are detected
around the main maximum B of the XPS valence-band spec-
trum of the AgGaGeS, crystal, while the maximum of the Ga
KB, band is detected in the vicinity of the shoulder A of the XPS
spectrum. These experimental data indicate that the valence
Ag-d, and Ge-p states contribute mainly in the energy region in
the vicinity of the maximum B of the XPS spectrum, while Ga-p
states around the peculiarity A, again supporting the present
DFT band-structure calculations of the AgGaGeS, compound.
Therefore, we gain good agreement between the experimental
and theoretical data with respect to the main peculiarities of
the energy distribution of the electronic S 3p, Ag 4d, Ga 4p and
Ge 4p states, the main contributors to the valence band of
AgGaGeS,. Some peculiar hybridization of the mentioned
electronic states is observed in the AgGaGeS, valence band
suggesting the existence of covalent bonding nature (in addi-
tion to the ionic component) in the AgGaGeS, crystal. The
similar peculiarities of the chemical bonding are characteristic
for related quaternary silver- and gallium-bearing selenide,
AgGaSiSe,.** The bottom of the conduction band of AgGaGeS,,
as Fig. 3 presents, is mostly donated by unoccupied Ge-s states,
with smaller contributions of unoccupied Ga-s, Ag-s and S-p
states, too.

4.2 Optical properties of the AgGaGeS, crystal

The optical properties of a material relate to how this material
interacts with the incident electromagnetic (EM) waves, which
can be characterized by the dielectric function ¢(w) = &(w) +
iey(w). The real part ¢;(w) of the dielectric function indicates on
how a material stores and re-emits energy of the EM waves,
while the imaginary part ¢,(w) presents the permanent energy
absorption of this material. The calculated dielectric function
é(w) of the AgGaGesS, crystal is depicted in Fig. 4. The spectrum
of its real part ¢ (w) is featured by the static value of about 5, and
main peaks near 4 eV and 6 eV indicate values of the

10

-2 T T T T T T 0 T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Energy (eV) Energy (eV)
Fig. 4 Dielectric function including (a) real part &;(w) and (b) imaginary
part ¢1(w) of the AgGaGeS, crystal obtained by DFT calculations within
the TB-mBJ+U method.
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corresponding energies/wavelengths which are mostly reflected
by the AgGaGesS, crystal.

However, the magnitudes of these peaks vary slightly
depending on the direction of the incident waves due to the
anisotropy of the AgGaGeS, crystal. In the energy interval 3-
5 eV, the real dielectric component along the y-axis, e”(w), is
the lowest by intensity; therefore, the reflectivity of AgGaGeS,
along the y-direction is supposed to be the lower than in the x-
and z-directions. The shifts of the & (w) peaks are observed
mainly in the energy ranges 3-6 eV and 8-12 eV. Therefore, the
intensity of the reflected waves by AgGaGeS, not only depends
on the direction but also on the energy of the EM waves. The
polarization of the imaginary part e,(w) of the dielectric
function occurs at energy intervals 3-4.5 eV and 5.5-16.5 eV
corresponding to the highest permanent absorption of the EM
waves whose wavelengths are in ranges 257-413 nm, and 75-
225 nm, respectively. One of the consequences of permanent
absorbing EM waves is to excite the electrons from the valence
band to the conduction band. Therefore, the main peaks/
features of the ¢,(w) function located near 3.5 eV, 6 eV, 7 eV
and 9 eV originate due to the transition of electrons from S-p
orbitals in the valence band to the Ge-s orbitals in the
conduction band.

Regarding to the optical properties of the AgGaGeS, crystal,
it is well-known that the square root of the dielectric function
&(w) gives the refraction index in the form of complex numbers,
where real part n(w) is related to how the EM waves are slowed
down and inclined in materials, and the imaginary part k(w)
describes how fast the energy of EM waves vanishes in mate-
rials. As shown in Fig. 5(a and b), the shapes of spectra of the

O i R
0 5 10 15
Energy (eV)

(c)

L(w)
2

0 T

0 5 10 ‘VWTS-:;' ‘IE‘SHH‘V(D ! U‘ ‘ ;H“I‘UHHI‘S ‘ ‘20 25 30
Energy (eV) Energy (eV)
Fig. 5 Optical parameters such as (a) refractive index n(w), (b)
extinction coefficient k(w), (c) electron energy-loss spectrum L(w), and
(d) optical reflectivity R(w) of the AgGaGeS, crystal obtained by DFT
calculations within the TB-mBJ+U method.
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refractive index and the extinction coefficient, n(w) and k(w), are
similar to those of the ¢;(w) and &,(w) spectra, respectively (cf.
Fig. 4(a and b)). The spectrum of the refractive index n(w) as
presented in Fig. 5(a) reaches its highest peaks in the energy
range of 3-7 eV signifying the range of EM waves which are
essentially inclined and reflected by the AgGaGeS, crystal. The
EM waves at slightly higher energy levels, 7-12 eV, according to
Fig. 5(b), are likely to vanish in the AgGaGeS, crystal. At higher
energy levels, 17-23 eV, most energy of the incident EM waves
will be lost. The electron energy-loss spectrum L(w) presented in
Fig. 5(c) reveals the existence of a maximum centered at around
19.5 eV. This value corresponds to plasma frequency of the
AgGaGeS, crystal. The reflectivity spectrum R(w), shown in
Fig. 5(d), reveals high values in the energy range of 5-7 eV as the
result of the absorption and re-emit effects governed by the n(w)
and k(w) parameters. The direction-dependence of the R(w)
function is also obvious in this energy range, where the reflec-
tivity along the z-direction is the highest followed by reflectivity
along the x- and y-directions. At energy levels higher than 17 eV,
the reflectivity of AgGaGeS, decreases abruptly due to the sharp
increase of the energy-loss (Fig. 5(c)).

The absorption coefficient a(w) of AgGaGeS,, as shown in
Fig. 6, is neglectable for the EM waves whose energies are
smaller than 2.5 eV. Therefore, AgGaGeS, is transparent for the
most part of the visible light. Starting from 2.5 eV, the absorp-
tion increases slightly and reaches its fast increase in the
vicinity of 3.4 eV, which is determined as the theoretical band
gap of the AgGaGeS, crystal. The polarization of the «(w) spec-
trum is minor up to the energy range where the absorption
coefficient «a(w) reaches the highest values (above 10° cm™).
These highest values of the «(w) spectrum are detected in the
energy range of 7-12 eV. This energy range is located inside the
energy range of 5.5-16.5 eV, where the ¢,(w) function possesses
its highest values. Consequently, it is expected that the
AgGaGeS, crystal strongly absorbs the EM waves with the
wavelengths being in range of 103-177 nm. At these wave-
lengths, the «(w) function is strongly polarized: the o(w)
component reveals higher intensity as compared to those of the
other two remaining directions. The EM waves shorter than
61 nm are weakly absorbed by AgGaGeS, and the crystal is
almost transparent up to ultra-violet lights.
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Fig. 6 Absorption coefficient a(w) AgGaGeS, crystal calculated by the
TB-mBJ+U method.
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5 Conclusions

The first-principles calculations using PBE, PBE+U, and TB-
mBJ+U methods were performed to study the electronic and
optical properties of the AgGaGeS, crystal. Results of the
present DFT calculations within the TB-mBJ+U method are
found to be in the best agreement with the experiments based
on XPS and XES measurements. In particular, in accordance
with the present first-principles band-structure calculations, S
3p states are located mainly at the top and in the upper part of
the AgGaGeS, valence band, with essential contributions of
these electronic states throughout the whole band region
ranging from —6.1 to 0 eV, Ag 4d and Ge 4p states contribute
mainly in the central part of the band, while Ga 4p states in its
upper portion. The present theoretical predictions have been
supported by measurements of the X-ray emission bands giving
information on peculiarities of the energy distribution of the
electronic S 3p, Ag 4d, Ga 4p and Ge 4p states, the main
contributors to the valence band of AgGaGeS,. Some peculiar
hybridization of the mentioned electronic states is observed in
the AgGaGeS, valence band suggesting the existence of essential
covalent constituent (in addition to the ionic one) of the
chemical bonding in the AgGaGeS, crystal. The bottom of the
conduction band of AgGaGeS,, in accordance with our DFT
calculations, is mainly formed by unoccupied Ge-s states, with
smaller contributions of unoccupied Ga-s, Ag-s and S-p states,
too. Plasma frequency of the AgGaGeS, crystal is equal to about
19.5 eV. The electromagnetic waves shorter than 61 nm are
weakly absorbed by AgGaGeS, and the crystal is almost trans-
parent up to ultra-violet light.
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