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ARTICLE INFO ABSTRACT

Keywords: In order to gain an insight into the bonding and to characterize linear and nonlinear optical
Ab initio calculation properties of three infrared LiGaGe,Sg, LiGaGe,Ses, and LiGaGe,Teg compounds, we performed
Bonding analysis an ab initio calculation based on density functional theory. The calculations determined lattice

Electronic population

- ' parameters, band gaps, dipole moments, and second harmonic components that commonly
Optical properties

agreed well with the available experimental data. We show in this article, through a large body of
calculations, the trend in the row of participating anions, S — Se — Te, enhances the polar-
ization effect and the coordination structure distortions in the polyhedra groups forming the
bonding pattern of the cell. This one also affects both the electronic and the optical properties,
making the compounds more propitious for device-based optical applications.

1. Introduction

Understanding bonding and electronic properties of non-centrosymmetric crystals are of primary importance to enhance the
production of tunable and coherent radiation sources as the optical parametric oscillation (OPO) [1] (the OPO is fundamental for an
optical resonator and a nonlinear optical crystal). Second harmonic generation (SHG) effect is one of the more involved properties in
these OPOs. In fact, the main interest to built OPOs is to product signal and idler wavelengths, which are determined by a phase
matching condition, can be assorted in wide ranges. For this task, materials possessing non-linear optical characteristics are essen-
tially used for parametric nonlinear frequency conversion. To date, a large number of materials have been found to be SHG-active [2];
however, the microscopic origin of this property is not well studied. In fact, one of the prerequisites to have a material with excellent
conditions is rather achieved by off-centering of ions in the polyhedra group. Its structure requires a noncentrosymmetric and or
structural distortion of the cation with a second-order Jahn-Teller effect [3-5]. Or, in the most frequent cases, we have a polar
displacement of cation centers [6], and a distortion from a stereochemically active lone pair of cations [7,8]. Moreover, nonlinear
optical (NLO) crystal depends not only on the NLO coefficient ¥ of the crystal but also on its linear optical properties, such as
birefringence, absorption edge, optical homogeneity, and damage threshold, as well as the physical-chemical properties of the
crystal. For instance, in inorganic materials, which assemble several NLO criteria [8], the macroscopic eccentricity is often a sign of
the asymmetric coordination environments of the cations. The combination of d° transition-metal cations as lone-pair cations such as
Pb2* and Bi®* Mo®*, into a distorted polyhedra group, is an effective strategy to enhance the SHG properties. The addition of such a
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cation increases the effect of polarization by enhancing the interaction of the s and p orbitals of the metal cation with the anion p
states [6]. Although, the examination of bonding in these situations is important; the microscopic point of view on these phenomena
[9,10] can be particularly of a relevant interest.

Achieving a high laser damage threshold, low power consumption, and extend the range of phase-matching condition is a current
challenge for suitable nonlinear optical (NLO) materials. The use of the successfully commercialized SHG-materials as the AgGaX,
(X =S, Se) [11-14], and ZnGeP, single crystals [15], may provide a solution to many of these challenges, however, these materials
possess serious drawbacks. On one hand, both AgGaS, and AgGaSe, are not phase-matchable at 1 um (Nd:YAG) and have poor
transparency [16] which reduce their applications in the Mid-IR region. The ZnGeP, on the other hand, displays active two-photon
absorption of conventional 1 pm (Nd:YAG) or 1.55 um (Yb:YAG) laser-pumping sources [17]. To overcome these drawbacks, some
studies [18,17], propose the use of wide gap materials. For this reason, we investigated three promising SHG-compounds namely a
melting LiGaGe,Se, LiGaGe,Ses and LiGaGe,Tes compounds, where two of them have been recently synthesized in [19-21,17,22].
These crystals exhibit a high laser damage threshold and can be synthesized at low temperature 710 °C [23,20]. First-principles
calculation [19] made on the LiGaGe,Ses compound gives a band gap of 2.38 eV, a birefringence An equal to 0.04 for . = 1 um, and a
d;s and ds3 second harmonic generation tensor elements equal respectively to 18.6 and 12.8 pm/V. Similarly, recent theoretical
calculation [20] on the LiGaGe,S¢ compound were also done. Optical properties calculation gives static refractive indexes of
n(0) = 2.29, ?(0) = 2.36, and n**(0) = 2.39 which also confirm the perspective of this material in nonlinear optical or optoe-
lectronic devices.

In the attempt to study the contribution of each chemical group forming the cell in the optical properties of our crystals, our study
uses chemical topology approach as well as an ab initio method. Overall, the aim of this methodology is to answer general questions
about the nature of chemical bonds or the reactivity of chemical compounds [24,25], but in this paper, we focus more on the orbital
contribution of bonds and their polarized moments. In addition, this study compiles an accurate analysis of structural, electronic,
linear and nonlinear optical properties of the LiGaGe,Se, LiGaGe,Seq and LiGaGe,Teg compounds.

We give in the next section, a brief description of the theoretical method used in our study. We then gather our main results based
on density functional calculations. This section deals with the structural, chemical bonding (orbital population analysis [26] and
topological study of the bonds by mean of the electron localization function index [27,28]) and optical properties. Our main con-
clusion is drawn in the last section.

2. Computational method

In this study, we performed first-principles calculations based on density functional theory (DFT) using the Vienna Ab-initio
Simulation Package (vasp) [29]. For this task, we used the Perdew-Burke-Ernzerhof (PBE) version of the generalized gradient ap-
proximation (GGA) [30] to describe the exchange-correlation functional in connection with the projector-augmented wave (PAW)
method [29] (all-electron description of the electron-ion-core interaction). The convergence of atomic relaxation was reached when
forces acting on atoms were less than 0.001 eV/A. To perform integrations in the reciprocal space, we used a dense special k-points
sampling (1000 k-points) for the Brillouin zone [31]. An energy cutoff of 600 eV was used to ensure convergence of the total energy
within 102 eV. Some calculations were also carried out by the ek [32] full-potential linear augmented plane wave (rp-Lapw) code, in
which case the modified Becke-Johnson exchange-correlation potential has been used [33], known to reproduce, in many cases, the
band gap values in good agreement with experiment.

In order to analyze the topology of the electron density, we use the electron localization function index (ELF) [27] analyzed with
the TorcueEM code [34], as a quantum interpretative technique. This choice is justified by the fact that the calculation of the bonds
charge and its related polarized moments are crucial. This index describes the arrangement of the shared electrons in the valence
shells, and thus constitutes the chemical electronic structure [27]. ELF measures the paired electrons and provides a partition into
localized electronic domains, the so-called basins. Each valence basin is presented with a chemical meaning in concordance with the
Lewis theory. These basins can be shared between two atoms A and B, and labeled V(A, B) (disynaptic basin) or described by a lone-
pair region labeled V(A) (monosynaptic basin). The magnitude of the dipolar electrostatic moment (noted |u|) are calculated from the
ELF basins [24] as follows:

w(@ = [ (= X)p(F)dT’ o
w@ = [ 0= Yp(T)d7’ @
w(@ = [ @= Z)p(F)dr”’ @)

where X,, Y., Z. are the cartesian coordinates of the nuclear centers. || is then calculated as the square root of the sum of squared
components.

3. Results and discussion
3.1. Structural properties
In order to ensure the accuracy of our investigation, we began by optimizing the structures of our compounds. Here, the single
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Table 1
Calculated lattice parameters, bulk modulus and volume compared to experimental data of LiGaGe,Ss, LiGaGe,Segs and LiGaGe,Teg compounds.
LiGaGe,Se LiGaGe,Seq LiGaGe,Teg
Parameters This work Experimental data This work Experimental data This work Experimental data
a (A) 12.35 11.93% 12.08"° 12.97 12.50¢ 14.01 -
b (A) 23.11 22.65%, 22.73" 24.33 23.68° 26.41 -
c(A) 6.92 6.83 7, 6.84" 7.25 7.12¢ 7.75 -
Volume (A%) 1975.91 1844.8°, 1878.19° 2288.12 2107.84¢ 2867.99 -
Bulk (GPa) 26.89 - 22.39 - 19.09 -

2 Quoted from Ref. [20].
> Quoted from Ref. [17].
¢ Quoted from Ref. [23].

crystals under investigation have an orthorhombic structure with the Fdd2 space group and a C}) positional symmetry. The ger-
manium and gallium cations are aligned as fourfold polyhedra within the anions (X = S, Se, and Te). The main structure is built from
a non isolated GeX, and GaX, tetrahedron, interconnected via corner or edge sharing. An infinite alternative chain of GeX4 units is
connected to a distorted LiX, one. This latter forms layers parallel to the (010) direction, while the GaX,4 polyhedral units join these
layers with each other. Situated at the interstices of the structures, LiX, and LiXs groups form curved chains along the c-axis. In
addition to these structural groups, the asymmetry of the polyhedra and the empty tetrahedral interstices build the non-cen-
trosymmetric structure of our compounds. The lattice parameters along with internal coordinates were subject to unconstrained
relaxation; the results are given in Table 1, where we juxtaposed our optimized values with the available experimental data. The
optimized unit cell parameters and atomic positions were found to be close to those obtained from the experiment [21,17,22].

3.2. Electronic and chemical bonding properties

Isaenko et al. [17] and Yelisseyev et al. [22] estimated the band gaps of LiGaGe,Ss and LiGaGe,Seq at ambient (300 K) conditions
to be 3.51 and 2.38 eV, respectively. Our (£Lk) calculations done with mBJ exchange-correlation potential yield E, = 3.48, 2.39 and
1.41 eV for LiGaGe,Ss, LiGaGe,Seg and LiGaGe,Teg correspondingly, i.e., in good agreement with experiments (3.51 eV [17] for
LiGaGe,Se and 2.38 eV [22] for the LiGaGe,Ses) and very close to the mBJ calculation (Eg = 2.233) eV of Ref. [35]. Due to the slight
difference in the band structure topologies of the three compounds, we present in Fig. 1 only that related to the LiGaGe,S¢ structure.
The plotted band structures of Fig. 1, show a no-direct band-gap along the I'-Z direction. The calculated electron effective masses at
the top of the valence band are respectively m, = —1.027, —1.171 and —0.058 m, for the three compounds LiGaGe,Se, LiGaGeoSeq
and the LiGaGe,Tes. Analogously, m, at the bottom of the conduction band are +1.327, +0.938 and +1.352 m,.
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Fig. 1. Calculated mBJ band structure of LiGaGe,S¢ compound.
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Orbital population of the LiGaGe,Se, LiGaGe,Ses and LiGaGe,Tegs compounds. All quantities are done in (charge/e) unit.

LiGaGe,Sg
Li

Ga

Ge

LiGaGe,Seq
Li

Ga
Ge

Se

LiGaGe,Teg
Li

Ga
Ge

Te

2s
0.287
4s
0.562
4s
0.661
3s
1.247

2s
0.413
4s
0.734
4s
0.921
4s
1.314

2s
0.477
4s
0.722
4s
0.962
5s
1.323

4py
0.474
4p,
0.464
3py
1.053

4py
0.523
4py
0.509
4py
0.974

4p,
0.566
4p,
0.643
5py
1.019

4p; 4px
0.497 0.445
4p, 4px
0.544 0.528
3p, 3px
1.160 1.390
4p, 4px
0.547 0.518
4p. 4px
0.578 0.558
4p; 4px
1.044 1.342
4p, 4px
0.578 0.568
4p, 4px
0.651 0.614
5p, 5px
1.018 1.376

Once we have an optimized structure, we can look not only at the position of the nuclei (i.e., bond distances and angles) but also
at the electronic population as well. With this rule, specific interactions between atoms can be quantified and compared. The allo-
cation of electrons in several fractional ways among the different parts of the orbital population of our investigated compounds can be
explained by the Mulliken population analysis [36] gathered in Table 2. Thus, Table 2 shows that the s—p, like orbitals are the more

Partials densities of states (state/eV)

P o i s s
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4 2 0 2 4 6

Energy (eV)

Fig. 2. Partial densities of states plots at the mBJ level for the LiGaGe,S¢ (in continued line), LiGaGe,Ses (in dashed line) and LiGaGe,Te, (in circle)
compounds. Some illustration of HOMO and LUMO isosurface (in yellow color) are also given in the inset. The X denotes the substitution of anion by
S, Se and Te. The s, p and d orbitals are respectively colored in black, red and blue. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Table 3

Calculated overlap populations in electron unit.
Bond Li-S Li-Se Li-Te Ga-S Ga-Se Ga-Te Ge-S Ge-Se Ge-Te
OoP 0.410 0.402 0.361 0.184 0.198 0.213 0.004 0.013 0.025

involved in the bonding of the three investigated compounds (only valence electrons are shown). In view of the interest in the
energetic contribution of each orbital, let use the results of Table 2 to comment the partial densities of states plot collected in Fig. 2.
The substitution of the anion X by S, Se, and Te involve an increase of Li-2s-states in the valence band ranging from —7 to —4eV.
Analogously, the same behavior for the Ga-4p, states, which strongly interact with the X-p ones in the bonding and anti-bonding
bands, give rise to an unoccupied band near the Fermi level (Ez). The principal contributors to the valence band are the X-p states,
which constitute the top, the middle and the lowermost valence orbitals, is shifted by 2eV when the X ions are replaced by S, Se, and
then by Te. After substitution, the highest and lowest occupied molecular orbitals (HOMO and LUMO, respectively) show a major
change from the Ga-4p, Ga-4s and X-p states. Here the p, population orbital increases and the Ga-4p, and Ga-4p, ones decrease,
whereas, the X-p diminishes its population (Here the p, orbital is not directional along the bonds contrary to the p, and p, ones). The
p-states of Ge cations and X anions are distributed energetically in the same range (—4 to 0 eV) and thus they can effectively overlap
and form very strong covalent bonds. It is worth mentioning that a minority of Ge-d well-localized states form a hybridization with
the X-4p. The decrease of the band gap is probably due to the GaX4 units as where the anion moves from S to Se and finally to Te. This
decrease is mainly due to the unoccupied Ga(s) and X(p) states which shift toward the Fermi level.

From the Mulliken analysis, we can extract the overlap population (OP) [26] of the Ge-X, Ga-X and Li-X bonds (X being sub-
stituted by S, Se, or Te atom). From this analysis, we can also get OP of the Ge-X, Ga-X and Li-X bonds (X being substituted by S, Se,
or Te atom). The results are presented in Table 3. Clearly, we find that the replacement of the anion S with Se or Te affects the overlap
population. In fact, there is a general agreement [26] that a high population value indicates a sharing electron between the atoms
forming the bond (covalent bonds), while a low value implies an ion-interacting bond (ionic bonds). According to the difference of
Pauling electronegativity (Ay) between each ion, where, y(Ge) = 2.4, x(Ga) = 1.6, x(Li) = 1.0, x(S) = 2.5, x(Se) = 2.4 and
x(Te) = 2.1. We can conclude that the agreement between the OP and Ay is not efficient (here, Ga-X bonds become stronger with the
increase of the covalency; however, the results of the OP index in the Ge-X bonds remain ambiguous). This may happen because of
the Pauling electronegativity scale is derived from the energetics of diatomic molecules and therefore may not be good enough to be
applied to bulk materials [26]. We would intuitively expect that the analysis of the bonding properties could be more efficient with
more sophisticated methods, as we will present in the next subsection. However, in our situation, the results from Table 3 indicate
that the bond strength increases with the overlap population in the Ge/Ga—X bonds and decreases in the Li-X ones.

We can gain further insight into the bonding of the studied materials by making a topological partition of their electronic density
(p). This task can be done by the electron localization function (eLr) index [27,28]. Here, it is possible to extract charge distribution
and dipolar moments along each bonds [37]. Plotting the electronic domains through the ELF index provides a mean to have
information about the partition of electron pairs along our cell, see Fig. 3. Two sets of domains are shown: (i) unshared

Fig. 3. 3D ELF localization domains (for an isosurface equal to 0.84) for: (a) LiGaGe,Ss, (b)LiGaGe,Seg, and (c) LiGaGe,Tes compounds. The balls
correspond to the atoms (Ge, red; Ga, blue; Li, grey; S, yellow; Se, green; Te, brown). GaX,4 and LiX, units are circled respectively in red and black to
highlight the change in the basin volume. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Table 4
Calculated electron population of the monosynaptic (LP) and bisynaptic (B) basins. The table shows four distinct attractors for each bond and two
ones for the LP domains, all population are given in electron unit.

LiGaGe,Se LiGaGe,Seq LiGaGe,Teg

Attractor Qo Attractor Qo Attractor Qo

LP(S) 3.62, 2.76 LP(Se) 2.76, 2.72 LP(Te) 0.92, 1.40

B(Ga-S) 1.64, 2.55, 2.98, 2.43 B(Ga-Se) 2.60, 2.75, 3.61, 1.50 B(Ga-Te) 2.03, 2.68, 2.42, 2.37
B(Ge-S) 2.41, 1.49, 1.57, 2.52 B(Ge-Se) 2.53, 2.06, 1.89, 1.49 B(Ge-Te) 2.74, 2.61, 1.49, 2.02
B(Li-S) 2.41, 1.53, 1.33, 2.39 B(Li-Se) 3.43, 2.44, 2.62, 2.44 B(Li-Te) 2.36, 3.67, 1.81, 1.45

(monosynaptic basins denoted LP, called also lone pair), localized in the atom, and (ii) shared between two atoms (bisynaptic basins
denoted B). One can distinguish one kind of bisynaptic basin in each directional bond of the GaX, units with a B(Ga-X) attractor
located at the midpoints of the bond. In addition, two monosynaptic ones along the Ga—X-Li and Ga-X-Ga directions, give rise to one
kind of polarizing LP bonds. The polyhedral distribution of each attractor, stipulate that the covalent polarized character is the
dominant behavior of our compounds. However, due to the fact that electrons population is unequally shared, the bonds are rather
classified as a polar covalent one. This unequal sharing is the basis of bond polarity and dipole moments in our compounds. Thus, in
order to achieve an accurate description of the bonding characters, we give in Table 4, the integrated populations of each kind of
basin. Here, the ELF provides a measure for the local influence of the Pauli repulsion on the behavior of electrons. An important
aspect that emerges upon the examination of Table 4 is the existence of four type of bisynaptic attractor along each unit GaX,, GeX,
and LiX4, and two LP(X) ones, due probably to bonding and antibonding interactions of X-p and cation-s orbitals. The sequence of
participating anions S to Se to Te leads to an increase in population in disynaptic basins and a decrease in monosynaptic ones. The
change of electronic population of LP bonds increases the distortion of the LiX, polyhedra. The distorted polyhedron is a result of
shifting the Li(2p) density away from the X anion. This shift affects the other polyhedra (GaX,, GeX,), leading to more asymmetric
electron densities in the distorted structures. In order to get an insight into this trend, we calculate the polarized moments that can
exist in our three compounds. Although we could not see any stereochemically active lone pair [7,8] on lithium cations, the dipolar
polarization moment increases in the attractor bonded to the Li cation, where |y;(L)| = 1.32, 2.83 and 3.64 (electron.Bohr) re-
spectively, for the LiGaGe,Se, LiGaGe,Ses and the LiGaGe,Tes compounds. However, |u;(Ga)| decreases as 2.83, 1.39, 1.18 (elec-
tron.Bohr). Likewise, sulfide, selenite, and tellurite anions possess three times higher dipolar polarized moment, because such anions
are able to form a diversity of unusual structures due to the presence of the stereochemically active lone pair electrons in their valence
shell, which could serve as a structure-directing agent. According to our calculations, the cooperative effects of the LiX,4 and GaX,
tetrahedral units are crucial to enhance the dipolar polarizability in our structures. Additionally, the asymmetric coordination
polyhedron of the S, Se or Te atom generated a structural distortion in those units, essentially due to the electrostatic effect of the lone
pair of electrons; this may also result in the noncentrosymmetric structures with consequent interesting physical properties, such as
SHG. In fact, according to [19], the great SHG response in LiGaGe,Sg is due to the strong distortion of the structural units due to the
Ge** cations and the enlargement of the interstitial space around Li* cations.

3.3. Optical properties

The interesting results of the dipolar moments found above led us to calculate the macroscopic dielectric constant, which is
directly connected to the polarization as well as to the microscopic trend of electrons. In this measure, the polarization can be
expressed in terms of both the electric susceptibility (macroscopic) and polarizability (microscopic) (see Ref. [38]). We exploit the
energy band structures presented in Section 3.2 for both interband and intraband transitions from valence to conduction bands. Here,
the direct transitions contribute mostly to the dielectric function because they conserve the momentum. The quantities which we
discuss in this section are the dielectric function ¢(w) and the second order of the susceptibility xu(i) (—2w; w; w). These measures
depend on the momentum matrix elements [38]. For this aim, we employ the permitted transitions, i.e., the intra- and inter-band
contributions, to construct the imaginary part of the complex dielectric function (¢(w) = &;(w) + iex(w)) and from it the refractive
index spectra n(w) = \/(1/2) x {(e2(w) + 2 (@))? + g(w)}.

The imaginary part of the dielectric function is plotted in Fig. 4. The spectra of the three compounds LiGaGe,Se, LiGaGe,Seq and
LiGaGe,Tegq differ only a little. Probably this is due to the resemblance of their band structures as well as to the allowed optical
transitions between the occupied and unoccupied bands according to the selection rules. The three structures of e5(w) exhibit a large
anisotropy between their xx and yy components, and differ in the fundamental band gap in agreement with the above described
electronic structure calculations. In order to explore the birefringence of the title compounds, we also present the refractive indices in
Fig. 5. Calculated refractive index of the investigated compounds at zero frequency are gathered in Table 5. Overall, our results are in
agreement with experimental data [17]. The similarity between our results of refractive index values and those given by [22] allowed
us to confirm the good agreement between their (wien2k-mBJ) values and our (elk-mBJ) calculations. It is clear that replacing the
anion S with Se or Te changes the magnitude of the birefringence (An = 0.034, 0.054 and 0.13 for respectively LiGaGe,Se, Li-
GaGe,Ses and LiGaGe,Tes compounds). However, because the birefringence determines partly whether an NLO material has the
value of the study. We stress again the importance of the X anion in both the deformed GaX, and LiX, units. The optical anisotropy
and the strong polarization enhance the SHG in our studied compounds. Moreover, the moderate birefringence of our compounds,
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Fig. 4. Imaginary part of the dielectric function e, for: (a) LiGaGe,Se, (b) LiGaGe,Ses, and (c) LiGaGe,Tegs compounds. The xx, yy zz denote the
calculated components along the crystallographic axis x, y and z.
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Fig. 5. Refractive index n(w) spectra of (a) LiGaGe,Se, (b)LiGaGe,Ses, and (c) LiGaGe,Tes compounds. The xx, yy and 2z denote the calculated
components along the crystallographic axis x, y and z.

An ~ 0.03-0.20 (very close to that predicted An = 0.04 in [19]) seems to be promising for practical mid-IR NLO applications.
According to the crystal symmetry of our title compounds (orthorhombic Fdd2 of class mm2), there are five non vanishing

components of the x?’ coefficients, namely, ), x5, X3, x53) and x7). However, according to Kleinman's symmetry condition [39],

the tensor is reduced to only three coefficients, namely x2/2(ds), x2/2(dis), ¥ 2/2(dxs) = x2)/2(d3,). The SHG effect of LiGaGe,Se
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Table 5
Calculated refractive index (n), band gap value (E,) and birefringence (An).
LiGaGe,Sg LiGaGe,Seq LiGaGe,Teq

n*(0) 2.062 2.289, 2.293" 2.699
n?(0) 2.097 2.344, 2.357" 2.826
n*(0) 2.084 2.329, 2.389" 2.814
E, (eV) 3.480, 3.510" 2.390, 2.380¢ 1.410
An(n™ — %) 0.034 0.054, 0.040° 0.130

a

Experiment from Ref. [17].
> Calculated in Ref. [35].
¢ Quoted from Ref. [19].
4 Experiment from Ref. [22].

and LiGaGe,Seg was first measured in Refs. [20,19] at room temperature using Kurtz-Perry's method [40]. However, in this study, the
SHG coefficients were only determined theoretically, and are d;s = 18.6 pm/V, dy4 = —9.3pm/V, and ds; = 12.8 pm/V for Li-
GaGe,Seg and dis = —9.65 pm/V, doy = 9.17 pm/V, and d33 = —7.19 pm/V, for LiGaGe,Se. To prove the accuracy of our calculation
and to predict the components at 1064 nm as well as in the energy range between 0.0 eV and 5.5 eV; we performed a theoretical
calculation based on the methods of Aspnes [41], Sipe and Ghahramani [42], and Aversa and Sipe [43]. Here, our calculation has
been done using the rix code. Our calculated values of the second order of the susceptibility components at 1064 nm are
di5=16.52pm/V, dsy = —8.37pm/V and dz3 =10.17pm/V LiGaGe,Ses. di5 = —8.11pm/V, dys =8.13pm/V, and
d33 = —6.44pm/V, for LiGaGe,S¢. And, di5 = —23.46 pm/V, doy = —11.13pm/V, and d33; = 16.86 pm/V, for LiGaGe,Tes. These
values are in overall agreement with those of Refs. [20,19]. The small discrepancy is probably due to the small difference in the
estimated band gap and the calculated method. The analysis of the SHG spectra in Fig. 6 (in the top panel) shows that I)(l(fgl is the
dominant component of the second-order susceptibility in the LiGaGe,S¢ compound. Clearly, the distribution of peaks in |X1(12§ | is wider
than that for I)(Z(Q | or I)(3(32; l. These peaks can be attributed to the one- and/or two-photon resonances (A better authoritative account for
the theory may be found in Refs. [44-46], and works cited therein). We also presented a plot of the I)(l(lzg | module corresponding to the
three investigated compounds (Fig. 6 in the bottom). The spectra are purely dispersif, suggesting that the three crystals have a
potential for application in nonlinear optical devices. Also, the magnitude of the SHG spectra enhances when replacing the anion S
with Se or Te. This is in agreement with the results of the anisotropy and polarization which increase with the row of participating
anions, S — Se — Te.

200 T T 1T | L | T1T LT | B P | T 1T LI L T T 1T | B B P | T T 1T | T l)l
= . — X
Q 150 X223
3 L — X333
$ ool T M
2 50
0 ﬁ : s s e il N O O | I - | L1 11 | | - | 1111 | 111 | L1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 55
500 T 1T | T T 1T | T 1T | B A T | | T 1T | LI | L | T T TT | FET 3 | T T TT | T (|]|3|)7
400 |- /|
| — Li GaGeZS6 i
_'5 300 f — LiGaGeZSe() —
35 500 — LiGaGe,Te, I
100
O 111 | | | | L1 11 | | - | 111 | | | | | -

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 5.5
Energy (eV)

Fig. 6. (a) Absolute values spectra of the second order susceptibility x® for the LiGaGe,Ss compound. (b) Absolute values [y | for LiGaGe,Ss,
LiGaGe,Ses, and LiGaGe,Tes compounds.
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4. Conclusion

We have shown how the ELF index derived from quantum chemical topology can account and extract the origin of optical
properties of three IR nonlinear optical materials, namely the LiGaGe,Se, the LiGaGe,Ses and the LiGaGe,Teg. For this aim, the study
began by presenting the structural properties of these compounds, for which the theoretical results are in good agreement with
experiment. In addition, due to the use of mBJ potential, our band structure calculations reproduced the observed bang-gap values in
very good agreement with experiment. Both, the electronic properties and Mulliken population analysis highlight the role of p—s
orbitals of the GaX,4, and LiX,4 groups. Here, the substitution of anion S with Se and then with Te favors a decrease of the band gap.

We have used the ELF topological tool in order to track the volume and electronic population of the lone pair and covalent
bonding of the selected compounds. Local dipole contributions of each bond have been extracted. From these results, we can conclude
that GaXy, and LiX, tend to be more distorted due to an increase of the polarity between cation-X bonds which enhance the po-
larization in the cell. Finally, based on band structure calculations, linear and second harmonic generation properties were predicted
in fair agreement with experimental evidence. When the atomic chalcogenide radius of the anion is expanded, the electronic po-
pulation of the lone pair increases; this strongly affects the surrounding Ga and Li-p orbitals, which are directly involved in the band
gap, and the energetic transitions, causing an enhances of second harmonic generation properties of the investigated compounds.
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