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ARTICLE INFO ABSTRACT

Keywords:

In this study, in order to understand the origins of the bonding, electronic, and optical properties of Na;MGe,Qg
(M = Cd, Zn, Hg; Q = S, Se), Na,ZnSi»Se, and Na,ZnSn,Ss compounds, we conducted first principles calculations
within the density functional theory framework. We analyzed the sensitivity of replacing cations and anions with
different electronegativity, which were rationalized in terms of the electronic structure and the contributions of
different orbitals. Our calculations yielded lattice parameters, band gap, dipole moments, and second harmonic
components that generally agreed well with the available experimental data. In addition, the electron locali-
zation function and atom-in-molecule topological formalisms were used to obtain further insights into the
bonding properties. The calculations demonstrated the good concordance between the nature of the analyzed
electronic domains and the response to second harmonic generation for the compounds studied. Moreover, the
optical properties of these materials were found to be highly sensitive to the combined effects of the [Si/Ge/

ab initio calculation

Band structure

Bonding analysis

Second harmonic generation

SnQ,4] and [MQ,] units.

1. Introduction

Progress in nonlinear optical (NLO) research has led to the devel-
opment of many important technological applications, which can be
implemented when suitable materials are available. Since the discovery
of excellent materials with few disadvantages, such as f-BaB;Oj,
LiB30Os, and KBe,BOsF, [1-4], an abounding new compounds [1-4],
many new compounds have been synthesized with attractive NLO
properties, including large NLO responses and large band gaps (possibly
high laser damage thresholds). Recently, experimental studies of qua-
ternary sulfide materials based on X-ray analysis [5-7] have identified
novel compounds with a large second-harmonic generation (SHG) re-
sponse, such as two metal mixed chalcogenide Na,ZnGe,Sg [6]. Ac-
cording to Li et al, the interesting properties that make this material
useful are due to the cooperative arrangement of microscopic NLO
building units, such as second-order Jahn-Teller distorted polyhedral
units, and the attractive and repulsive interactions among anions/ca-
tions [8-10]. In addition, due to its wide band gap, this compound can

achieve a balance between two important properties comprising a large
SHG response and high laser damage threshold. These previous studies
are important for the development of the NLO field, but the electronic
and optical properties of this type of compound have not been in-
vestigated, and the bonding calculations have not been reported.

The possible applications of the topological measure of electron
density have expanded considerably due to advances in computer re-
sources. Recently, this analysis has been closely linked with the rig-
orous systematization of the elusive concept of a chemical bond and
evaluations of the distributed moments in molecules and crystalline
systems [11]. As an important measured/predicted descriptor, dipolar
polarization is essential for understanding the origins of permanent and
induced dipole moments as well as dielectric polarization in materials.
Therefore, in this study, we investigated the effects of the polyhedral
units in NayZnGe,Sg on the SHG properties, where we considered a set
of crystalline compounds with stoichiometry Na,MM,Qe (M = divalent
cations and M' = group 14 cations), i.e., Na,ZnGe,Sg, Na,ZnGe,Seq,
Na,CdGe,Ss, Na,CdGe,Ses, Na,HgGe,Se, and NayHgGe,Ses. These
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compounds were selected in order to understand the roles of the con-
stituent cations and anions in the [GeQ,4] and [MQ4] units, with (Q) as
the anion. We calculated the linear and NLO properties based on the
methods of Aspnes [12], Sipe and Gharamani [13], and Aversa and Sipe
[14]. In addition, we performed accurate analyses of the structural,
dynamical, and electronic properties of these compounds.

In the following, we present the basic computational methods used
in this study, the calculated electronic structures, and the bonding
properties based on topological analysis of the electron density and
optical response. In the final section, we give a summary of the results
and the main conclusions.

2. Computational modeling

The main aim of this study was to investigate the optical responses
and their relationships with bonding properties. Thus, we determined
the momentum matrix elements and band structures, as well as in-
vestigating the permitted inter-band and intra-band transitions that
obey the selection rules [15]. Thus, we employed the accurate full all-
electron potential linearized augmented planewave (FP-LAPW) method
based on density functional theory (DFT) as implemented in the Erx
code [16]. We used the modified Becke-Johnson exchange potential
(mBJ) [17] for the exchange correlation potential. The mBJ exchange
potential was accessed via an interface to the Lxc library [18]. A sa-
tisfactory degree of convergence was achieved by considering a number
of FP-LAPW basis functions up to Ry X K. equal to 8 (where Ry is
the minimum radius of the mulffin tin spheres and K,,,,, is the magnitude
of the largest k vector in the plane wave expansion). To preserve the
same degree of convergence for the a, b, and c lattice parameters, we
kept the values of the sphere radii and K, constant over all the lattice
spacing range considered. However, the Fourier expanded charge
density was truncated at G, = 12(Ry)1/2.

As a general guideline for local measures (electron localization
function (ELF) [19], atoms-in-molecule (AIM) theory [20], and dipolar
polarization), we used the Vienna ab initio simulation package (vasp)
[21]. We utilized the projector augmented wave all-electron description
of the electron-ion core interaction [21]. Total energy minimization
was achieved by calculating the Hellmann-Feynman forces and the
stress tensor. The optimized lattice parameters and the relaxation of the
atomic positions calculated using the ek code were reoptimized with
the conjugate gradient method within vasp. Atomic relaxation was
stopped when the forces acting on the atoms were less than 0.01 eV/A.
Brillouin zone integrals were approximated using the Monkhorst and
Pack scheme [22], and the energies were converged with respect to the
k-point density with a space of 0.03A°". In addition, a plane-wave cutoff
energy of 900 eV was required to ensure convergence. In addition to the
linear response, we investigated the nonlinear response of the second
order susceptibilities as well as their inter- and intra-band contributions
[14], which we studied with the independent particle picture [15]
implemented in Lk code.

Analyzing the bonding interactions based only on the charge density
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distribution may lead to the incorrect identification of the nature of
chemical bonding. Thus, in order to analyze the ionic/covalent con-
tributions to chemical bonding, we performed Bader [20] analysis
based on the AIM theory. In this approach, each atom in a crystal is
surrounded by an effective surface that runs through a minima region of
the charge density, and the total charge of an atom (the so-called Bader
charge, Q(Q)) is determined by integrating this region. Moreover, in
order to measure the paired electrons, we employed the ELF designed
by Becke and Edgecombe [19] according to the intuitive analysis
method proposed by Savin et al. [23] in the DFT framework, where the
ELF can be understood as a local measure of the excess local kinetic
energy from electrons due to the Pauli principle. The ELF topology
provides a partition into localized electronic domains known as basins.
These basins are then used for rationalizing the bonding schemes in
molecules and solids. The synaptic order of a valence ELF basin is the
number of core basins with which they share a common boundary
(zero-flux surface). Each valence basin is then represented with a che-
mical meaning according to the Lewis theory: a monosynaptic basin
labeled V(A) in the lone-pair region of A atom or a disynaptic basin
labeled V (A, B) for two-center A-B bonds. Overall, the spatial locations
of basins closely match with the valence shell electron pair repulsion
(VSEPR) domains [24]. The topological procedures used for AIM and
ELF analyses were taken from the vasp package, and they were analyzed
using the topcueM code [25]. The magnitude of the dipolar electrostatic
moment (noted |u|) [26-28] was calculated based on the ELF basins
[11] as follows:

@) = [ (= X)p)dr?
Q

€]
uy(Q) = [ = Yo)p(r)dr?
' { 2
w (@) = [ (- Z)p(r)dr’
{ 3

where xc, ve, zc are the Cartesian coordinates of the nuclear centers. |u|
was then calculated as the square root of the sum of the squared
components. Due to the invariance of |u| with respect to the orientation
of the system's axis, it was then feasible to compare the polarization
lone pairs in different chemical environments [29].

3. Results and discussion
3.1. Ground state properties

According to experimental evidence [6], the structure of the se-
lected compounds (Na,MGe,Qg) (Fig. 1(a)) could be described as par-
ticular three-dimensional tunnel cages. The first comprises infinite
c0[GeQs],, chains and isolated [ZnQ,] tetrahedra. The second is built
from edge-shared Na (1)Qs polyhedra and Na (2)Qe octahedra (Na (1)
and Na (2) correspond to the two different Wyckoff positions of the
sodium atom), whereas the germanium cations are aligne as fourfold

Fig. 1. The 4 X 1 x 1 structure of the Na,ZnGe,S¢ compound. It is possible to distinguish: (a) the three-dimensional tunnel structure formed by co[GeQ3],, chains, (b)
two types of Na polyhedra, and (c) distorted [GeS,4] tetrahedra connected with [ZnS,] tetrahedra by sharing the corner of S atoms.
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Table 1
Calculated lattice parameters a, b, and ¢ (in Angstroms),  angle, and elastic constants (C; in GPa) for the compounds investigated in the monoclinic Cc phase.
a b 4 B Cn Ci2 Cis Cis Cao Cas Cas Cs3 Css Caq Cae Css Ces
Na,ZnGe,Sg
7.41 12.59 11.80 102.69 28.24 24.12 16.07 5.07 42.56 17.32 8.19 40.89 2.93 12.90 1.85 —0.52 11.01
7.28° 12.35% 11.45% 100.63"
Na,yZnGe,Seg
7.74 13.22 12.40 102.46 21.28 19.42 12.96 3.84 34.43 13.91 5.29 32.18 2.68 9.75 1.5 0.33 8.46
Na,CdGe,Se
7.42 12.78 11.76 98.74 28.47 23.42 17.34 2.62 42.54 22.04 2.7 40.35 -0.1 10.53 2.45 5.14 9.47
7.31"  1267° 11.53"  98.87"
Na,CdGe,Seg
7.75 13.44 12.35 98.86 20.93 17.52 12.93 2.9 31.64 16.04 3.09 31.51 0.78 8.21 1.84 3.07 7.82
759" 1318  12.07°
Na,yHgGe,Se
7.42 12.85 11.78 98.98 26.84 22.89 17.14 2.34 40.00 21.17 2.82 36.09 -0.1 9.13 2.22 3.72 8.67
Na,HgGe,Seq
7.74 13.55 12.43 100.15 19.19 17.32 12.62 2.69 29.24 15.00 3.76 27.98 1.22 6.96 1.7 1.39 6.68
NayZnSi,Se
7.38 12.29 11.48 102.33 25.64 22.35 11.56 2.22 23.54 14.11 2.86 24.33 -0.1 6.12 1.12 -0.13 6.13
NayZnSn,Se
7.44 13.21 12.48 105.56 33.22 30.12 17.11 5.50 43.86 17.95 8.64 42.11 3.74 13.24 2.22 —0.47 11.56

2 Quoted from Ref. [6].
b Quoted from Ref. [7].

polyhedra within the anions (Q) (Fig. 1(c)). The Zn cations are also
connected with four Q anions, which act as the linkers among the wave-
like infinite co[GeQs3], chains, and they comprise a three-dimensional
tunnel structure. The Na cations point in the tunnels and they have two
different coordination environments, which include a highly distorted
Na (1)Qs unit. It should also be noted that the Na (1)Q4 and Na (2)Qg
units in the same tunnel are connected with each other in an alternate
manner by sharing corners to form [Na (1)-cation-Na (2)], spiral
chains along the a-axis (Fig. 1(b)). These alternations in different tun-
nels interlink with each other via anions to make another three-di-
mensional tunnel framework. This environment means that these
structures belong to polar non-centrosymmetric space group Ce (No. 9)
in symmetry class (m). The interplay between [ZnQ,] and [GeQ,] tet-
rahedra in this non-centrosymmetric arrangement increases the NLO
properties of the system. Full geometrical optimization was needed
because of this rather complicated architecture, and thus we conducted
extensive numerical optimization and relaxation in order to ensure the
stability of the zero pressure equilibrium structures. The predicted va-
lues are presented in Table 1. The juxtaposition with the available
structural properties of Na,ZnGe,Ss, Na,CdGe,Ss, and Na,CdGe,Seq
indicates that our theoretical calculations are close to the previously
reported experimental results [6,7].

In order to understand the mechanical stability of these compounds,
we computed the elastic constants from the linear response of density
functional perturbation theory (DFPT) calculations. The elastic con-
stants of a material describe its response to an applied stress or the
stress required to maintain a given deformation. Both the stress and
strain have three tensile constants and three shear constants from a 6 x
6 symmetric matrix, with 27 different components, where 21 are in-
dependent. However, any symmetry present in the structure may re-
duce the number of these components. The well-known Born stability
[30] criteria for a monoclinic system are as follows [31,32].

Ci1>0,Cp;>0,C33>0,Cqy >0, Cs5 >0, Cgg > 0,

(Ci1 + Cpp + Ci3 4+ 2C12 + 2C13 + 2C5) > 0,

(Cy3Css — CE) > 0, (CaCos — C) > 0,

(Cyz + C33— 2C3) > 0,

[C25(C33Css — C3s + 2C3CasCss — C35Css — C35C)] > 0,

{2[C15C25(C33C1z — C13Ca3) + Ci5Cs5(CCrs — CraCoz)+

222

C25C35(C11Ca3 — C12C13)]
— [CA(CnCs3 — C3y) + C35(CiiCs3 — CH)+
C35(C11Co — CH)] + Cs5(C11CxCx3 — €11 C5 — CpCii—

C33CP, + 2C1,Ci3Ca3) > 0} 4)

All the conditions required for mechanical stability given in
Equation (4) were simultaneously satisfied, which clearly indicates that
the predicted structures are mechanically stable phases. According to
the conditions given above, both selenium and sulfur based compounds
match the equilibrium stability for the monoclinic Ce structure. How-
ever, should be noted that other structures [5,33] could exist with other
symmetrical groups. In fact, Na,CdGe,Ses and Na,ZnGe,Segs were pre-
viously synthesized in a tetragonal (I4/mcm) system [5] and
Na,ZnSn,S¢ in an Fdd2 system [7]. This is due to the different con-
nection types for the building blocks (more flexible corner-sharing type
in Cc but tight edge-sharing type in 14/mem, or with a different ar-
rangement in Fdd2). However, this issue is outside the scope of the
present study.

3.2. Band structure and orbital contributions

To obtain a quantitative understanding of the electronic properties
of the tilted structures, we calculated their band structures based on the
mBJ potential. All of the structures had a direct band-gap (E,) at the
(' —T) point and their values are shown in Table 2. The calculated

Table 2

Band gap energy (E,) calculated at the mBJ level
where the values are compared with the variable
values given in a previous study [6].

E, (eV)

Na,ZnGe,Se 3.21, 3.25°
NayZnGe,Seg 2.22
Na,CdGe,Sg 3.31, 2.6"
Na,CdGe,Seq 2.25, 1.94"
Na,HgGe»Se 3.04
Na,HgGe,Seq 2.08
Na,ZnSi,Se 4.31

2 Quoted from Ref. [6].
b CASTEP-VASP from Ref. [7].
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band-gap value for the Na,ZnGe,»Ss compound was in good agreement
with the experimental value. However, the values for Na;,CdGe,Sg, and
Na,CdGe,Ses appeared to be higher than the theoretical values ob-
tained with the traditional GGA exchange correlation approach. The
relatively wide band gap determined for the materials based on the
sulfur anion is a prerequisite for infrared NLO applications [34]. In
addition, to understand the orbital contribution of each band, we
generated the band structure plots with the orbital-projected compo-
nents, where the colored circles, triangles, and squares represent the
group-s and p, and d states, respectively, and the symbol size is pro-
portional to the orbital weight in Fig. 2(a). Furthermore, we also plotted
the orbital isosurface for the highest and lowest occupied molecular
orbitals (HOMO and LUMO, respectively) (Fig. 2(b-g)). We found that
all of the tilted compounds had the Ce structure for the same ground
and band-orbital reorganization along the high-symmetry path curve.
Thus, in the orbital analysis, we represented the plot of Na,ZnGe,Sg as a
prototype (Fig. 2).

Fig. 2(a) shows clearly that the conduction band originates from the
Ge-p orbitals. However, the HOMO is derived primarily from the non-
bonding Ge-4s orbitals and the LUMO is primarily derived from the S-3p
orbitals. Thus, the HOMO-LUMO energy gap can be used as a measure
of the energy of the charge transfer from the sulfur orbitals to the
germanium orbitals. These orbitals are mostly involved in the allowable
transitions because they build up the polarizability pattern. Our ana-
lysis of the orbital contribution of each band for all the compounds
showed that the valence band can be divided into three sub-bands, i.e.,
the lowermost, middle, and uppermost bands. The lowermost band is
mostly due to the hybridization of the Ge-s, Ge-p, and S-s states (not
shown in Fig. 2(a)). The middle band is predominately due to the M-d
(M = Zn, Cd and Hg) and Ge-s states. The uppermost valence band at
the Fermi level is predominantly due to Ge-p, with a considerable
contribution from Q-p (Q = S and Se) states. The main result is the
difference in the band gap value when the sequence anion moves from S
to Se (Table 2 and Fig. 3(a—c)). This difference is due to the Ge-d orbital
interacting strongly with the Q-p orbitals and to the differences in hy-
bridization related directly to the atomic chalcogenide radius (the ta-
bles from the Supplementary materials in (6) show clearly that S has a
valence of 3p and Se 4p orbital). The integration of the orbital popu-
lation illustrates this difference (see the tables in the Supplementary
materials in (6)). The interaction with the orbital mainly involves Ge-
4p-4d with 3p,,, 4p,., and 5p,, for the S and Se anions. This strong
hybridization between the orbitals decreases the band gap value. In-
terestingly, among all the changes in the band gap value, the replace-
ment of the divalent cation M from Zn with Hg produces only a very
slight difference in the value of E,. In the analysis, we also used our new
predictions as inputs. We replaced the Ge cation using metals with

T— Zn@)
Ge (s)
— Ge(p)
S(p)
— 5@

Energy (eV)

%
5 10 15 2

density (states/eV)

Bo

b o

“‘
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equal electronegativity, i.e., Sn and Si, while keeping the anion S fixed
(Fig. 3(e-f)). In contrast to replacing the divalent atom, the cation from
column XIV affects the strongly orbital contribution in both the con-
duction and middle valence sub-bands. Hence, the changes in the
electronic properties are attributable to the hybridization between the
M-d and M’-s states, which shift this sub-band over the Fermi level,
thereby favoring the interaction between the HOMO and LUMO orbi-
tals.

3.3. Bonding analysis

It is well known that in DFT calculations, analyzing the electron
density in real space approaches is essential for determining the
ground-state properties of a compound. This analysis is required be-
cause the valence electrons are involved in the band gap as well as the
optical quantities, such as the dipole moments and related derivatives
[35]. Thus, to determine the relationships between the band gap, linear
and NLO properties, and the inherent organization of electrons in the
tilted compounds, we used state-of-the-art quantum interpretative
techniques combined with ELF/AIM computations, thereby capturing
all the ranges of the chemical quantities in the structures of the com-
pounds. The electron localized domains induced by the ELF measure
were determined for the sulfur-based compounds with the M’ cation as
Si, Ge, and Sn. The ELF bonding isosurfaces of these compounds are
shown in Fig. 4. These plots indicate that the domain of electronic lo-
calization is formed from three types of disjoint basins, which are dis-
tributed polyhedrically around the Q anion. The two disynaptic basins
following the bond axis form the Zn-Q and Na—-Q bonds, and another
with a smaller shape is present in the middle of the Ge-Q bond. Ge-Q
has a polarized covalent character, whereas the other basins are po-
larized and also deformed. Furthermore, due to the non-spherical be-
havior of the Q anionic basin, the ELF topology shows that some
structural changes occur, which confirms the mainly ionic character of
both the Zn-Q and Na-Q bonds [36].

The isosurfaces of Na,ZnSi»Ss, Na,ZnGe,Sg, and Na,ZnSn,Se are
depicted in Fig. 4, where the M-S bond (basin) is highlighted. Clearly,
the compound based on the Sn cation has a different orientation for its
polyhedra. Thus, in order to achieve an accurate description of the
bonding characters of the M'Q4, NaQs, and MQ, polyhedra, we in-
tegrated the population over all the ELF basins. As expected, we found
that the polarization in the Na valence basin is weak and most of its
electrons are transferred to the anion one, which makes the disynaptic
valence basin V(Na,Q) larger with an important population (the
average values for the three cases of Q, N~5.74 electrons) (Fig. 4). The
figure shows that the topological domain of Q atom is strongly polar-
ized along the Q-M’ axis and it broadly encloses the ELF domains

Fig. 2. Plot (a) shows the band structure of the NayZnGe,Se in the Generalized Gradient Approximation (GGA) exchange correlation level, where the bands are
colored to distinguish the orbital contribution of each atom. Plots (b—g) represent the isosurfaces of the constituent orbitals in (a).
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S

Energy(eV)

GAMA

Fig. 3. Band structure plots at the mBJ level for: (a) Na,ZnGe,Se, (b) Na,ZnGe,Ses, (¢) NayZnSi,Se, (d) NayZnGe,Se, and (e) NaoZnSn,Se compounds.

around the Q anion, but without overlapping with the nearby atoms (M
and Na). Thus, the M-Q domain has 2.24 electrons whereas the M’-Q
domain has 2 electrons, which typically corresponds to a single cova-
lent bond. The bond polarity indexes of the three disynaptic basins V
(S-M") are P5;_g = 0.88, Ps._s = 0.89, and Ps,,_s = 0.96, which reflect
the increases in the polarization between the atoms forming the po-
larized covalent S-M’ bonds. Due to the differences in electronegativity
between the atoms forming the bonds and the nature of the chemical
environment, it is essential to integrate the dipole moment. Thus, in
order to compare our results with those obtained in a previous study
[6], we calculated the magnitude of the dipolar electrostatic moment
(u) for each core and valence basin. Table 3 shows that our values agree
well with those obtained by Li et al. [6]. However, according to Table 3,
we can conclude that the dipole (i) is affected more by replacing an
anion with another anion than by replacing a cation M’ with another
cation. This behavior was also established by comparing the value of u
for Na;ZnGe,Se [6] and Na,ZnSn,Sg [7] in previous studies with dif-
ferent synthesized structures. Metals such as Ge, Si, and Sn, tend to
form distorted MQ, tetrahedra [37-39], and they help to construct a
polar structure. However, it should be noted that both the tendency of
an element to gain or lose electrons (the outer-core states) and of the
neighbors to influence an element are important for the construction of
the dipolar polarization moment. In fact, the M’ cation can be replaced
by another with the same electronegativity but the nature of the bond is
changed, probably because of the nature of the interactions between the
polyhedra. Therefore, i is more pronounced when the cation is bonded
to a more electronegative anion. However, all of the results based on
the dipole moments and ELF topology demonstrate that the large NLO
response is mainly attributable to the cooperative effects of the [M'Q4]
and [MQ4] units.

Table 3
Local dipole moment (u in Debye) calculations for: Na,ZnGe,Se, Na,ZnGe,Seg,
Na,yZnGe,Tegs, Na,ZnSisSe, and NayZnSn,Se compounds.

u(Na (1)Se) p(Na(2)Se) w(Ge (1)S4) w(Ge (1)S4)  pu(Zn (1)S4)
NayZnGe,Se  25.6617, 13.856, 65.3247, 75.470°, 54.224°,
23.33" 28.28" 67.68" 76.36" 51.60"
NayZnGe,Ses  34.291° 22.206° 77.587° 81.127° 63.703°
u(Na (1)Sg)  pu(Na (2)Se) u(Si(1)Ss)  p(Si(1)Ss)  w(Zn (1)S4)
NayZnSi,Ss  17.991° 12.591° 15.705" 24.839° 11.308°
u(Na (1)Se) u(Na (2)Se) u(Sn(1)Sy)  u(Sn(1)S4)  u(Zn (1)S4)
NapZnSn,Se  29.310° 14.536" 38.165° 66.582° 9.786°

2 Calculated.
b Quoted from Ref. [6].

3.4. Optical properties

Next, we present the linear optical properties determined for the
tilted compounds. Based on the mBJ calculations of the band structures,
we employed the permitted transitions, i.e., the intra- and inter-band
contributions, to construct the shape of the imaginary part of the di-
electric susceptibility (Fig. 5). Due to the symmetry of the structure
(point group Cs(m)), three tensor components are needed to complete
the description of the optical properties: xx, yy, and zz. According to
Fig. 5, it is clear that replacing the anion S and then Se leads to a de-
crease in the position of the threshold energy, thereby indicating the
presence of IL-I, splitting and this accounts for the direct optical
transitions between the highest valence band and the lowest CB. This is
recognized as the fundamental absorption edge. The origin of this edge
is associated with the inter-band transitions and the interchange from
occupied Q-p states to the unoccupied Ge-4s and Zn-p states. Hence, due
to the orbital interactions and the difference in electronegativity be-
tween the atoms forming the LUMO and HOMO states, the electron
from these bands can redistribute the charge density and change the

Fig. 4. ELF localization domains (ELF = 0.84) for: (a) NayZnSi»Se, (b)Na,ZnGe,Ss, and (¢) Na,ZnSn,Se compounds. The Si-S, Ge-S, and Sn-S bonds are circled to

highlight the change in the basin volume.
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dipole moment considerably. The non-centrosymmetric structure of the
compounds exhibits considerable anisotropy, which is more pro-
nounced between the absorptive parts ¢;” and £Z. There are also more
peaks in g for compounds based on the divalent Hg cation compared
with the shape of the spectra for the others. This difference is due
mainly to charge transfer between electron-donating group and the
electron-accepting group, which differs among divalent cations (due to
the sizes of the Zn, Cd, and Hg cations).

Next, we consider the SHG responses of the crystals. First, from a
theoretical perspective, the physical interpretation of the nonlinear
results is very difficult because in addition tothe valence-valence and
conduction—-conduction transitions, both inter- and intra-band transi-
tions can participate in the nonlinear responses. Furthermore, 2w and w
resonances appear in the imaginary and real parts of Y, so the second
order susceptibilities (y?) are highly sensitive to minor changes in the
band dispersion. However, there is good correspondence between the
nonlinear structures and those of the linear spectra as a function of both
® and 2w [40]. The space group Cc allows 10 independent non-zero
tensor components. However, our tilted compounds belong to the C
class, so under the restriction of Kleinman's symmetry [41], only six
SHG tensor components remain, i.e., 2, x2, x2, x2, x2), x2) (we
use the notation: 1 = x, 2 =y, and 3 = ). Qualitative comparisons
with the available results for the y® components at 1 = 1064 nm are
shown in Table 4. We use the notation given by [6], dii, = y® /2, where
the elements are linked by the correspondence jk — L. The similarity
between our results and those given by [6] allowed us to confirm the
good agreement between their (GGA-based) values and our (mBJ-FP-
LAPW) calculations (some discrepancies were noted due to the different

approaches employed). The analysis of the SHG spectra in Fig. 6(a)
shows that )(3(323 is the dominant component of the second order sus-
ceptibility. The inset in Fig. 6(b) also shows that changing (replacing)
the anion from S to Se strongly enhances the SHG response. However,
replacing the cation Ge with Si or Sn also affects the magnitude of the
spectra, thereby confirming the results given above. Fig. 7(a) shows the
analysis of the band-to-band contributions to w and 2w in terms of )(;32%
for the Na,ZnGe,Segs compound. As expected, the locations of the
structures in both parts of )(3(2 are in agreement with those in g [40].
The threshold for the two-photon 2w parts occurs at half the energy of
the threshold for the one-photon w part. The plot exhibits the highly
dispersive behavior with a notable contribution from 2w inter/intra
terms below the fundamental energy band gap (E,). The w resonance
begins to contribute for energy values above E,. Fig. 7 also shows the
opposite symmetrical patterns determined for the w- and 2w-resonances
at higher energies, which make the high-energy nonlinear response

decrease.

4. Conclusion

In this study, we investigated the effects of replacing chalcogenide
anions and metallic M/M’ cations on the electronic, bonding, and op-
tical properties of non-centrosymmetric Na,MM,Qe two metal-mixed
chalcogenide compounds. We used theoretical techniques including ab
initio DFT calculations and analysis based on the topology of electron
densities. Both AIM and ELF provided adequate and unambiguous de-
scriptions of the nature of the bonding properties in the compounds.
Furthermore, we showed that the framework of orbital decomposition

Table 4
SHG coefficients calculated at 1 = 1064 nm for the tilted compounds. All of the d iL coefficients are shown in (pm/V) units.
diy di2 dis dis day dss3

NayZnGe,Se —4.39,-4.3" 5.32,4.63" —4.90,-5.3" —4.42,-4.3" 4.21,4.63" -3.11,-5.3"
Na,ZnGe,Seg -7.89 5.43 —-12.19 —-6.73 5.19 —4.09
Na,CdGe,Se -5.21 6.54 —-5.78 —4.96 4.95 —4.57
Na,CdGe,Seq —6.47 5.84 —-11.23 -7.13 6.21 —4.60
NayHgGe,Se —-6.02 6.94 —5.98 —-5.16 5.19 —4.87
Na,HgGe,Seq -7.97 7.43 —11.53 -7.57 6.88 —4.98
NayZnSi,Seq —4.23 1.44 —4.64 —3.98 3.88 -35
Na,ZnSn,Seg —-5.32 5.38 —-12.85 —4.96 4.48 —4.77

2 Quoted from Ref. [6].
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and microscopic viewpoint of bonding quantities are very useful tools
for analyzing and explaining the changes in the orbital and band gap
values after replacing cations and anions. In fact, the results suggest
that the electronic properties of the tilted compounds are more strongly
affected by the replacement of chalcogenide S, Se, and Te than by the
divalent cations (Zn, Cd, and Hg). However, we note that replacing the
cation XIV using another with the same electro-negativity could have a
non-negligible effect on the electronic properties of the materials. In
addition, our analysis of the electron localization domains provided
insights into the bonding behavior changes after replacement (sub-
stitution). We found that the electronegativity was more pronounced
when the bond was more ionic. As also shown by [6], the cooperative
effects of the MQ4 and M'Q, tetrahedral units are crucial for the dipolar
polarizability in the predicted structures and they are probably due to

3 35 4 45 5 55 6

Energy(eV)

226

spectrum as well as the intra- 2 w/w- and inter- 2w/w -band contributions for the Na,ZnGe,Ses compound. All

weak interactions between polyhedra. Moreover, we studied the linear
optical and NLO properties of the compounds. According to our results,
the specific anionic position of the chalcogenide can enhance the ani-
sotropy between the dielectric function components, thereby inducing a
strong SHG response. Thus, we consider that our findings may motivate
further experimental investigations to predict new non-centrosym-
metric materials with excellent NLO properties.
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