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La,ZnGa,S¢0: a melilite-type transition metal
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A combination of multiple anions (5~ and O%7) was developed as an effective method for exploring new,
excellent nonlinear optical (NLO) oxysulfides with adjustable properties based on the flexible anion (S/O)
ratio in their structures. It should be noted that mixed melilite-type oxysulfides, containing both alkaline
earth (Ae) and trivalent lanthanide (Ln) metals, exhibit natural noncentrosymmetric (NCS) and disordered
structures, demonstrating good NLO properties. Herein, we introduced low-coordination ZnS, to replace
high-coordination AeSg in La-based melilite, thereby breaking the initial disordered structure and leading
to the formation of a LayZnGa,SeO NLO material with an ordered structure. Property investigations
showed that La,ZnGa,SgO achieved a well-balanced NLO behavior, with a wide optical bandgap (3.0 eV)
and an ultra-strong phase-matching second harmonic generation (SHG) response (1.9 x AgGaS,). Among
the melilite-type transition-metal oxysulfides, La,ZnGa,S¢O exhibited the largest powder SHG response,
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which was attributed to the synergetic contributions of LaS;0O, ZnS, and GaSsO anionic groups, based on
SHG-density analysis. This indicates that La,ZnGa,SeO is a potential NLO candidate for frequency conver-
sion applications, and the combination of transition and lanthanide metals in its structure provides a feas-
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Introduction

IR NLO crystals are usually used for critical laser frequency
conversion, a field that has been recognized for decades as
having significant applications in laser guidance, non-invasive
medical diagnostics, IR remote sensing, and long-distance
laser communication."” Traditional IR-NLO crystals, such as
AgGaS, (AGS), AgGaSe, (AGSe), and ZnGeP, (ZGP), suffer from
intrinsic drawbacks, including low laser-induced damage
thresholds (LIDTs) and strong two-photon absorption, which
have urged the exploration of novel crystals with high compre-
hensive performance.®® An outstanding IR NLO crystal should
possess a large NLO effect, large NLO effect coefficient compar-
able to AGS, wide bandgap for high LIDTs, and simultaneously
large birefringence for phase-matching ability. However, these
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ible pathway to design new large SHG oxysulfides.

key factors are mutually related and restricted, making it a
great challenge to achieve the aforementioned balanced
performances.'®™*

Previous nonlinear research has demonstrated that con-
structing heteroanionic compounds by combining multiple
anionic groups provides a new way to balancing the aforemen-
tioned contradictions in materials, such as oxysulfides, chalco-
halides, and oxyhalides. In recent years, oxysulfides, as an
excellent infrared nonlinear optical material system, have
attracted significant research interest and are rapidly develop-
ing as star materials."”*' Research on oxysulfide IR NLO
materials indicates that most can achieve the optimal balance
between two crucial parameters: SHG response and bandgap.
Moreover, in oxysulfide structures, mixed-anion functional
building groups exhibit a larger degree of distortion than
single-anion-formed groups, which further shows flexible regu-
latory ability on material performance.** >’

Compounds containing d'® transition-metal cations (Zn**,
Cd*, etc.) are important candidates for noncentrosymmetry
(NCS) crystals because they exhibit a polar displacement of the
d'%-cation center. Based on their electronic structural pro-
perties, transition metals maintain a large bandgap while
increasing the frequency doubling effect of the material,
making them suitable for designing nonlinear optical (NLO)
materials.”®"
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In the vast library of inorganic nonlinear optical oxysulfide
crystals, melilite-type compounds have been extensively
studied. Most of them crystallize in the NCS space group
P42,m with the general formula A,M'NYQ,. Among them, the
M and N sites are mostly fourfold coordinated (Fig. S1f).
Notably, tetrahedral anionic ligands are the most common
structural motifs and always link together to form various
structural types that have a significant effect on performance.
Thus, the melilite system provides a large number of materials
with an excellent balance of NLO properties.** *° Among them,
melilite-type oxysulfides based on transition metals have been
extensively studied and have demonstrated outstanding non-
linear optical properties (Fig. 1 and Table S17).

In this study, we successfully synthesized another oxysul-
fide, La,ZnGa,Se0, in the melilite system and investigated its
performance characterization and theoretical calculations. The
critical physicochemical properties of the title compound,
including optical bandgap, Raman spectra, IR spectra, and
powder SHG response, were systematically measured. The test
results showed that it displayed the largest SHG response (1.9
x benchmark AgGaS, at a 38-55 pm particle size), a wide
bandgap (3.0 eV), a wide IR transmission range and was non-
hygroscopic. Moreover, property modulation with mixed
anionic groups was also studied through theoretical
calculations.

Results and discussion

The melilite-type oxysulfide La,ZnGa,S¢O was found to crystal-
lize in the NCS tetragonal space group P42,m (No. 113) with
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Z = 2 (Table S27). Although it was reported in 1985,*" its NLO
properties have not been studied. Structurally, the asymmetric
unit contained one La atom, one Zn atom, one Ga atom, one O
atom and two S atoms. Both Zn and Ga were 4-fold co-
ordinated with O/S atoms to form a tetrahedron. In contrast,
Zn coordinated only with S atoms, while Ga formed bonds
with one O and three S atoms (Fig. 2a). Two ZnS, and three
GaS;0 units were connected with each other to form a
[Zn,Ga;S,30,]""~ five-membered ring (MR), and further, four
5-MRs were nested within each other to form a six-membered
ring (Fig. 2b). The 5-MRs were arranged in parallel and con-
nected to each other to form a two-dimensional (2D) layered
structure (Fig. 2c); these layers were stacked along the c-axis
with the La atoms situated within the interlayers (Fig. 2d). Up
to now, reports on Ga-based mixed anion building blocks have
mostly focused on the GaS;O unit. Several oxysulfides, such as
LaGaS,0** (GaS,0,); [(Ba1oCly)(GaeSin04,85)] ™ (Gas,0, and
GaS0;) LazGa;Ge,040S; > ((Ga/Ge)S,0,) and Nd;GazGe,044S; °
(Gas,0,), contain other Ga-based mixed anion building blocks
with different S:O ratios. As for the structure of LaGaS,0, the
Gas,0, tetrahedral groups were interconnected to form a 1D
chain structure extending along the g-axis (Fig. 2f). As shown
in Fig. 2h, in [(Ba;oCly)(GaeSi;»045Ss)], two GaS,0,, four
GaS0;, and four [Si,0,]®” dimers apex-shared with each other
to build a [SigGas05,Ss]*° circular cluster. The GaS;O groups,
similar to the title compound, were mostly connected by
sharing O atoms to form clusters, such as dimers (LaAeGazSsO
(Ae = Ca, Sr);*” Sr;Gag0;S14>*) or trimers (GagTl;30,S:3;*
K,Ba, 5Gag0,8:5 *°). By comparing the structural analyses of
the mixed anion groups with different S: O ratios, we found
that the GaS,O,_, (x = 1, 2, and 3) mixed anion groups were
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Fig. 1 Summary of the NLO properties of the reported melilite-type transition metal oxysulfides.
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Fig. 2 (a) Coordination modes of the ZnS, and GaSsO units; (b) [Zn,GasS:130,]""~ five-membered ring; (c) 2D layer composed of ZnS, and GaSzO units in
La,ZnGa,Se0; (d) crystal structure of La,ZnGazSeO along the b-axis; (e) coordination modes of the GaS,0, units; (f) 1D chain composed of GaS,0; units in
LaGaS,0; (g) coordination modes of the GaSO3 and GaS,O; units; (h) [SigGagO3,Ss1*%~ cluster formed by SiO,4, GaSO3z and GaS,0, BBUs.

more inclined to be connected by bridging O atoms to form
0D clusters or 1D chain-like structures.

The oxysulfide La,ZnGa,S¢O was synthesized by a solid-
state reaction in vacuum-sealed silica tubes. It was found to be
stable in the air for several months. Powder X-ray diffraction
(PXRD) tests showed that its experimental PXRD pattern was
basically in agreement with the calculated one (Fig. 3a). We
systematically studied the optical properties, including the
bandgap, Raman spectra, and SHG response. Fig. 3b shows
the UV-vis diffuse-reflectance spectra of La,ZnGa,Ss0, with a
bandgap value of about 3.0 eV. To investigate the functional
group-NLO property relationship of La,ZnGa,SeO, a first-prin-
ciples method was employed to perform the related theoretical
calculations. Fig. 4a shows the result of the calculated
bandgap, where it is clear that both the lowest conduction
band (CB) and the highest valence band (VB) were located at
the G points, indicating a direct bandgap of 2.48 eV. This
value was smaller than the experimental result, which was
ascribed to the unavoidable discontinuity of the exchange-cor-
relation energy in the GGA calculation.

As for La,ZnGa,Se0, the calculated partial density of states
(PDOS) (Fig. 4b) showed that the valence band maximum
(VBM: —5 to 0 eV) was composed of the S-3p and O-2p orbitals,
and the PDOS near the bottom of the CB primarily consisted
of the La-5d orbital, together with the minor S-3p orbital.
Therefore, the charge transition between the CB and VB was
determined by the LaS,O units and had little relation to the
Ga atoms.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Experimental and calculated PXRD patterns for La;ZnGa,SeO;
(b) experimental optical bandgap for La,ZnGa,SeO; (c) calculated and
experimental Raman spectra for La,ZnGayS¢O; (d) powder SHG
response versus particle size for La,ZnGa,Se¢O with AgGaS, as the
reference.

Raman spectra were measured and compared using experi-
mental and theoretical calculations. The results showed excel-
lent agreement between the experimental data and the simu-
lated spectra. The measured Raman spectra exhibited no
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Fig. 4 (a) Band structure of La,ZnGa,S¢O; (b) PDOS of La,ZnGa,Se¢O; (c) calculated birefringence of La,ZnGa,SeO.

obvious absorption peaks in the wavenumber range from 500
to 4000 cm™', indicating a wide IR transmission range
(1820 pm) (Fig. 3c). Several Raman peaks located at
300-500 cm ™ were attributed to the Ga-S bond interaction, such
as 318, 362, 397, and 433 cm™'. Other peaks located at
200-300 cm™" corresponded to the Zn-S bond vibration, which
were similar to those of the previously reported Li,ZnGeS,
(260 cm™),*® Na,ZnGe,Ss (294 cm ™" and Sr,ZnSn,0Sg
(272 em™).”® Moreover, the calculated IR spectra clearly show
that there were no obvious absorption peaks in the range from
4000 to 550 cm™, indicating that La,ZnGa,S¢O exhibited a wide
IR transmission region up to 18 pm (550 cm™") (Fig. S27). Using
the typical Kurtz-Perry method, we investigated the powder SHG
responses of the title compound with different particle sizes
under 2.09 pm laser radiation, and the as-synthesized AgGaS,
crystal was selected as the reference. The signal intensities
showed a strengthening trend with the increase in particle size
for the polycrystalline sample of La,ZnGa,Se0, indicating phase-
matching (PM) behavior (Fig. 3d). The title oxysulfide showed a
good powder SHG response, about 1.9 times that of AgGas,, at
the maximum 200-250 pm particle size. SHG-density calculation
provided an intuitive understanding of the origin of the NLO
effect, and the results showed that their NLO origin was derived
from the synergistic effect between the LaS,0, ZnS, and GaS;O
anionic groups (Fig. 5). Generally, birefringence, as a critical para-
meter, can be used to estimate the phase-matching capability.
Herein, we also calculated the birefringence versus wavelength
curves, and the birefringence (An) was found to be 0.12 at
2.09 pm, which was consistent with the phase-matching ability of
the oxysulfide phase (Fig. 4c).

Moreover, by calculating and analyzing the distortion
degree, we found that the distortion degree of the rare-earth
metal coordination polyhedron was greater than that of the
alkali earth metal coordination polyhedron, which also
explains why the birefringence of the title compound is greater
than that of the isomorphic alkaline-earth-metal-based com-
pound Sr,ZnGe,S¢O (An = 0.114) (Table S3t). Additionally,
alkaline earth metals usually make relatively weak contri-
butions to the SHG response, while rare-earth metals have

certain advantages in expanding the SHG response.
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Fig. 5 Calculated SHG-density diagrams for the occupied and unoccu-
pied states of La,ZnGa,S¢O.

Consequently, owing to the combined modulation effect of
rare-earth metals and transition metals on SHG, the title com-
pound demonstrated a relatively strong SHG response.

Conclusions

In summary, La,ZnGa,S¢0, a promising IR NLO oxysulfide
material, was successfully synthesized using a high-tempera-
ture solid-state reaction. The title compound exhibited well-
balanced nonlinear optical behavior and showed great poten-
tial as an NLO candidate material in the infrared frequency
conversion field, with a wide bandgap (3.0 eV), strong SHG
response (1.9 x AGS) and wide IR transmission range.
Moreover, La,ZnGa,S¢O exhibited the largest powder SHG
response among the melilite-type transition-metal oxysulfides.
Theoretical analysis showed that the synergistic regulation of
ZnS,, GaS;0 and LaS,0O contributed to the large SHG of the
compound. The experimental and calculated results imply that
lanthanide metals and transition metal tetrahedra can be used
in the design of new large SHG oxysulfide materials.

This journal is © The Royal Society of Chemistry 2025
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