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Oxychalcogenides have been highly anticipated as nonlinear
optical (NLO) crystals because of their excellent optical
properties. Herein, a rare-earth oxychalcogenide Eu,ZnGe,OS¢
was successfully designed and synthesized. It crystallizes in the
non-centrosymmetric P42,m space group with highly polarized
mixed-anion [GeOS3] units and exhibits an indirect band gap of
2.22 eV, a moderate second harmonic generation (SHG) response
(0.4 x AGS), and phase-matching properties. Additionally, Eu,-
ZnGe,0S¢ exhibits a significant calculated birefringence of
0.173@2090 nm. This research has enriched the rarely studied
rare-earth oxychalcogenide system and provided new ideas for
the design of promising IR NLO crystals.

Introduction

Nonlinear optical (NLO) crystals, serving as pivotal
functional materials for laser wavelength frequency
conversion, effectively broaden the tunable range of lasers,
thereby holding substantial significance in advancing laser
technology.” Over the past decades, a series of oxygen-
based NLO materials with excellent comprehensive
performance have been discovered and commercially applied
in the visible and ultraviolet (UV) regions, including KH,PO,
(KDP),® KTiOPO, (KTP),’ LiB;O5 (LBO),'® B-BaB,O, (BBO),"
CsB;0; (CBO),"> CsLiB¢O;, (CLBO),"” and KBe,BO;F,
(KBBF)."*'*> Comparatively, the development of infrared (IR)
NLO crystals is slightly behind. In the realm of IR NLO
crystals, materials like AgGaSe, (AGSe),'® AgGaS, (AGS),"”
and ZnGeP, (ZGP)'® that have been commercialized are
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characterized by their significant second-harmonic
generation (SHG) coefficients, broad IR transmission ranges,
and excellent phase-matching (PM) properties. Nonetheless,
the limitation imposed by their relatively low laser-induced
damage thresholds (LIDTs) and two-photon absorption
hampers their energy conversion efficiency and constrains
their practical applications."®?°

Consequently, investigators put forth
optimization strategies aimed at designing and fabricating
high-performance IR NLO crystals. Among these, the strategy
of incorporating mixed-anion units has proven to be effective
due to its capacity to combine the advantageous properties of
various compounds, such as the large band gaps and high
LIDTs characteristic of oxides and halides, along with the
substantial SHG coefficients associated with chalcogenides. In
recent years, this strategy has been employed to design and
synthesize oxyhalides, chalcohalides, and oxychalcogenides
that exhibit promising IR NLO performance, including Pb,,Os-
Clig,* K,ZnVs50;5CL**  Pb,SeBrs,>® Ba,Ge;SoClL,>*  SreGes-
0Se;1,>> and SrGeOSe,.”® The strategic integration of these
diverse anions facilitates the optimization of NLO properties,
resulting in materials with enhanced photonic applications. In
the case of oxychalcogenides, the mixed-anion functional units
formed by the multiple combinations of the oxygen anion (0>
and chalcogenide anions (Q = S*7, Se*”, Te*”) will generate more
NLO-active building units (such as [GeOS;], [GeO3S], and [GeO,-
S,] units), thereby achieving excellent NLO performance.

In this work, a new rare-earth oxychalcogenide Eu,ZnGe,-
OS¢ was successfully designed and synthesized through a
spontaneous crystallization method, exhibiting balanced NLO
properties. The crystal structure and optical properties of Eu,-
ZnGe,0S¢ have been extensively studied through single crystal
X-ray diffraction (XRD), IR spectrum, UV-vis-NIR diffuse
reflectance spectrum, Raman spectrum, and SHG tests.
Concurrently, the structure-property relationship of the title
compound has been unraveled through advanced theoretical
calculations employing the CASTEP package based on density
functional theory (DFT).
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Eu,ZnGe,0Ss is isostructural to the compounds of the
A;MM,0S; (A = Ca, Sr, Eu; M = Mn, Fe, Co, Zn, Cd, Hg, Ge;
M’ = Ga, Ge, Sn)”’° family and belongs to the non-
centrosymmetric (NCS) tetragonal space group P42;m (no.
113) with unit cell parameters of a = 9.3838(7) A, b =
9.3838(7) A, ¢ = 6.1509(7) A, and Z = 2. The crystallographic
data and structure refinement for FEu,ZnGe,0S, are
illustrated in Table S1F In its asymmetric unit, one
independent Eu atom, one independent Zn atom, one
independent Ge atom, one independent O atom, and two
independent S atoms with full occupancy are present. The
calculated bond valence sums (BVS) of Eul, Zn1, Gel, S1, S2,
and O1 atoms are 2.101, 2.122, 4.071, -2.156, —1.968, and
-1.907, respectively, which are very similar to their
corresponding ideal oxidation states (Table S2+).

The crystal structure of Eu,ZnGe,0Ss is presented in
Fig. 1. It is characterized by innumerable two-dimensional
(2D) [ZnGe,0Sq]*" layers extending along the ab-plane and
[EuOS;] polyhedra located between the layers (Fig. 1(a)).
These 2D layers are composed of an uncountable number of
[ZnS,] tetrahedra and [Ge,OSg] dimers interconnected by
corner-sharing with S1 atoms, with the [Ge,0S¢] dimers being
formed by two [GeOS;] units sharing the common O1 atoms
(Fig. 1(b)). The coordination geometry of Eu,ZnGe,OS is
presented in Fig. S2,;i and the selected bond lengths and
bond angles are listed in Table S3.f Each Eul atom is
surrounded by four S1 atoms, three S2 atoms, and one O1
atom, with an Eu-O bond length of 2.809(5) A, which is very
similar to that in EuAl,O, [2.499(2)-3.088(14) A].*” The Eu-S
bond with a length range of 3.0265(14)-3.1027(18) A is very
reasonable concerning that reported for EuCdGeS, (3.0106—
3.1530 A).*® Each Zn1 atom is interconnected with four S1
atoms to form a typical tetrahedron with a Zn-S bond length
of 2.3245(13) A. Reciprocally, each Gel atom is surrounded
by two S1 atoms, one S2 atom, and one O1 atom to form a
highly distorted mixed-anion [GeOS;] unit. The Ge-S bond
lengths are in the range of 2.1442(18)-2.2048(13) A, and the
Ge-O bond length is 1.837(3) A, which are very similar to the
values involved in Ba;S[GeOS;]*° (Ge-S bond lengths:

View Article Online

CrystEngComm

2.207(3)-2.223(3) A; Ge-O bond length: 1.755(7) A) containing
[GeOS;] units.

Fig. S17 illustrates the element distribution images and
atomic percentage (%) of Eu,ZnGe,0S¢. This result indicates
that the elements Eu, Zn, Ge, and S are present and their
atomic ratios are approximately 2:1:2:6, which is also
consistent with the results obtained from single crystal
structure determination.

Fig. 2(a) shows the synthesized powder XRD pattern and
the simulated pattern of Eu,ZnGe,0Sg; the two highly similar
curves imply the phase purity of the synthesized
polycrystalline powder. The IR spectrum of Eu,ZnGe,0Sg, as
depicted in Fig. S3,t exhibits no discernible absorption peaks
within the 400-4000 cm™ range. The experimental optical
band gap for Eu,ZnGe,0Ss was extrapolated to 2.22 eV
through the UV-vis-NIR diffuse reflectance data, which is
larger than that of commercially available IR NLO crystals
AGSe (1.73 eV)*® and ZGP (2.02 eV),*" suggesting that the title
compound may exhibit a larger LIDT (Fig. 2(b)). Furthermore,
the Raman spectrum of a hand-picked small orange-colored
blocky crystal of Eu,ZnGe,0S; is plotted in the range of 100-
500 cm™ (Fig. S4t), from which several shifts can be
observed. The most vigorous Raman shift located at 395 cm™
is generated by the Ge-S vibration of Eu,ZnGe,0Ss, from
which the peaks at 303 and 451 cm™" are also derived. The
peak of lower intensity at 257 cm™" generally originates from
Zn-S vibration. In addition, the peaks below 200 cm™
(including 163 c¢m™) may be attributed to Eu-S
vibrations.”*™"

Considering that Eu,ZnGe,0S, crystallizes in the NCS
tetragonal space group P42;m (no. 113), the SHG test was
carried out using a laser with a wavelength of 2090 nm and
AGS microcrystals as standard samples, as illustrated in
Fig. 2(c). It can be seen that the SHG intensity of Eu,ZnGe,-
OS¢ increases with increasing particle size, which indicates
that Eu,ZnGe,0Ss can achieve type-I PM properties.
Moreover, when the particle size is in the range of 125-150
um, Eu,ZnGe,0Ss exhibits a moderate SHG intensity, which
is about 0.4 times that of AGS (Fig. 2(d)). In the
comprehensive analysis of all the compounds within the
A, MM, 0Se system, it is observed that no selenides are
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Fig. 1 (a) Crystal structure of Eu,ZnGe,OSg viewed from the b-axis; (b) 2D [ZnGe,OSgl* layer viewed along the ab-plane.
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Fig. 2

(a) Experimental and simulated powder XRD patterns and (b) UV-vis-NIR diffuse reflectance spectrum of Eu,ZnGe,OS¢; (c) SHG intensity

versus particle size of Eu,ZnGe,OSg and AGS; (d) oscilloscope traces of SHG signals of Eu,ZnGe,OSg and AGS (125-150 um).

present. Notably, selenides are often characterized by larger
SHG coefficients and superior NLO properties compared to
sulfides. Consequently, for Eu,ZnGe,0Ss, rational chemical
substitution may emerge as a potential strategy to enhance
the NLO performance, such as the substitution of S with Se,
the substitution of Ge with heavier Sn, and the substitution
of Zn with other heavier d'® atoms (e.g., Cd and Hg).

As depicted in Fig. 3(a), Eu,ZnGe,0Ss exhibits an
indirect band gap of 1.81 eV, with the conduction band
(CB) minimum situated at the /" point and the valence
band (VB) maximum situated at the M point. This
theoretical band gap is slightly lower than the
experimentally determined value of 2.22 eV, which can be
attributed to the limitations of the local density
approximation (LDA) function when employed in DFT
calculations. The LDA function often underestimates the
band gap due to its inability to accurately account for the
exchange-correlation potential, particularly the
discontinuity in the derivative of the exchange-correlation
energy concerning the electron density.”®*® The analysis
of the total and partial density of states (TDOS and PDOS)
as depicted in Fig. 3(b) reveals that the S 3p orbitals are
the predominant contributors to the VB maximum, with a
minor incorporation of Eu 4f and 5d orbitals. Similarly,
the CB minimum is largely influenced by the S 3p and
Ge 4s orbitals, complemented by contributions from the

This journal is © The Royal Society of Chemistry 2024

Zn 4s orbitals. This suggests that the optical
characteristics of Eu,ZnGe,0S¢ are predominantly governed
by the [ZnS,] tetrahedron and [GeOS;] groups. Moreover,
the intermixing of Eu 4f orbitals could potentially
introduce extra electronic transition pathways, which may
subsequently influence the optical properties of Eu,ZnGe,-
0OS,. Birefringence (An), the difference in refractive index
at a specific wavelength, is a characteristic unique to
anisotropic crystal systems. It is a pivotal property for
functional optical crystals, as it significantly influences
angular PM and the ability to adjust the polarization of
light. Achieving PM is not possible if the nonlinear optical
material's birefringence is too low; thus, a moderate
birefringence is necessary for a substantial SHG
response.‘*g_52 The birefringence of Eu,ZnGe,0Ss has been
calculated to be 0.173 at 2090 nm, a value substantial
enough to facilitate PM behavior. This finding is also
consistent with the results obtained from the powder SHG
tests. Additionally, the dipole moment (DM) analysis of
the [GeOS;] wunit and the [ZnS,] tetrahedron was
conducted utilizing the bond valence method.” It is
evident that the DM of the [GeOS;] unit substantially
exceeds that of the [ZnS,] tetrahedron, as detailed in
Table S4. This significant difference in DM suggests that
the [GeOS;] wunit plays a predominant role in the
substantial birefringence observed in Eu,ZnGe,0Ss.
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Fig. 3 The calculated results of Eu,ZnGe,OSe: (a) electronic band structure, (b) DOS, and (c) birefringence.

Conclusion

In conclusion, a new rare-earth oxychalcogenide Eu,ZnGe,-
0Ss was successfully designed and synthesized, which
crystallizes in the NCS P42,m space group, featuring highly
polarized mixed-anion [GeOS;] units. The title compound
exhibits an experimentally determined indirect band gap of
2.22 eV, a modest SHG response (0.4 x AGS), and PM
properties. Rational chemical substitution strategies are
anticipated to enhance the NLO properties further. This study
enriches the rarely studied rare-earth oxychalcogenide system
and offers new insights for the design of promising
oxychalcogenide IR NLO crystals.
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