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Rational structural design and modification based on known compounds is an effective strategy to
explore new nonlinear optical (NLO) materials. Here, three new rare-earth (RE) oxythiogermanates
Eu18GegOsS3; (1), Caz32Eur4.68Ge905S3; (2) and BazEuisGegOsSsy (3) were obtained by the novel cation
and anion co-partial substitution strategy from the parent f-Eu,GeS, (0), which induces centrosymmetric
to noncentrosymmetric (NCS) structural transformation and NLO activities. They crystallize with a
pseudo-zero dimensional structure in the chiral R3 space group, featuring almost linearly arranged iso-
lated GeS, and GeOSs tetrahedra. Their optical band gaps were determined to be 2.18, 2.23 and 2.24 eV,
respectively. 1 and 2 show balanced NLO properties with moderate second-harmonic generation (SHG)
responses (0.5 and 0.6 X AGS) and high laser-induced damage thresholds (LIDTs) (3.3 X AGS). Moreover,
theoretical calculations show that their NLO properties are determined by the synergistic effect of GeS,
and GeOSs3 tetrahedra. This work enriches the chemistry of rarely studied RE oxychalcogenides and pro-
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Introduction

Laser technology is one of the most important inventions after
atomic energy, computers and semiconductors, and has been
widely used in optical fiber communication, laser spec-
troscopy, laser radar and weapons, and laser scanning and
ranging, however, the available laser sources are limited and
need to be further explored." In recent years, second-order
nonlinear optical (NLO) materials have attracted much atten-
tion due to their second harmonic generation (SHG) ability.>
Up to now, a large number of inorganic, organic, organo-
metallic, inorganic-organic hybrid compounds, polymers and
inorganic glass materials have been reported with SHG activi-
ties. There are already several commercial ultraviolet (UV),
visible and near infrared (IR) NLO materials that can meet the
practical requirements.” In contrast, the middle-IR NLO ones
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vides a fresh route for designing NCS structures targeting diverse applications.

cannot meet the market's requirements. Therefore, the
exploration of novel middle-IR NLO ones is necessary while
challenging.

Obtaining a noncentrosymmetric (NCS) crystal structure is
the prerequisite condition for SHG activity. Over the past few
decades, diverse methods have been introduced to design new
NCS compounds to achieve this goal, which include but is not
limited to (1) introduction of the typical MQ, (M = Al, Ga, In,
Si, Ge, Sn, and P; Q = S and Se) tetrahedral functional motifs,
which is the most widely used strategy and usually produces a
large SHG effect;® (2) introduction of the d'° metal Zn, Cd, Hg,
Cu or Ag, which can generate a high polar displacement in the
coordination center, causing the asymmetric occupation of
electrons in degenerate orbitals and distorting the molecular
geometry;® (3) introduction of SOJT cations, including d°
metal ions, Ti*", Zr*", Hf*", V°*, Nb°" and Ta>";” (4) introduc-
tion of lone-pair cations, such as Pb**, sSb**, sn**, As**, Bi*",
se**, Te*, 1, etc;® (5) introduction of asymmetric
n-conjugated planar triangular anion groups, such as BO;*,
CO;*>7, NO;~ and C3;N;0;°".° The above strategies are ben-
eficial for obtaining NCS compounds with large SHG effects.
As another important indicator, laser-induced damage
threshold (LIDT) can be used to evaluate whether the materials
can be used in high output power scenarios. In recent years,
researchers have found that some mixed-anionic compounds
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can achieve a good balance between a large SHG effect and a
high LIDT, and most of them crystallize with low-dimensional
structures, which is conducive to improving the polarizability
and NLO coefficient (de).'® At the same time, hybridization
occurs between the anionic orbitals of different elements in
the structure, resulting in their relatively stable physico-
chemical properties.

Anion partial substitution (APS) based on known NCS or
centrosymmetric (CS) structures has been proven to be a
useful method for achieving mixed-anionic compounds. For
example, new NCS oxyselenide SrGeOSe, (P2:2:24) was
obtained by the isovalent APS method using SrGeO; (C2/c) as
the template,"" and aliovalent APS of SnBr, (P6s/m) realizes the
CS-to-NCS structural change to obtain Sn,Bry,S, (P6;).%
Moreover, the SHG response of Ag,In,SiS; ¢6S€s.04 (1.1 X AGS)
is enhanced more than 3 times that of its template Ag,In,SiSs
(0.3 x AGS) after S sites are partially substituted by the heavier
congener Se.’” It is worth noting that the mixed-anionic
groups in the above compounds have a large degree of distor-
tion, so the birefringence (An) increases to realize phase-
matching (PM). These studies indicate that the APS strategy
can not only achieve structural transformation, but also be an
effective route for simultaneously optimizing the d.¢ and An.
In addition to APS, cation partial substitution (CPS) is also a
useful method for achieving CS-to-NCS structural transform-
ation. Successful cases include (Kq35Bags;)Ga,Ses,™® (NazRb)
Hg,Ge,Ss '* and K,Ag;Sb;S,,'* which can be obtained from the
parent BaGa,Se,, Rb,Hg,Ge,Sg and K,Sb,S;, respectively.
However, as far as we know, hitherto there is no report about
designing NLO materials using the cation and anion co-partial
substitution (CAPS) strategy.

Guided by the above considerations, three novel RE oxythio-
germanates M,Eu;g_,GeyO5S3; (M = Ca, x =0, 3.32; M =Ba, x =
3) could be obtained by the CAPS method by taking -Eu,GeS,
(0) as the structural template after much effort (Fig. S17).*

Experimental section
Syntheses

Eu;3Geq05S3, (1), Cag 3,EU44.65G€905S34 (2) and
BazEu;5Gey05S31 (3) were synthesized via a solid-state method.
Eu (Aladdin, 99.95%), CaO (Macklin, 99.5%), Ba (Aladdin,
99.9%), GeO, (Macklin, 99.9%), Ge (Aladdin, 99.999%), and S
(Aladdin, 99.9%) were used directly without any purification.
Single crystals of 1-3 could be obtained using the molar ratios
of Eu:Ge:GeO,:S = 18:6:3:31, Eu:CaO:Ge:S =
14:4:9:31 and Eu:Ba:Ge:GeO,:S = 15:3:6:3:31, with a
total mass of 500 mg, and 400 mg KI was used as flux. The
mixtures were ground into fine powder using an agate mortar,
then pressed into pellets, and further loaded into fused silica
tubes. The tubes were evacuated to a high vacuum of 1 x 10™*
Torr and flame-sealed, and then were heated to 1173 K for
20 h in a muffle furnace, and maintained at 1173 K for two
days. Finally, the reaction was cooled down to room tempera-
ture within five days, and the crystals 1 and 2 (Fig. S17) were
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obtained in a yield of 70% based on Eu, while the yield of 3
was really very low although many attempts were made to opti-
mize the synthesis; crystals 1-3 are stable under atmospheric
conditions.

Powder X-ray diffraction (PXRD) patterns were collected with
a Bruker D8 Advance diffractometer at 40 kV and 100 mA using
Cu-Ka radiation (1 = 1.5406 A) with a scan speed of 5° min™" at
room temperature. The simulated patterns were generated with
the Mercury v3.8 program provided by the CCDC and single-
crystal reflection data. The experimental and simulated PXRD
patterns (Fig. S21) match well, suggesting that the obtained
samples are pure. Semiquantitative microscopic elemental ana-
lysis of the as-prepared single crystals of 1-3 was performed
using a field-emission scanning electron microscope (FESEM,
HITACHI S-48001II) equipped with an energy dispersive X-ray
spectroscope (EDS, Bruker, Quantax), which confirms the pres-
ence of Eu, Ge and S in 1, and Eu, Ca/Ba, Ge, and S in 2 and 3.
The content of O is not considered as the measurement process
has an important influence on its value (Fig. S37).

Structure determination

The single crystal X-ray diffraction data of 1-3 were collected
on a Bruker D8 QUEST X-ray diffractometer with Mo-Ka radi-
ation (4 = 0.71073 A) at room temperature. Whereafter, the
single-crystal structures were solved by Direct Methods and
refined by full-matrix least-squares techniques on F* with aeo-
lotropic thermal parameters for all atoms using SHELXL
within the Olex2 interface.'”” The final refinement also
included a secondary extinction correction. The crystal data
and structural refinement information are summarized in
Table S1.7 Atomic coordinates and equivalent isotropic displa-
cement parameters, and bond distances are provided in Tables
S2 and S3,7 respectively. The CIF documents of 1-3 are also de-
posited with the CCDC numbers 2329237-2329239.F

Infrared and diffuse reflectance spectroscopies

The IR spectra between 400 and 4000 cm™" (2.5-25 pm) were
recorded on a VERTEX 70 FT-IR spectrophotometer, in which
KBr was used as the reference. A computer-controlled Varian
Cary 5000 UV-vis-NIR spectrometer in the wavelength range of
200-1600 nm was used to record the diffuse reflectance
spectra of 1-3. The reference was a BaSO, plate and the finely
ground powdery sample was coated. The absorption spectra
were obtained from the reflection spectra using the Kubelka-
Munk function.®

Second-harmonic generation (SHG) measurement

Size-dependent SHG measurement for the powder samples of
1 and 2 was carried out using a 2.1 pm laser as the radiation
source using the modified Kurtz-Perry powder method."® The
samples were sieved into several different particle size ranges
(25-45, 45-75, 75-110, 110-150, 150-200, and 200-250 pm),
and benchmark AGS samples with the same particle size
ranges were used as the standards. The intensity of the fre-
quency-doubled output signal produced from a photomulti-
plier tube was recorded using a digital oscilloscope.
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Laser-induced damage threshold (LIDT) measurement

The LIDTs for the 75-110 pm powder samples of 1-3 and refer-
ence AGS were measured with a 1064 nm laser as radiation
light using the single-pulse method.?>*' The pulse width zp
and repetition were set to 10 ns and 1 Hz, respectively. The
power of the light source E was continuously increased until
the spot area appeared. According to the formula: I(threshold)
= E/(Stp), where S indicates the damage spot area.

Thermal expansion anisotropy (TEA)

The variations of lattice parameters of 1 and 2 depending on
the temperature from 100 to 400 K with a step of 20 K were
determined from in situ X-ray diffraction measurements.
Thermal expansion coefficients (TECs, aL = R, ' [dR(T)/dT],
where R, is the a, b or ¢ value at T = 0 K, and a, b and c are the
axis lengths) of the lattice parameters of 1 and 2 were derived.
The thermal expansion anisotropy (TEA) values of 1 and 2 were
calculated according to the equation TEA = |aLmax/@Lmin|.>>
The TEA of reference AGS was calculated in the same way and
the value is similar to other reported ones.

Birefringence measurement

The birefringences for crystalline samples of 1-3 were
measured with a polarizing microscope. The wavelength of the
light source was 546 nm. The birefringence was calculated
according to the equation AR (retardation) = |[N. — No| x T =
An x T, where AR denotes the optical path difference, An rep-
resents the birefringence, and T is the thickness of the crystal.

Thermal analysis

A Labsys™ TG-DTA16 (SETARAM) thermal analyzer was used
to investigate the thermal properties using differential scan-
ning calorimetric (DSC) analysis (the DSC instrument was cali-
brated with Al,03). About 20 mg samples of 1 and 2 were
placed in a silica tube (5 mm o.d. x 3 mm i.d.) and sub-
sequently sealed under high vacuum. The heating and the
cooling rates were both 15 K min~'. To verify the phases,
samples 1 and 2 were sealed in vacuum quartz tubes and then
heated to 1000 °C in a muffle oven, respectively. After being
kept at the corresponding temperatures for 1 day and then
quenched to room temperature, the samples were analyzed
using the PXRD technique.

Theoretical calculations

First-principles density functional theory calculations of 1-3
were performed using the CASTEP package in Material Studio
software.”® The Perdew-Burke-Ernzerhof generalized gradient
approximation was employed for the exchange and correlation
function.>® The norm-conserving pseudopotentials of Eu, Ca,
Ba, Ge, O and S consider 6s5d4f, 4s, 6s, 4s4p, 2s2p and 3s3p
orbitals as the valence states, respectively. The L(S)DA+U
method was used to treat the strongly correlated 4f electrons. A
plane-wave cutoff energy of 830 eV and a threshold of 5 x 1077
eV per atom were set for the self-consistent-field convergence
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of the total electronic energy. A 2 x 2 x 2 Monkhorst-Pack
k-point grid in the BZ of the primitive cell was chosen.

The optical properties including the dielectric function,
second-order susceptibilities, and refractive index n were calcu-
lated using the same method used in our previous studies.””>®

Results and discussion
Crystal structures

As the parent of 1-3, 0 crystallizes in the monoclinic space
group P2,/m (no. 11), and there are two Eu, one Ge and three S
atoms in the crystallographically independent unit (Fig. S41)."°
Each Eu is coordinated with eight S atoms to form the EuSg
bicapped trigonal prism (btp) with the Eu-S bond distances of
2.951(3)-3.533(1) A, and each Ge is fourfold-coordinated with
S atoms to form a GeS, tetrahedron with the Ge-S bond dis-
tances of 2.190(2)-2.195(2) A, and all the GeS, units in the
structure are centrosymmetrically arranged in the reverse way,
resulting in the cancellation of microscopic second-order
polarizability (Fig. 1a and c).

1-3 crystallize in the space group R3 (no. 146) of the trigo-
nal system. There are six M, five Ge, three O and eleven S
atoms in the crystallographically independent unit. The
occupation of six M sites is complex, and the details are as
follows: completely occupied by Eu (in 1); five M sites are co-
occupied by Eu and Ca, and the sixth one is completely occu-
pied by Eu (in 2); five M sites are completely occupied by Eu,
and one is completely occupied by Ba (in 3) (Fig. S5). Only
the structure of 1 is described here in detail considering
their structural similarity. The six Eu atoms are coordinated
with seven or eight O/S atoms to form three EuOSs (Eul, Eu2
and Eu5) mono-capped trigonal prisms (mtps), two EuOS,

‘%\- < »%{ ‘ < .%{ ' b

Antiparallel arrangement

Co-orientated arrangement

Fig. 1 Crystal structures of 0 (a) and 1 (b); blue and green tetrahedra
represent GeOS3z and GeS, units, respectively; (c) alignment of GeS, tet-
rahedra in 0; (d) alignment of GeS, and GeOSs tetrahedra in 1. The Eu-S
and Eu—O bonds are omitted for clarity.
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(Eu3, Eud4) btps, and a EuSg (Eu6) btp, respectively. All the
five Ge atoms are tetracoordinated to form distorted tetrahe-
dra. Differently, Ge2 and Ge3 only coordinate with S atoms,
while Gel, Ge4 and Ge5 bond with one O and three S atoms.
When the Eu-S and Eu-O bonds are omitted, the structure
of 1 is pseudo-zero-dimensional (0D) since all the tetrahedral
units are isolated (Fig. 1b), which is similiar to the first qua-
ternary SHG active RE oxythiogermanate Eu;Ge0S,;.”
However, all Ge atoms in Eu;GeOS, coordinate with one O
and three S atoms to form GeOS; tetrahedra, and their
arrangement does not tend in exactly the same direction,
which results in a much weaker SHG response than those of
1 and 2. The Eu-S bond length ranging from 2.8952(18) to
3.4314(19) A is comparable to 2.9115(15)-3.1827(16) A in
Eu;GeOS,. The Eu-O distances range from 2.423(3) to 2.623
(5) A, which is reasonable when compared with 2.330(5)-
2.801(7) A in EugMgS,B,004..>® The Ge-S and Ge-O bond
lengths show distances of 2.2086(19)-2.225(2) and 1.789(5)-
1.806(8) A, close to 2.2739(7) and 1.735(2)-1.8586(14) A in
La;Ga;Ge,S;04,,%° respectively.

From structures 0 to 1, the APS strategy was performed and
5/36 of the S atoms could be replaced with O atoms, which
breaks the centrosymmetry of 0 and generates the NLO activity
of 1 (Fig. 1b and d). In its structure, isolated GeS, and GeOS;
tetrahedra are almost parallelly aligned, leading to a superposi-
tion of microscopic SHG coefficients and further macroscopi-
cally enhanced NLO effects. In addition, from 0 to 2 and 3, the
CAPS method was used. The structural transition from 0 to 1-3
is reflected from centrosymmetric P2,/m to chiral R3, which
shows that the CAPS method results in the space group tran-
sition from low symmetry to high symmetry, with the change
of direction and distortion for anion groups. Therefore, this
study establishes a fresh strategy for the further exploration of
NLO materials.

Optical properties

The UV-vis-NIR diffuse reflectance spectra show optical
band gap values of 2.18, 2.23 and 2.24 eV for 1-3 (Fig. 2a),
which match well with their red crystal color. Notably, 2 and
3 have larger optical band gaps than 1, which may be
because Eu in 1 is partially replaced by alkaline earth metals
Ca and Ba, respectively, thus avoiding the negative effects of
d-d or f-f transitions. Therefore, it can be inferred that the
band gap value will be further improved when Eu is comple-
tely replaced by Ca and Ba, thus further increasing the
LIDTs. The FT-IR spectra of 1-3 (Fig. 2b) show only one
absorption peak (about 640 cm™'), which belongs to the Ge-
O stretching mode.?° Based on the above data, the transpar-
ency ranges for the powder samples of 1-3 are 0.6-15.6 pm,
covering the two critical atmospheric windows (3-5 and
8-12 pm).

Birefringence measurements of 1-3 show that their optical
path differences are 0.672, 1.009 and 0.466 pm with crystal
thicknesses of 8.96, 18.56 and 16.51 pm (Fig. S61). Their bire-
fringences are determined to be 0.0749, 0.0543 and 0.0282,
respectively,”® and values of 1 and 2 are ideal ones for achiev-
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Fig. 2 (a) The UV-vis—NIR diffuse reflection and (b) IR spectra of 1-3;
(c) size-dependent SHG responses and (d) SHG intensities at
200-250 pm of 1, 2 and AGS under 2.1 pm laser radiation.

ing phase matching, consistent with their experimental PM
behaviors.

SHG and LIDT properties

Considering the chiral structures of 1-3, their SHG responses
were measured using the Kurtz-Perry technique under a
2.1 pm laser. Only the NLO behaviors of 1 and 2 are discussed
here since the amount of sample 3 is not enough for further
testing. Both 1 and 2 exhibit PM behaviors (Fig. 2c), evidenced
by the increasing SHG responses along with the increased par-
ticle sizes. Their 200-250 pm samples show the SHG responses
of 0.5 and 0.6 x AGS, respectively (Fig. 2d), which are large
enough from the view point of application.**

The 75-110 pm powder samples of 1, 2 and AGS were
measured under a 1064 nm laser to evaluate their LIDTSs
(Table S47). Both 1 and 2 exhibit large LIDT values (11.44 MW
cm™?), which are 3.3 times that of AGS (3.48 MW cm?). In
addition to the band gap, thermal expansion anisotropy (TEA),
chemical composition, lattice dynamics and crystal quality can
also influence the LIDT. Therefore, TEA tests were performed
on 1 and 2 to further judge their application potential under
high frequency lasers (Fig. 3a-d). The smaller TEA values of 1
(2.58) and 2 (1.94) than that of AGS (2.97) confirm that 1 and 2
have larger LIDT values since NLO materials with smaller TEA
values may withstand greater thermal shock (Table S57).*> The
increased LIDT values overcome the application limitation of
benchmark AGS and improve the possibility of using them in
scenarios with a high output power. To date, there are rare
studies on rare-earth oxychalcogenides as NLO materials. Most
of them exhibit relatively weak SHG responses (< 0.5 x AGS)
(Table S6f). The acceptable SHG intensity and enhanced
LIDTs reveal that 1 and 2 are new promising MIR NLO
materials, which enrich the system of rare-earth oxychalcogen-
ide NLO matreials.
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Fig. 3 Temperature-dependent lattice parameters’ variation for a/A and
c/A of 1 (a and b) and 2 (c and d), respectively.

Thermal analysis

Both the heating and cooling processes for the DSC curves of 1
and 2 show a peak (Fig. S7t). The experimental PXRD patterns
after calcination are compared with standard cards in Jade,
and the results indicate that sample 1 decomposes into
Eu,GeS, and Eu,0,S, and 2 decomposes into Eu,GeS,, CaO
and Eu,0,S at 970 and 997 °C, respectively (Fig. S87). Their
high thermal stability is comparable to those of the rising
benchmark IR NLO material BaGa,Se; (melting point:
~968 °C)** and the benchmark AGS (melting point: ~1000 °C).

Theoretical calculations

First-principles calculations with the CASTEP package were
carried out on 1-3 to explore the structure-property relation-
ship.”® Their band gaps were calculated to be 2.60, 2.62 and
2.65 eV, respectively, which are reasonable compared with the
experimental ones. The top of valence band (VB) and the
bottom of conduction band (CB) are located at the same k
point, indicating direct band gaps of 1-3 (Fig. 4a, c and e). The
calculated total and partial densities of states (TDOS and
PDOS) of 1-3 show that the VB from —4 to —0 eV is almost con-
stituted of Eu 4f and S 3p orbitals, and the CB is primarily
from the contribution of Eu 5d orbitals between 2 and 10 eV
(Fig. 4b, d and f). As a result, electronic transition between Eu
4f and Eu 5d orbitals determines their band gaps. In addition,
the SHG coefficients of 1-3 were calculated to further under-
stand their NLO behaviors (Fig. S9a, S9c and S9et). The space
group R3 belongs to point group 3 and has six non-vanishing
SHG tensors (y11, Y14, Y15y X225 X31, and y33), of which only four
are independent (y11, y15, ¥22, and y33) under the restriction of
Kleinman’s symmetry. The corresponding NLO coefficients
dq1, dis, dsp, and ds; of 1-3 were calculated to be 3.21, 3.10,
3.10, and 2.90 pm V', respectively. The calculated values are
smaller than the experimental ones, which may be due to differ-
ences between the computational model and actual crystals.
The calculated An values of 1-3 are 0.04, 0.03 and 0.02, respect-
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Fig. 4 The calculated band structures (a, c, and e) and density of states
(b, d, and f) of 1-3.

ively, which are consistent with the experimental values and
match the PM behaviors of 1 and 2 (Fig. S9b, S9d and S9f¥).

To explore the origin of SHG effects, the dipole moments of
GeOS; and GeS, tetrahedra in one unit for 1 and 2 were calcu-
lated, which are 0.085 and 0.116 esu cm A~ in 1 and 0.096
and 0.120 esu cm A~® in 2 (Table S71), respectively. Obviously,
GeOS; tetrahedra have a larger SHG contribution than GeS,
tetrahedra. As shown in Fig. S10,T the dipole moments of GeS,
and GeOS; point almost in the same direction, resulting in the
superposition of the microscopic second-order polarizability.
Moreover, the distortion degrees of GeOS; and GeS, units in 1
and 2 were calculated according to their bond lengths, bond
angles and side lengths. The results indicate that the anionic
groups in 2 have larger distortion degrees than those in 1
(Table S8t). The anion groups GeS, and GeOS; have a dipole
moment vector angle of 15.01° in 1, while in 2, anion groups
have a more linear arrangement and the dipole moment vector
angle is only 2.696°. The larger distortion in 2 and the more
linear arrangement of anion groups lead to its higher SHG
response than that in 1, suggesting that partial substitution of
Eu with Ca is conducive to the NLO properties.

Conclusion

In summary, three new rare earth oxythiogermanates were syn-
thesized via the novel CAPS strategy, which not only realizes
the CS-to-NCS structural transformation, but also produces sat-
isfactory SHG activities, viz. enough SHG responses, enhanced
LIDTs, wide IR transparent regions, moderate birefringences
and high thermal stability. This work provides a new ideal for
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designing high-performance IR NLO candidates, and also
opens a new avenue (RE oxychalcogenides) for potential IR
NLO material systems.
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