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Effectively designing infrared nonlinear optical
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Infrared nonlinear optical (NLO) materials are crucial to the development of laser technology. However,
finding ways to effectively synthesize them is still a big challenge. Herein, aided by a stable open frame-
work, four IR NLO materials, MMngGagS16 (M = Ca, Sr, Ba, and Pb), have been effectively synthesized in a
high-temperature vacuum sealing system. They all crystallize in a non-centrosymmetric (NCS) space
group, P6, and their structures feature a three-dimensional open framework composed of Mn-S single
and double chains and Ga-S single and double chains, in which these one-dimensional chains increase
the structural flexibility and adjustability to accommodate varied cations with different ionic radii.
Remarkably, MMngGagSi6 (M = Ca, Sr, Ba, and Pb) exhibit not only comprehensive NLO performances
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including appropriate NLO responses and band gaps and a wide transmission range but also para-mag-
netism in magnetic properties, indicating that MMngGagS16 (M = Ca, Sr, Ba, and Pb) are potential IR multi-
functional materials. This work suggests that a stable open framework can be used to construct varied
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Introduction

Infrared (IR) coherent lights, covering two important atmos-
pheric windows (3-5 and 8-12 pm), have important appli-
cations in laser guidance and radar, atmospheric detection,
and infrared remote sensing. Utilizing the frequency conver-
sion of nonlinear optical (NLO) crystals is an effective way to
generate coherent radiation over a range of different
wavelengths.’™® Presently, a large number of nonlinear optical
materials have been discovered and synthesized, including
oxides and chalcogenides,” > but in reality, the insufficient
optical transparency and low second-harmonic generation
(SHG) response of oxides are not suitable for their application
in the IR region. Chalcogenides have been considered the pre-
ferred candidates to explore IR materials due to their unique
structures composed of typical tetrahedral NLO-active genes,
i.e. the main-group metal elements (e.g., Ga, In, Si, Ge, and Sn)
coordinated with chalcogen atoms to form asymmetric
configurations."®™” These structural advantages are favorable
for large SHG coefficients and a wide optical transparency
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structures, which brings a new platform for effectively designing multifunctional materials.

window up to the IR region, such as those of commercialized
chalcopyrite-type AgGaQ, (Q = S, Se) and ZnGeP,.'*™°
However, own performance defects hinder their application
ranges, and with this background, effectively designing and
synthesizing IR NLO materials have become the important
task for researchers.

In crystal engineering, taking classical structures as templates
or evolving these structures is an efficient way to explore new IR
NLO materials in chalcogenides.>*>* For example, based on the
type of melilite structure, a number of chalcogenides, ie.
Sr,ZnSn,0Ss,>° Ca,GeGa,08s%° and Sr,MnGe,0S;,>” have been
developed. Sr,ZnSn,0Ss shows excellent NLO properties including
a high SHG (0.7 x AGS), a wide optical band gap (E, = 3.52 eV),
and suitable birefringence (An = 0.14@2090 nm). Besides, by
assembling different host and guest functional units in salt
inclusion chalcogenides (SICs), many new compounds can be
designed and synthesized with diverse structures and unique pro-
perties,® such as the nano-tunnel type [K;Cl][Mn,GaeS;,] and
[CseCl][GasGeQyz] (Q = S, Se) in the [R.Xp[M.Qq] family (R =
alkali or alkali-earth metals; X = halogen; M = main-group or tran-
sition metals; and Q = chalcogen) and [NaSr,Cl][Ge;S;,] with iso-
lated [Ge;Ss] rings and one-dimensional [CINaSr;],.°" chains.?**
Based on the above analysis, it is not hard to notice that the selec-
tion of a suitable framework is conducive to designing new NLO
materials.*

After extensive screening and in-depth analysis, we noticed
that the A(1)B;C;Qs (A = Ag, Li, Na, Cu; B = Mg; C = Al, Ga; Q =
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S, Se) family exhibits excellent linear or nonlinear perform-
ances, and in the structures,®® the A-, B-, and C-sites can be
replaced by various cations with different electronic configur-
ations, in which, the framework is still stable, suggesting that
it may be a good template to design NLO materials combined
with the chemical substitution method. In this series of com-
pounds, alkali metal AMg;Gaz;Sg (A = Li, Na) and AE(u)
MgsGagQ,6 (AE = Ca, Sr, Ba, Q = S, Se) with two types of alka-
line earth metals have been reported, and among them, the
optical band gaps of LiMg;GasSg and NaMgs;Ga;Sg are up to
3.86 and 3.70 eV, respectively, but their second harmonic
coefficients are relatively small. However, under the action of
‘the two types of alkaline earth metals’ or ‘rare earth metals
and alkaline earth metals’, AEMgsGasS;6 (AE = Ca, Sr, Ba) and
LaMgsGaeS;6 not only have large second harmonic effects
(=0.7-0.8 x AGS), but also possess wide optical band gaps (E, =
3.00-3.54 €V).>*® It can be seen that in the family of A()
B;C3Qg, the A-site cations have a significant effect on their per-
formances. To date, the element substitution of A- and C-sites
has led to the formation of many new compounds and the sub-
stitution effects on the structure and performances have been
investigated, whereas there are no direct studies on the B-sites,
as an important component of the structural framework, to
determine their effect on the stability of structures and pro-
perties. Not long ago, our group had successfully synthesized
NaMn;Ga;Sg.>” In this work, we will continue to change the
B-site of the AEMgsGaeS16 (AE = alkaline earth metals) family
by introducing Mn** cations and further study the effects of
chemical substitution on its structure and properties. Four
new non-centrosymmetric (NCS) chalcogenides MMngGagS;6
(M = Ca, Sr, Ba, Pb) have been successfully synthesized.
Structurally, all these compounds crystallize in the NCS hexag-
onal space group P6 and contain Mn-S and Ga-S single and
double chains, which provide the flexibility for the formation
of open frameworks to match different A-site cations. Property
measurements show that MMn¢GaeS;6 (M = Ca, Sr, Ba, Pb) not
only exhibit NLO performances but also possess magnetic pro-
perties compared with the Ga-based family.’® Besides, a
detailed structural comparison has been carried out in A1)
B3C3Qsg and AE(1)MgsGasQ;6 to elaborate on the designability
of the structure.

Results and discussion

Crystal structures

The structures of CaMngGagS;s (CMGS), StMngGagS;6 (SMGS),
BaMngGagS;6 (BMGS), and PbMngGaeS;s (PMGS) were deter-
mined by single-crystal XRD. The results showed that they were
isostructural and crystallized in the NCS hexagonal space
group P6 (Table S1, ESI}). Taking CMGS as an example, its
asymmetric unit contains 3 unique Ca atoms, 6 unique Mn
atoms, 3 unique Ga atoms, and 11 S atoms (Table S27). The
Mn atom is linked with six S atoms to form a MnSg octa-
hedron, with Mn-S distances of 2.524(3)-2.769(4) A.
Furthermore, the MnSg octahedra are connected with each
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other to construct one-dimensional (1D) Mn-S single and
double chains (Fig. 1a). The Mn-S single chains are linked
with Mn-S double chains to form 1D tunnels along the c-axis
(Fig. 1b). Also, the Ga atoms are coordinated with four S atoms
to form GaS, tetrahedra (Fig. 1c), and their combination sub-
sequently results in the formation of Ga-S single and double
chains with Ga-S distances ranging from 2.221(3)-2.322(2) A.
Then, Ga-S double chains are linked with 1D tunnels com-
posed of MnS, to construct an open framework, in which the
Gas, single chains and Ca®" cations are located in the space
(Fig. 1d). The values for the bond valence sum (BVS) for each
atom are in the range of 1.57-1.60 for Ca, 1.78-1.84 for Sr,
2.11-2.21 for Ba, 1.59-1.68 for Pb, 2.93-2.97 for Ga, 1.90-1.98
for Mn and 1.82-2.12 for S (Table S21).>° These are all consist-
ent with the expected oxidation states. By comparing the struc-
tures of CMGS, SMGS, BMGS, and PMGS, it was found that the
open [Mn/Ga-S], framework can be filled by cations of
different sizes (Ca: 197 pm, Sr: 215 pm, Ba: 222 pm, and Pb:
175 pm), indicating that their structural framework is stable
and flexible.

Structural comparison

In the systems of A()B;C3Qg (A = alkali metal) and AE(u)
MgsGagQ,6 (AE = alkaline-earth metal), there are 21 com-
pounds containing the title compounds MMngGaeS;¢ (M = Ca,
Sr, Ba, and Pb). They all crystallize in the same NCS space
group of P6. They also contain a similar structural framework.
These compounds all can be seen as the derivative of A(i)
B;C3Qg. Owing to the similarity of these structures, their
lattice constants are also related. For A(1)B;C3;Qg to AE(u)
MgsGagQ16, @ = bay ® a = b(ag), while the length of the crystal-
lographic c-axis of AE(u1)MgeGasQ;¢ is almost two times that of
A(1)B3C3Qg due to the substitution of the alkali metal by the
alkaline-earth metal. This substitution results in the ordered
vacancies forming at the A site in MMngGagS;6 (M = Ca, Sr) or
partially occupied by the Ba or Pb atoms in M'Mn¢GagS;6 (M’ =
Ba, Pb) (Fig. S6t). As for B and C site substitution, the lattice
constants hardly changed in AE(u)Mge¢GasQ;¢ (Table S37).
Structurally, all structures contain an open framework com-
posed of a series of B- and C-based chains. These chains
provide the flexibility and adjustability for scaling up and
down of channels in the structures that can accommodate
different A-site cations. For example, as the radius increases
from Li to Na in AMg;Ga;Sg (Fig. 2a and b), the radii of the
tunnels composed of the Mg- and Ga-based chains also
increase (Fig. 2g). However, when A = Ag, the coordination
environment changes from six-fold coordinated LiS¢ or NaSg
to three-coordinated AgS;, and the location of A-site cations
also changes, i.e. in LiMg;Ga;Sg and NaMg;Ga;Sg, the Li and
Na atoms are nearly coplanar with Mg atoms, while the Ag
atoms are coplanar with Ga atoms in AgMg;Ga;Sg (Fig. 2f).
Besides, at A-sites, the alkali metals were replaced by the alkali
earth metals, and accordingly, the radius of the tunnels also
increases (Table S6t). This analysis indicates that the sites of
filled cations can self-adjust with the difference in their radii
and coordination environment, further presenting the flexi-
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Fig. 1 Crystal structure of CMGS: (a) MnSg octahedron and Mn-S single and double chains; (b) MngSz9 framework; (c) GaS, tetrahedron and Ga-S
single and double chains; and (d) structure of CMGS viewed along the c-axis.

’ LiMg,Ga;Sg NaMgCa,S, AgMg;Ga,S; \ CaMgGagSye CaMnGagSyg
o

O
° o ° ° g

® o © @ o0 ©
° § % o % OZ? P ddo& 0\0\1 Q,
o

o Qo 0~°.° (9 ) ° fe)

§ g o° o Oy o 8 OOOU; o
8] ? 000”0 D (0] oof‘_,..v. (o)

X , °b cp ¢ 8 § .

? de 4} (?o °
ae'-b O °
rotation

Q

o
(2 &y

Fig. 2 Structures of (a) LiMgzGazSs; (b) NaMgzGasSg; (c) AgMgzGasSg; (d) CaMgeGagSie; and (e) CaMngGagS16; and (f and g) the location of different
cations.

bility of these constituted chains. However, to date, there is no  resent the first example of B-site change based on the structure
related report about the B-site substitution in AE(n)MgeGasQ1s. 0Of AE(1)MgsGaeQq6. It is worth noting that the B-site substi-
So, the title compounds, MMngGaeS;6 (M = Ca, Sr, Ba, Pb), rep-  tution results in some structural difference; for example, when
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Mg>" ions were successfully replaced by Mn”" ions, the radii of
the channels increased, suggesting that the atomic radius of
the Mn ion as an important component of the channels
directly affects the size of the channels’ radii. Based on the
above analysis, we can conclude that the varied chain structure
may provide the flexibility to build the open framework to
accommodate different cations, which is favorable for the
design of new compounds.

Optical properties

The polycrystalline samples were synthesized using a high-
temperature solid-state reaction in a closed vacuum environ-
ment, and the purity was checked by powder X-ray diffraction
(Fig. S17). The Rietveld refinement of the powder XRD profile
for CMGS is shown in Fig. 3a. The R value of Rp = 0.08 indi-
cates that the fitted profile matches the experimental data well.
Then, the polycrystalline samples were used for the perform-
ance characterization. The UV-vis-NIR diffuse reflectance
spectra for these compounds are shown in Fig. S2.f
Converting the diffuse reflectance spectra to absorption by the
Kubelka-Munk equation is shown in Fig. 3b. It is clear that
the experimental band gaps of the title compounds were 2.58
eV (CMGS), 2.40 eV (SMGS), 2.55 eV (BMGS), and 2.05 eV
(PMGS), which are consistent with their crystal colors (their
crystal colors are cyan, light green, green, and orange, respect-
ively). In addition, the laser induced damage threshold (LIDT)
was determined using the single-pulse measurement method,
and the values were 40.5, 45.4, 47.7 and 41.3 MW cm™? for
MMn¢GagS;6 (M = Ca, Sr, Ba, Pb) with the particle size ranging
from 180-250 pm, respectively, which were higher than that of
AGS (8.5 MW cm™?) under the same conditions.” These
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results indicated that MMneGaesS;6 (M = Ca, Sr, Ba, Pb) can
withstand higher power laser irradiation. The IR spectra are
shown in Fig. 3c. It was found that these title compounds have
a wide infrared transmission range from 600 to 4000 cm ™" that
covers the two atmospheric windows (3-5 and 8-12 pm) for the
important applications in telecommunications, laser gui-
dance, and explosive detection.

Besides, the birefringence of the crystals of MMngGagS;6 (M
= Ca, Sr, Ba, Pb) has been measured by using a cross-polariz-
ation microscope based on the formula R = An x d, where R,
An, and d represent the optical path difference, birefringence,
and thickness, respectively.*""*> The original interference color
is shown in Fig. 3d-f (Fig. S3t). The crystal thickness was
measured by using a single crystal diffractometer, and the
thicknesses were 26.6 pm (CMGS), 28.8 um (SMGS), 19.9 um
(BMGS) and 28.3 um (PMGS). The optical path differences
were obtained to be 1200, 1300, 1300 and 1400 nm for CMGS,
SMGS, BMGS and PMGS, respectively, by comparing with the
Michel-Lévy chart. Then, the birefringence values were deter-
mined to be 0.045 (CMGS), 0.046 (SMGS), 0.060 (BMGS) and
0.049 (PMGS) in the visible region. The suitable birefringence
is favorable to achieve a wide phase matching (PM) region.*?

These title compounds are all NCS structures, which is an
essential prerequisite for an NLO response. So, the SHG inten-
sity versus the particle sizes of MMn¢GaeS;6 (M = Ca, Sr, Ba,
Pb) has been investigated based on the Kurtz-Perry method
with a Q-switched Ho: Tm: Cr: YAG laser (2.09 pm, 3 Hz, 50
ns).** As shown in Fig. 4a, the SHG intensities increase with
the particle size increasing in the range of 30-210 pm, indicat-
ing that MMneGaeS;¢ are phase-matchable and the SHG inten-
sities of these compounds are 0.4-0.7 times that of AGS with
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Fig. 3 (a) Rietveld refinement of the powder XRD profile for CMGS; (b) band gaps of MMngGagSi¢ (M = Ca, Sr, Ba, and Pb); (c) IR spectra of
MMngGagSi6 (M = Ca, Sr, Ba, and Pb); and (d—f) the original interference color, extinction, and thickness of the CMGS crystal, respectively.
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Fig. 4 (a) Phase-matching results of MMngGaeS16 (M = Ca, Sr, Ba, and
Pb) and the benchmark AGS at 2090 nm and (b) SHG intensities of
MMngGagSie (M = Ca, Sr, Ba, and Pb) and AGS with the particle size
ranging from 150-200 pm.

the particle size ranging from 150-210 pm. For PMGS, its SHG
strength is up to 0.7 times that of AGS (Fig. 4b), greatly improving
the NLO response compared with A(1)B;C;Sg (Table S3bt). To
further investigate the NLO properties, we further analyzed the
distortion (Ad) of MnSs or MgSs and GaS, in MMngGagSis (M =
Ca, Sr, Ba, Pb), LagMnGe,S;;, LasMnGaS,,® LiGasS,,*
o-BaGa,S; ¥ and AeMgGagS;6 (Ae = Ca, Sr, Ba). The calculated
results show that the distortion of the MnSs octahedron is larger
than that in LagMnGe,S;, and La;MnGaS,, while the GaS, tetra-
hedron exhibits similar distortion to that in a-BaGa,S; and
AeMgGagS;6 (Ae = Ca, Sr, Ba) (Tables S5a and bf). These indicate
that the distorted MnSs and GaS, and their regular arrangement
are conducive to the SHG response (Fig. S47).

Magnetic properties

The title compounds all contain the Mn** ions, which may
make these compounds exhibit magnetic properties. As such,
the dependence of magnetization (M-T) of polycrystalline
powder was tested in the temperature range of 3-300 K (zero
field cooling (ZFC) and field cooling (FC)) with an applied elec-
tric field of H = 5000 Oe.*®*° The molar magnetic susceptibility
(y) and the inverse molar magnetic susceptibility (y ') as a
function of temperature (T K™') are shown in Fig. S5.f The
magnetic susceptibility decreases gradually with the increase
in temperature, which is a typical characteristic of a paramag-
netic compound conforming to the Curie-Weiss law. In
addition, according to the Curie-Weiss law, by extrapolating
the high-temperature paramagnetic curve of y"'~T as a straight
line, we can obtain the intercept on the T-axis, which is the
Curie-Weiss temperature (Tw) and the slope is 1/C (C is the
Curie constant).’®”" The fitted Curie constant (C) and Weiss
temperature (Ty) are 4.73 emu K mol™ and —130.71 K for
CMGS, respectively. Similar results were obtained for com-
pounds SrMngGaeSi6, BaMnegGagS;s and PbMngGagSie
(Table S3at). The negative Tyy values suggest weak short-range
antiferromagnetic interactions among the adjacent magnetic
cations. Then, according to the pg = (8C)"*up equation, the
experimental effective magnetic moment (u.sr) of Mn(u) in
CMGS is 6.15u5, which is consistent with the theoretical one
of Mn(u) (5.92u5).>>

Furthermore, we noted that CMGS has a similar structure
to that of NaMn3;Ga;Sg previously reported by our group;

This journal is © the Partner Organisations 2024
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however, NaMn;Ga;Sg exhibits antiferromagnetic behavior.?”
Structural analysis shows that the substitution of A-site cations
has some effects on the local chemical environment, bonding
distance, and bonding angle of Mn>" ions in the structure. In
the structures of NaMn;CazSs and CMGS, the A-based (A = Na
or Ca) polyhedra are surrounded by Mn-S single chains com-
posed of edge-sharing MnSs octahedra (Fig. 5a and b). When
the Na* cations are replaced by the Ca®>" cations, it causes a
slight squeeze between the MnSg octahedra. As a result, the
Mn(3) atoms deviate off the chains extending along the c-axis,
which leads to a change in the distances of Mn-Mn between
two chains from 6.5144 A in NaMn;Ca;Sg to 6.5642 A in
CMGS. Also, the distance between two Mn atoms in the same
chain changes (Fig. 5c and d). Accordingly, the distances of
Mn-Mn in the double chains composed of a MnSg octahedron
also change. Besides, the arrangement mode of Ca>" cations is
different from that of Na* cations, resulting in a change in the
local chemical environment of Mn**. As such, the increased
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distances of Mn-Mn in two chains and the different local
chemical environments around Mn-S single chains caused by
the substituted cation may be the reason for the difference in
the magnetic properties. During the research process, it was
found that the substitution of A- and C-sites in the A(1))B;C3Qs
and AE(1)MgsGasQ;6 Systems can improve their linear or non-
linear optical performances. However, in this study, by repla-
cing their B-sites with Mn atoms, MMnGaeS;6 (M = Ca, Sr, Ba,
Pb) exhibit not only NLO performances but also paramagnet-
ism (Fig. 6). This indicates that MMngGaeS;6 (M = Ca, Sr, Ba,
Pb) can serve as potential multifunctional materials.

Conclusions

In summary, four NCS chalcogenides, MMngsGasS,6 (M = Ca,
Sr, Ba, Pb), were successfully synthesized using the high-temp-
erature sealed-tube method. They all crystallize in the space
group P6 of the hexagonal system, featuring open frameworks
built by Mn-S and Ga-S single/double chains, and channels
filled with alkaline-earth metal cations. The systematic struc-
tural analysis indicates that the low-dimensional structure, i.e.
these 1D chains, brings great flexibility and adjustability to
different-site substitution in A(1)B;C3Qs and AE(n)MgsGasQ1s.
Performance measurement shows that MMneGaeS1 (M = Ca,
Sr, Ba, Pb) not only exhibit a wide IR transmission region, suit-
able SHG response (0.4-0.7 x AGS) and high LIDT (4.8-5.6 x
AGS) but also possess the temperature-dependent paramagnet-
ism. Besides, the study of the structure-property relationship
indicates that distorted MnSg octahedra and GaS, tetrahedra
and their well-ordered arrangement are responsible for the
NLO response of MMngGaeS16 (M = Ca, Sr, Ba, Pb) and struc-
tural anisotropy. This work not only provides a wide material
platform to explore new IR-NLO chalcogenides by coupling
different kinds of chains in one structure but also can improve
or enrich material functionality by introducing functional
element-based chains.
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