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ABSTRACT: New noncentrosymmetric rare-earth metal gal- =

lium thioantimonates, Ln,GaSbSy were synthesized from stoi- :f'(_:t:*;:“""
chiometric element mixtures at 950 °C by high-temperature [ - ﬁ_;‘%
solid-state reactions. These compounds crystallize in orthor-

hombic space group Aba2 (no.41) with a = 13.799(3)—

13.427(5) A, b = 14.187(3)—13.756(5) A, ¢ = 14.323(3)— _ .

13.954(5) A, V = 2804(2)—2577 (2) A, and Z = 8 on going
from Ln = Pr to Ho. The asymmetric building units, bimetallic
polar (Sb,Ss) units, and dimeric (GaS,), tetrahedra are in-phase aligned as an infinite single anionic chain of {[(Ga,Ss)-
(Sb,S5)]"* 7 }.. that is further packed in a noncentrosymmetric pseudolayer motif perpendicular to the c axis. Three of the title
compounds show large powder second harmonic generation (SHG) effects at 2.05 um, and two of them also exhibit large
transparency ranges (1.75 or 0.75 to 25 um) in the middle-IR region. Significantly, the Sm-member exhibits the strongest SHG response
among sulfides to date with intensity approximately 3.8 times that of the benchmark AgGaS,. The band structures, indirect band gap nature,

bonding strengths, and lone pair effects around Sb have also been studied by Vienna ab initio simulation package calculations.

B INTRODUCTION

Middle-IR (2—20 #m) nonlinear optical (NLO) materials are
suitable in two important atmospheric transparent window
bands, i.e.,, band I (3—5 um) and band II (8—14 um), in which
they have received increased demands in molecular spectros-
copy, atmospheric sensing, communications, and various optoelec-
tronic devices over the past several decades.' However, the well-
known oxide NLO materials, such as KH,PO, (KDP),* KTiO-
PO, (KTP),®> LiB;Os (LBO),* -BaB,O, (BBO),” are not
suitable in this region because of inadequate optical transparency
and relatively low second harmonic generation (SHG efficiency).
Chalcogenide semiconductors are more promising in the IR
because of their large NLO coeflicients and wide transparency,
but the number of the available materials is limited. The typical
mid-IR benchmark materials are AgGaS, (SHG coefficient:
d36(10.6 um) = 12 pm/V, transparency: 0.43—13 um)'*° and
ZnGeP, (dss(10.6 um) = 69 pm/V, transparency: 0.74—12
um).">" However, both of them have drawbacks, such as a low
laser damage threshold for the former and the two-photon absorp-
tion of 1 xm laser by the latter. Recent great efforts in searching for
new mid-IR NLO materials have given rise to the discovery of many

new compounds, including AgGaGeS, (a solid solution with ds;
(7 um) = 12 pm/V, transparency: 0.5—11.5 um),® LilnS, (ds;(0.8
um) = 7.5 pm/V, transparency: 0.41—12 um),” LiGaS, (d3;(0.8
um) = 5.8 pm/V, transparency: 0.31—11.6 um),"* and BaGa,S,
(d33(2.05 um) = 12 pm/V, transparency: 0.35—13.7 ,um),ll some
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of which show NLO properties similar to the benchmark AgGaS,.
The new NLO compounds also include some pnicogen-containing
compounds with attractive NLO properties, for instance,
AZrPSeg,"? CsSBiP4Se12,13 Li;_,Na,AsS,,'* and NaAsSe,."* Note
that, the strongest SHG signal intensities of these chalcophosphates
and chalcoarsonates are found below 1.0 #m. In comparison, the
NLO chalcoantimonides are still extremely rare, the two known
examples being AgSbSs,'® established in 1970s with SHG coeffi-
cient half that of AgGaS$,, and polycationic [Sb;SgBr,](AICl,);,
showing a much lower SHG intensity than AgGaSz.17

The NCS packing of asymmetric building units usually gen-
erates highly polar compounds. In our previous work, we found
asymmetric building units, SbS, teeter-totter polyhedra (a SbS;
pyramid with an extra long Sb—S bond) or SbS;s square pyramids
in quaternary compounds. Unfortunately, after linking by the
transition-metal polyhedra, for instance, FeS, tetrahedra or
MnS¢ octahedra, these asymmetric units are evidently always
arranged in centrosymmetric structures, La,FeSb,Q;0 (Q = S,
Se)'® and Ln,Mn;Sb,S;, (Ln = Pr, Nd, Sm, Gd)."" In this paper,
we extend the exploration to main group elements, resulting in
the discovery of seven new NCS compounds of Ln,GaSbSy
(Ln = Pr, Nd, Sm, Gd, Tb, Dy, Ho) in which the asymmetric SbS,,
teeter-totter polyhedra are jointed by vertex-sharing dimeric

Received:  December 10, 2010
Published: March 03, 2011

4617 dx.doi.org/10.1021/ja1111095 | J. Am. Chem. Soc. 2011, 133, 4617-4624



Journal of the American Chemical Society

Table 1. Crystal Data and Structure Refinements for Ln,GaSbS,"

formula Pr,GaSbS, Nd,GaSbSe Sm,GaSbSe Gd,GaSbS, Tb,GaSbSy Dy,GaSbS, Ho,GaSbS,
fw 1043.65 1056.97 108141 1109.01 1115.69 1130.01 1139.73
crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic

crystal color orange yellow

space group Aba2 (no. 41)

orange yellow
Aba2 (no. 41)

orange yellow
Aba2 (no. 41)

orange yellow
Aba2 (no. 41)

orange yellow
Aba2 (no. 41)

orange yellow
Aba2 (no. 41)

orange yellow
Aba2 (no. 41)

a(A) 13.799(3) 13.759(5) 13.640(3) 13.573(2) 13.530(5) 13.476(2) 13.427(5)
b (A) 14.187(3) 14.113(5) 13.983(3) 13.896(2) 13.850(5) 13.811(2) 13.756(5)
c(A) 14.323(3) 14.300(5) 14.166(3) 14.098(2) 14.050(5). 14.011(2) 13.954(5)
v (A%) 2804(2) 2777(2) 2702(2) 2659.0(6) 2633(2) 2607.6(5) 2577(2)
D, (gem ™) 4.945 5.057 5317 5.540 5.629 5.757 5.874

u (mm™") 18.719 19.825 22.387 25.034 26.620 28.105 29.800
GOOF on F* 1.127 1.228 1.091 1.308 1.044 1.000 1.015

Ry, wR, (I>20(D)) *
Ry, wR, (all data) 0.0204,0.0417  0.0194, 0.0693
absolute structure parameter ~ —0.02(2) —0.03(2)

“R; = YIF,| — [EJl/S[E,|, wR, = [Tw(E,” — E2)*/sw(F,?)*]".

0.0180, 0.0335 0.016S, 0.0381

0.0367, 0.0857
0.0411, 0.1338
0.05(4)

0.0114, 0.0265
0.0128, 0.0596
0.03(2)

0.0329, 0.0694
0.0360, 0.0722
0.01(2)

0.0255, 0.0509
0.0274, 0.0520
0.08(2)

0.0305, 0.0634
0.0322, 0.0645
0.06(2)

GaS$, tetrahedra that are aligned in-phase in a pseudolayer motif.
Significantly, the Sm- and Gd-members exhibit strong SHG
effects at 2.05 um with the intensities about 3.8 and 0.8 times
that of benchmark AgGaS, with large transparency ranges in
1.75—2S and 0.75—25 um, respectively. These results distin-
guish Sm,GaSbS, as the strongest SHG response in the middle-
IR region among sulfides. The band structures, bond strengths,
and lone pair effects around Sb have also been studied by ab initio
calculations with the aid of Vienna ab initio simulation package
(VASP). The syntheses, crystal structures, electronic structures,
and magnetic properties are also reported.

B EXPERIMENTAL SECTION

Synthesis. The elements were used as acquired and stored in an
argon-filled glovebox (moisture and oxygen levels less than 0.1 ppm),
and all manipulations were carried out in the glovebox or under vacuum.
Pure elements, purchased from Huhhot Jinrui Rare Earth or Sinopharm
Chemical Reagent, with purities of 99.99% or higher, were loaded in the
desired stoichiometric ratios in silica crucibles within fused silica jackets
and then flame-sealed under high vacuum of 10> Pa. The reaction
mixtures were heated in high-temperature tube furnaces according to the
profile described below.

The orange-yellow crystals of the title compounds were obtained
from mixtures of Ln, Ga, Sb, and S (in ratios of Ln/Ga/Sb/S = 8:1:1:15)
after being heated at 950 °C. After trying many different conditions, the
optimal conditions to synthesize most of the members involved heating
of stoichiometry mixtures to 950 °C (at a rate of 26.5 °C/h), a dwell
period at this temperature for 5 days, and then slowly cooling to 300 °C
(at a rate of § °C/h), at which point the furnace was switched off. The
orange-yellow products are stable in air at room temperature for long
periods of time (more than six months). For the members of Ln = Sm,
Gd, Tb, Dy, Ho, pure phase products were obtained from the stoichio-
metric mixture of elements following the heating profile described
above; their X-ray powder diffraction (XRD) patterns are shown in
Figure S1c—g, Supporting Information. For Ln = Pr and Nd, mixtures of
the target quaternary compounds together with ~50% of binary
byproducts of Ga,S3 and Ln,S; were obtained (Figure Sla—b, Support-
ing Information). For Ln = La and Eu, the same attempts did not yield
the same quaternary phases, and only ternary or binaries, such as
EuGa,S,, La,S;, Ga,S;, and Sb,S; were found. The possible reasons
are that europium is susceptible to adopt the formal oxidation state of
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Table 2. Atomic Coordinates and Equivalent Isotropic Dis-
placement Parameters of Sm,GaSbS,

atom oxidation state Wyckoff b y z Uleq)
Sml +3 8b  0.6855(1) 0.6090(1) 0.9823(1) 0.010(1)
Sm2 +3 8b  0.8990(1) 0.8278(1) 0.9942(1) 0.010(1)
Sm3 +3 8b  0.8189(1) 0.8345(1) 0.7099(1) 0.011(1)
Sm4 +3 8b  0.6038(1) 0.8881(1) 0.9384(1) 0.012(1)
Sb +3 8b  0.8869(1) 0.5790(1) 0.7527(1) 0.016(1)
Ga +3 8b  0.5925(2) 0.6050(2) 0.7205(2) 0.010(1)
S1 -2 8b  0.9002(4) 0.5891(4) 0.9248(4) 0.010(1)
S2 -2 8b  0.5819(4) 0.9067(4) 0.7396(4) 0.013(1)
S3 -2 8b  0.6982(4) 0.5122(3) 0.8067(4) 0.011(1)
S4 -2 8b  0.6901(4) 0.6967(4) 0.6257(4) 0.009(1)
Ss -2 4a 1.0000  1.0000 0.6316(6) 0.023(2)
S6 -2 8b  0.9946(4) 0.8050(3) 0.8148(4) 0.014(1)
S7 -2 8b  0.9320(4) 0.7473(3) 0.5679(4) 0.010(1)
S8 -2 8b  0.7498(4) 0.9429(3) 0.5624(4 0.010(1)
S9 -2 4a 1.0000  1.0000 1.0000(6) 0.014(2)
S10 -2 8b  0.7464(4) 0.7656(3) 0.8768(4) 0.012(1)

+2 in a chalcogenide system, while the binary La,S; phases are more
stable.

Crystal Structure Determinations. All data collections were
performed at 293 K on a Rigaku Saturn70 CCD or Mercury CCD
automatic diffractometer equipped with graphite-monochromated Mo
Kot radiation (4 =0.71073 A). The orange-yellow crystals were mounted
on glass fibers for the structure determination. The data were corrected
for Lorentz and polarization factors. Absorption corrections were
performed by the multiscan method.*® All structures were solved by
direct methods and refined by the full-matrix least-squares fitting on F*
by SHELX-97.>!

Systematic absence statistics for each data set suggested that Aba2
(noncentrosymmetric) or Cmca (centrosymmetric) were the only two
candidate space groups, but the significantly better refinement results for
Aba2 suggested that it was the correct space group for all title
compounds. Additionally, the strong SHG effect from Sm,;GaSbS,
confirmed the assignment to the noncentrosymmetric space group.
Crystallographic data and structural refinement details were summarized
in Tables 1—2 and Table S1, Supporting Information.
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Figure 1. Structure of orthorhombic Sm,GaSbS, viewed down a axis
with unit cell marked. The Sm—S bonds are omitted for the sake of
clarity. Blue: Ga; orange: Sb; yellow: S; pink: interlayer S7—S10; black:
Sm; and blue tetrahedron: GaS, tetrahedron. Anionic {[(Ga,S¢)-
(Sb,S5)]'° ). chains are arranged in a pseudolayer motif perpendicular
to ¢ axis.

X-ray Powder Diffraction. The XRD patterns were collected on a
Rigaku DMAX 2500 diffractometer at 40 kV and 100 mA for Cu Ka
radiation (4 = 1.5406 A) with a scan step of 0.05° at ambient temperature
(20,0, = 80°).

Magnetic Susceptibility. The direct current magnetic suscept-
ibility measurements were performed on a Quantum Design MPMS-
XL magnetometer for the Ln,GaSbSy (Ln = Sm, Gd, Tb, Dy) in the
temperature range of 2—300 K. The pure polycrystalline samples were
ground and loaded into gelatin capsules. The data were corrected for the
susceptibility of the containers and for the diamagnetic contributions
from the ion cores.

UV—Vis, Near IR, and IR Spectroscopies. The optical diffuse
reflectance spectra of powdered samples were measured at room
temperature using a Perkin-Elmer Lambda 900 UV—vis spectrophoto-
meter equipped with an integrating sphere attachment and BaSO, as a
reference over the range of 0.19—2.5 um. The absorption spectrum was
calculated from the reflection spectrum via the Kubelka—Munk func-
tion: 0/S = (1 — R)z/ 2R, in which ot is the absorption coefficient, Sis the
scattering coefficient, and R is the reflectance.”* The IR data were
measured by a Nicolet Magana 750 FT-IR spectrophotometer in the
range of 2.5—25 um. Polycrystalline samples were ground with KBr and
pressed into transparent pellets for the IR spectra measurement.

Second Harmonic Generation Measurements. The SHG
responses on powdered samples were measured by using the Kurtz
and Perry method with 2.05 um Q-switch laser.”* The Sm,GaSbS, and
Gd,GaSbS, samples were ground and sieved by means of a series of
mesh sizes in the range of 30—46, 46—74, 74—106, 106—150, and 150—
210 um, respectively, whereas Tb,GaSbSy and Ho,GaSbS, were sieved
with 46—74 um. Powdered AgGaS, was used as a reference, sieved with
the same size range.

Electronic Structure Calculations. The electronic band struc-
ture of the compounds Ln,GaSbS, (Ln = Pr, Nd, Sm, Gd, Tb, Dy, Ho)
was calculated by VASP.>* The generalized gradient approximation
(GGA)> was chosen as the exchange—correlation functional, and a
plane wave basis with the projector augmented wave (PAW) potentials
was used.”® The plane wave cutoff energy of 310 €V and the threshold of
107° eV were set for the self-consistent field convergence of the total
electronic energy. The 4f electrons of Ln were treated as core electrons,
and the valence electrons of the elements included Sb, 5525p3; Ga,
4s”4p"; and S, 3s3p”. The k integration over the Brillouin zone was

Figure 2. The noncentrosymmetric packing of the {[(Ga,Ss)-
(Sb,85)]" }... chains in Sm,GaSbS, viewed down the ¢ axis. Blue:
Ga; orange: Sb; and yellow: S. Chains with darken color are at 0.5 < ¢ <
1.0, and chains with bright color are at 0 < ¢ < 0.5. The interlayer Sm and
S ions are omitted for the sake of clarity.

Figure 3. A pseudolayer of separated infinite {[(Ga,Ss)(Sb,S5)]" ™ }..
chains at 0.5 < ¢ < 1.0. The Sb is asymmetrically coordinated by one S1,
two S2, and one ,-S3 atoms, and the Ga-centered coordination sphere
is a nearly ideal tetrahedron formed by u,-S3, S4, SS, and S6. The Ga—S§
and Sb—S bond lengths are in A. The connectivity between dimeric
(GaS,), tetrahedra and asymmetric bimetallic (Sb,Ss) units is shown.
The pink arrows show the in-phase alignment of such chains.

performed by the tetrahedron method*” usinga 6 x 6 x 4 Monkhorst—
Pack mesh, and the Fermi level (E;= 0 eV) was selected as the reference
of the energy.

B RESULTS AND DISCUSSION

Crystal Structure. The title compounds Ln,GaSbS, (Ln = Pr,
Nd, Sm, Gd, Tb, Dy, Ho) crystallize in orthorhombic NCS space
group, Aba2 (no. 41). The structure features infinite single
anionic chains of {[(Ga,S¢)(Sb,Ss)]"° }.. built up of bimetallic
asymmetric (Sb,Ss) units linked with corner-sharing dimeric
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(GaS,), tetrahedra (Figure 1). These infinite chains are parallel
and separated by Ln*" cations and interlayer S*~ anions (S7, S8, S9,
and S10).

Figure 1 shows the packing of these single infinite chains of
{[(Ga,S6)(Sb,S5)]"" ™ }... arranged in a NCS pseudolayer motif
perpendicular to the c axis. Another view down the c axis showing
the overlay of two such pseudolayers is in Figure 2. The c glide
plan at (1/4, y, z) relates the chains on the lower layer (0 < ¢ <
0.5) to those on the upper layer (0.5 < ¢ < 1.0). This NCS packing
of the chains generates the in-phase alignment of the dipoles of
both (Sb,Ss) and (Ga$S,), units, as indicated in Figure 3. Each
chain is built up of bimetallic polar (Sb,Ss) units linked with
dimeric polar (Ga$S,), tetrahedra via #,-S3 atoms (Figure 3).
The Ga$, tetrahedra are dimerized via linking vertex (SS), while
the (SbS,) units via S2—S2 edge. The small distortion of Ga$S,
tetrahedron is indicated by the small deviations of both the Ga—S$
bond lengths (2.270(6)—2.309(6) A) and the S—Ga—S angles
(105.34—112.19°). These data are consistent with those ob-
served in AgGa$S, (2.276(2) A; 108.68—111.08°);*® BaGa,S,
(2.229(2)—2.338(2) A; 102.86—127.25°),"" and Li,Ga,GeSq
(2.219(3)—2.233(3) A; 101.51—114.65°).%°

On the contrary, the distortion of the Sb-centered local
coordination sphere is remarkable. The Sb®* cation is four-
fold-coordinated in a teeter-totter-shaped geometry (Figure 3)
constructed by along Sb—S3 bond and three short length Sb—S
bonds. The S3—Sb—S2 bond angle is 160.68° indicating a nearly
linear bond, and other S—Sb—S angles range from 79.53 to
96.83°. These data are comparable with those found in other
antimonides, for instance, La,FeSb,Q o (2.458(1)—2.918(2) A;
79.08—156.02°);'® La;SboS,, (2.428(1)—2.997(2) A; 73.85—
171.50°),%° and FugSbeS;, (2.416(3)—3.106(3) A; 83.14—
178.28°).*" Such a distorted SbS, environment is different
from the common three-coordinated pyramidal coordination
sphere for Sb (III) as observed in SreSbeS17,>2 CsAng4S7,33 or
Cs3,AgZSb3,Sg.34 The teeter-totter-shaped polar SbS, geometry
has also been seen in La,FeSb,Q;, (Q =S, Se), in which the SbS,
units have been linked in a different symmetric layered motif.'® In
comparison, the asymmetric alignment of the SbS, building unit
in the title compound (Figure 3) is novel and remarkable and
gives rise to the strong SHG response.

The Sm>" cations and interlayer $>~ anions (S7, S8, S9
and S10) occur between the infinite single anionic chains of
{[(Ga,S6)(Sb>S5)]'* " }... The Sm atoms are coordinated with
seven or six S atoms in common environments, such as seven-
coordinated monocapped octahedra for Sm1 and distorted six-
coordinated octahedra for Sm2, Sm3, and Sm4 (Figure S2,
Supporting Information). All Sm—S bond lengths are normal,
varying over 2.729(5)—3.052(6) A (Table S2, Supporting In-
formation). The size of the rare-earth metal cation does not affect
the packing of the anionic chains in the title compounds,
Ln,GaSbS, (Ln = Pr, Nd, Sm, Gd, Tb, Dy, Ho), only a reduction
of the unit cell parameters on going from Pr to Ho as their
radii decrease (Table 1). Such a reduction is known as lanthanide
contraction. Nevertheless, the rare-earth metal cations do affect
the band gap via participation in the bottom of the conduction
band. Although the interlayer sulfur atoms are not involved in
the construction of the functional substructure, the linear
{[(Ga,S6)(Sb,S5)1"" "}, chain of the SHG response, they con-
tribute significantly at the top of the valence band, as discussed
below, and therefore are involved in the band gap transition.

Magnetic Properties. The inverse magnetic susceptibility
data over the entire temperature range for the Gd-, Tb-, and

@ ]
* Gd,GaSbS, -
. * TbGaSbs, —~

- * DyGasbs,

=

]

=

=]

£

e’

=2

=

T — T T

0 50 100 150 200 250 300
Temperature (K)

(b) 300

250 +

200

2 150

emu)

° Sm,GaSbS,

1/ (mo)

100

50

O+—T—F—TF——T——T
0 50 100 150 200 250 300
Temperature (K)

Figure 4. Plots of the inverse molar susceptibility (1/y) versus T for
Ln,GaSbS, (Ln = Gd, Tb, Dy, Sm).

Dy-members (Figure 4a) can be fit to the Curie—Weiss law, =
C/(T — 0). The Curie constants are C = 32,47, and 56 cm® mol 'K,
and the Weiss constants are § = —7.3, —6.9, and —5.8 K,
respectively. The effective magnetic moments, obtained from the
equation (g = (8C)"* up,>are 8.0 13/Gd, 9.7 1/ Th, and 10.6
us/Dy, which agree well with the theoretical values for the
isolated ground-state Ln>" ions (7.9, 9.7, and 10.6 ug, respec-
tively) obtained from the equation g = g[J(J + 1)]"/%°%* The
negative sign of 0 indicates a relatively weak local antiferromag-
netic interaction between Ln*" ions (Figure 4a). The inverse
magnetic susceptibility for Sm4GaSbSy does not follow the
Curie—Weiss law (Figure 4b) and is typical for Sm*" -containing
compounds, where spin—orbit coupling splits the °H ground
term for Sm>*, leading to a temperature dependence of the
effective moment from the 4f electrons. In general, these results
are comparable to those found for LngZn, , ,Sby4,>
CsLnCdTes,* and ZnLngSi;S;4,* which also show the anti-
ferromagnetic ordering between the isolated Ln>* ions.
Optical Properties. The powder SHG properties of the title
compounds were measured. The plots of particle size versus
SHG intensity are shown in Figure Sa indicate that Sm,GaSbS,
and Gd,GaSbS, are not type-I phase matchable*' at 2.05 um.
Relative powder SHG intensities of Sm,GaSbS,, Gd4GaSbS,,
and Ho,GaSbS, are about 3.8, 0.8, and 0.25 times that of AgGaS,
in the same particle size of 46—74 um (Figure Sb), whereas the
polycrystalline Tb,GaSbSy phase yields a very weak SHG
response. And the SHG responses of the Pr-, Nd-, Dy-com-
pounds are nondetectable. It is interesting that although the
identity of the rare-earth metal cation does not affect the crystal
structure, it affects the intensity of the SHG response. The
essential reasons are currently under study and will be published
in a separated article. The powder SHG response of Sm,GaSbS,
is the largest among sulfides in middle-IR region at 2.05 um.
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(benchmark AgGa$S,) is also shown. (b) Oscilloscope traces of
SHG signals of Sm,GaSbSy, Gd;GaSbSy, Ho,GaSbS,, and AgGaS,
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Figure 6. Reflection spectrum (inset panel) and FT-IR spectrum of

Sm,;GaSbS,. The diffuse reflection spectrum of Sm4GaSbS, is shown in
Figure S3a, Supporting Information.

The SHG intensities of some sulfides are weaker than this value,
such as ZnY¢Si,S;, (twice that of KTP at 2.05 um)* and
BaGa,S; (1.4 times that of LiGa$, at 2.05 um; ds3 (2.05 um) =
12 pm/V).11

The band gaps were measured to be 2.23, 2.41, 2.44, and 2.58
eV for Sm-, Gd-, Tb-, and Dy-compounds, respectively (Figure S3,
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Figure 8. Total and partial DOS for Sm4GaSbS,.

Supporting Information), which are consistent with their orange-
yellow colors and close to those found in other IR NLO crystals,
such as ZnY¢Si,S1,* (2.38 €V), ZnGeP," (2.0 eV), and
AgGa5243 (2.62 eV). Since the as-synthesized Pr- and Nd-
compounds contained binary impurities, we did not measure
their band gaps. For the Ho-compound, the acceptable diffuse
reflectance spectrum and IR data cannot be obtained. Sm4GaSbS,
exhibits characteristic sharp absorption peaks at 976, 1115, 1274,
1428, 1574, and 1670 nm (Figure S3a, Supportin4§ Information),
corresponding to f—f transitions of Sm®" ions.* Some of the
title compounds exhibit high transparency over a broad range:
Sm: 1.75—2S um (Figure 6); Gd: 0.75—2S um (Figure S4a,
Supporting Information); and Tb: 2.5—25 um (Figure S4b,
Supporting Information). These ranges are larger than those of
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related compounds, such as, AgGa$S, (0.43—13 ptm),la ZnGeP,
(0.74—12 um),"* and ZnYSi,S14(2.5—14.3 um).*

Theories. The band structures for Ln,;GaSbSy have been
calculated; those of the selected example, Sm,GaSbS, are shown
in Figure 7 and others in Figure SS, Supporting Information. The
valence band (VB) maximum and conduction band (CB) mini-
mum, as shown in Figure 7, are not located at the same k-point
indicating an indirect gap semiconductor nature of Sm,GaSbSs.
The calculated band gap of Sm;GaSbS, is 2.20 eV, consistent
with the experimental value (2.23 eV) derived from the UV—vis
diffuse reflection spectrum. The component of each band studied
by a projected density-of-states analysis (PDOSs) is shown
in Figure 8. For instance, VB spanning —8 to —7 eV comes
predominantly from Sb-Ss and S-3s states and a minor S-3p state.
The VB ranging from —5 eV to Er mainly consists of S-3p states
with a small contribution from Sm-5d and neglectable Sb-5p, Sb-S3s,
and Ga-4p states. The bottom of the conduction band (CB) is
primarily dominated by Sm-5d, with minor contribution from Sb-5p
and S-3p states. Thus the fundamental band edge excitation is
believed to originate from transitions involving the filled primarily
sulfur-based p states in VB and the empty Sm-d states in CB.

The electron localization function (ELF)* calculation was
performed to visualize the stereochemically active lone pair and

Figure 9. Isosurface plot of the ELF associated with a given ELF value
(7 = 0.64) for Sm,GaSbS,. For the sake of clarity, only those around a
(Sb,Ss) unit of a single {[(Ga,S4)(Sb,Ss)]**™ }.. chain are shown. The
two different Sb—S2 bond lengths are denoted.

the nature of the chemical bond in Sm,GaSbS,. The isosurface
around Sb associated with a given ELF value (17 = 0.64) in
Figure 9 clearly illustrates that the four Sb—S bonds with
different lengths indeed possess different bond strengths. The
longer the bond length, the weaker is the bond interaction. The
orders of the orbital overlapping are Sb1—S2 (2.454 A) ~ Sb1—
S1 (2.449 A) > Sb1—S2 (2.674 A) > Sb1—S3 (2.843 A). As
shown in Figure 10, with a given ELF value (1 = 0.64), a lobelike
isosurface near each Sb>" ion is observed, which can be
considered as the stereochemically active lone pairs. On the
other band, there is no obvious lobe-like isosurface near each
Ga>" ion with the given ELF value as expected.

As there are four structurally different types of S ions in
Sm4GaSbSy; the DOS of each type of S ion are compared in
Figure 11. These four types of S are type I: S1 and S2, coor-
dinated to the Sb center; type II: u,-S3, the bridging atoms that
connect dimeric (GaS,), tetrahedra and bimetallic asymmetric
(Sb,Ss) units; type III: S4—S6, bonded to the Ga center; and
type IV: S7—S10, the interlayer sulfur ions that are only coordinated
to Sm (detailed in Figure S2, Supporting Information). The
bonding interactions between gallium and sulfur atoms (u,-S3,
S4, S5, and S6) are strong, and the hybridization between them is
strong as shown in Figure 11. However, the interaction between u,-
S3 and Sb is very weak, which is confirmed by the plot of ELF in
Figure 9. These results indicate that the {[(Ga;Ss)(Sb,S5)]"" }o.
chain is actually a chain-like array of discrete bimetallic asymmetric
(Sb,Ss) units and dimeric (GaS,), tetrahedra. The interactions
between the interlayer S ions (S7—S10) and Sm ions are indicated

ity

-
v

Figure 10. Isosurface plot of the ELF associated with a given ELF value
(n = 0.93) for Sm4GaSbS,. For comparison, only those around two
(Sb,Ss) units of a single {[(Ga,Se)(Sb,S5)]"" "}, chain are shown. An
asymmetric lobe-like isosurface (red) near each Sb>* center is observed;
dissimilarly, an asymmetric isosurface around Ga®" center is not obvious
at the given ELF value.
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Figure 11. The projected DOS of Ga, Sb, and four different types of S ions of Sm;GaSbSy: S7—S10 are the interlayer sulfur ions that are only
coordinated to Sm ions; S4—S6 are bonded to Ga; u,-S3 is the bringing ions between the dimeric (Ga$S,), tetrahedra and the bimetallic asymmetric

(Sb,Ss) units, and SI and S2 are bonded to Sb.
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by the diffuse PDOS of S7—S10 from —4 to 0 eV. And these
interlayer S ions contribute to the band gap transition as much as
other sulfur atoms forming the {[(Ga,S)(Sb,Ss)]""™ }.. chains.

The contributions of Sb-Ss, Sb-Sp, and S-3p states to the
electronic structure have also been examined according to the
ratios of the integrated PDOSs (IPDOSs) in the two crucial
regions in the VB, that is, region-I, between —7.7 and —7.4 eV,
and region-II, from —4.5 to 0 eV, as indicated in Figure 8. In
region-I, the IPDOS are 87.6% Sb-Ss states (exhibiting sym-
metric s orbital character) and negligible Sb-Sp states, whereas in
region-II, the IPDOS are 93.1% of S-3p states and 4.3% of Sb-Sp
states. Note that regardless of its small IPDOS ratio, about 12% of
the Sb-Ss states diffuse in region-II. Therefore, the formation of
the stereochemically active lone pair on Sb is driven by the Sb—S
bonding interactions between sulfur-3p states, antimony-Sp
states, and (minor) antimony-Ss states. Such results are similar
to those found in other systems that show lone pair effects, PbO
and Pb,BsOq], in which the formation of the stereochemically
active lone pairs on Pb>" is also driven by the Pb**—0>"
bonding interactions, instead of the classical view of hybridiza-
tion of lead 6s with 6p orbitals.*®

Bl CONCLUSION

In summary, new noncentrosymmetric rare-earth gallium
thioantimonates, Ln,GaSbS,, were discovered and characterized.
These compounds show a unique polar structure in which the
asymmetric building units, bimetallic polar (Sb,Ss) units, and
dimeric (GaS,), tetrahedra are aligned in-phase. Although the
size of the interlayer rare-earth cation does not affect the packing
of the structure, the identity of the rare-earth metal ions affect
the band gap transition and the SHG response. The VASP
calculations visualize stereochemically active lone pair on Sb
and reveal the driving force of the formation of such lone pairs is
the Sb—S bonding interaction. These compounds are indirect
semiconductors with band gaps of 2.2—2.6 eV. Remarkable, the
Sm-member exhibits the strongest powder SHG effects among
sulfides to date at 2.05 xm with intensity about 3.8 times that of
benchmark AgGaS$, and a good transparency in a wide middle-IR
range, 1.75—25 um. These primary data suggest that Sm,GaSbS,
may be potential middle-IR NLO material. Further studies are
ongoing.
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