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8 (Q = S, Se) to KGa2In3S8:
substitution of Sc3+ with In3+ to achieve doubled
birefringence

Yun Xie,a Wen-Dong Yao,*a Qiu-Yang Du,a Wenfeng Zhou,a Nian-Tzu Suen, a

Wenlong Liua and Sheng-Ping Guo *ab

The exploration of novel compounds with new crystal and electronic structures is essential for advancing

the development of functional materials. Here, three novel isomorphic quaternary alkali-metal

chalcogenides, AM5Q8 (A = Na, K; M = Sc, Ga and In; Q = S, Se), with a new structure type have been

obtained by a facile reactive flux assisted boron–chalcogen solid-state method, and adopt a 3D

{[M5Q8]
−}N open-framework architecture with A+ ions occupying the cavities to balance charges. Subtle

modulation of the M–Q bonds induces a twofold enhancement in optical birefringence (Dn), observed

from NaSc3Ga2Q8 (Q = S, Dn = 0.050@532 nm; Q = Se, Dn = 0.088@532 nm) to KGa2In3S8 (Dn =

0.134@532 nm). Their optical band gaps are 2.21–3.10 eV. The theoretical calculation results reveal that

the replacement of Sc with In enhances the orbital hybridization between cations and anions, amplifies

microscopic polarizability anisotropy and consequently doubles the birefringence. In addition, KGa2In3S8
exhibits a photocurrent density of ∼30 nA cm−2. This work provides novel insights for improving the

birefringence performance of materials.
Introduction

Inorganic multinary metal chalcogenides, with their diversity of
crystal structures and tunable electronic structures, have been
a focus of condensed matter physics and materials chemistry in
the development of novel materials in the elds of nonlinear
optics (NLO),1,2 photoluminescence,3–5 magnetism,6,7

thermoelectricity,8–10 superconductivity,11,12 and energy storage
and conversion.13,14

In recent years, ternary chalcogenides AM5Q8 (A = alkali
metal, Tl and Ag; M = trivalent transition metal, Ga, In and Sb;
Q = S, Se and Te) with rich site-regulated structures have shown
excellent performances in various elds. Members of this family
crystallizing in the centrosymmetric (CS) space group C2/m
generally exhibit characteristic 3D tunneling framework struc-
tures, and have been reported to exhibit magnetic and ther-
moelectric properties, including ACr5Te8 (A = K, Cs and Rb),15

RbSc5Te8,16 CsTi5S8,17 and TlV5S8.18 Such structures can be
traced back to Hollandite AxM8O16, where the A-site cations
(alkali or alkaline-earth metal) occupy tunnels, and the M-site
cations (transition metal) construct a continuous tunneling
network through sharing O-corners and edges with the BO6
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octahedra.19 Similar to Hollandite materials, such compounds
are stoichiometrically exible and their properties can be opti-
mized by adjusting the A-site ion occupancy, such as RbxCr5Te8
(x = 0.73 and 0.62),20 CsxCr5Te8 (x = 0.73, 0.91 and 0.97)21 and
Tl(V1−xCrx)5Se8 (x = 0–1 and Dx = 0.2).22 Some other AM5Q8

members crystallize in noncentrosymmetric (NCS) space
groups, like AgIn5Se8 (P4�2m),23 AGa5S8 (A = K, Rb and Cs; P21 or
Iba2),24 a-KGa5Se8 (P21),25 b-KGa5Se8 (P1),25 and ASb5S8 (A = K
and Rb; Pn).26,27 Besides, CsSb5S8 crystallizes in the CS space
group P21/n.27 They are all composed of MQ4 (M= In, Ga and Sb;
Q = S and Se) units forming sub-structural motifs via corner- or
edge-sharing, and the difference among them is that AGa5S8 (A
= K, Rb, and Cs), a-KGa5Se8, and b-KGa5Se8 have similar 3D
honeycomb {[Ga5Q8]

−}N framework structures, whereas the
layered structures of ASb5S8 (A = K and Rb) are more clearly
characterized, and AgIn5Se8 exhibits a defect diamond-like
structure. These compounds show outstanding NLO properties;
particularly, b-KGa5Se8 demonstrates enhanced birefringence
Dn and achieves phase-matching with a 1910 nm laser.

Interestingly, AM5Q8 members crystallizing in the CS space
group C2/m feature MQ6 octahedra as their only basic structural
unit, which are transformed into MQ4 tetrahedra when the
structure is converted to the NCS one. The AM5Q8 compounds,
particularly those with NCS structures, exhibit obvious cation
substitution effects, and slight changes in bond lengths may
trigger signicant differences in band structure, optical
anisotropy, and even crystal symmetry. Our recently discovered
CsScP2S7 exhibits promising NLO properties.28 Compared to
Chem. Sci., 2025, 16, 17207–17213 | 17207
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other trivalent cations, ScS6 octahedra exhibiting d0-driven
subtle Jahn–Teller distortions break structural symmetry, syn-
ergized with the deep level 3d orbital characteristics, and
enhance the second harmonic response while maintaining
a high laser-induced damage threshold, indicating the role the
Sc3+ cation plays in chalcogenides as a new type of functional
NLO gene, which stimulates us to try to introduce Sc to more
chalcogenide systems for exploring new multi-functional
materials. In fact, Sc-based chalcogenides with birefringence
greater than 0.1 have not been reported so far. Even if the scope
is expanded to oxides, only two examples, a-Ba3Sc2(BO3)4 29 and
RbBaScB6O12,30 are available. Compared with other d0 metal
cations, Sc3+ is less likely to induce the second-order Jahn–
Teller effect, which makes it hard for the ScQ6 octahedron to
undergo signicant distortion, subsequently inuencing the
refractive index and birefringence. There is a possible way to
enhance the birefringence performance of Sc-based chalco-
genides by modifying the ScQ6 octahedron with heteroanions.
Considering that the polarizability of S is greater than that of O,
Sc-based chalcogenides still have the potential to be birefrin-
gent materials and achieve a birefringence greater than 0.1.
Recent years have witnessed signicant advancements in
improving optical properties through precise functional group
engineering.31–34 These pioneering studies have signicantly
informed the design of our Quaternary composite system.
Attracted by the rich structures and diverse physical perfor-
mances of the AM5Q8 family, we synthesized a series of
Fig. 1 Observing the crystal structure of 3 along the c- (a) and a-axis (b),
the defect-In3S4 units constructed layer extending along the ab plane. (c)
constructed defect-[In2S3]N layer observed along the c-axis. (e) [In3S4] d

17208 | Chem. Sci., 2025, 16, 17207–17213
quaternary derivatives, viz. NaSc3Ga2S8 (1), NaSc3Ga2Se8 (2) and
KGa2In3S8 (3), which all crystallize in the CS space group P�3m1
(No. 164). Compared to previous studies, their structures are
assembled by MQ6 and MQ4 (Q = S, Se) units while retaining 3D
open channel structures like other AM5Q8 compounds. By
exploring their structural characteristics, electronic structures,
optical properties and potential for optoelectronic applications,
it is hoped that useful hints will be obtained for ongoing studies
on this amazing family.
Results and discussion

Crystals 1–3 crystallize in the trigonal crystal system with the CS
space group P�3m1 (No. 164), representing a new-type structure.
Their structures feature a 3D open framework {[M5Q8]

−}N (M =

Ga, In and Sc; Q = S and Se), which is constructed by GaQ4

tetrahedra and MQ6 octahedra, with A+ cations located in the
cavities of the open channel. Here, the structure of 3 is taken as
a representative to describe their structures. In the asymmetric
unit, there is one K, one Ga, one In, and two S atoms with full
occupancy. Each Ga atom is surrounded by four S atoms to form
an isolated GaS4 tetrahedron, and every In atom is sixfold-
coordinated with S atoms to form an InS6 octahedron (Fig. S5).
The distances of the Ga–S and In–S bonds are 2.258(3)–2.299(18)
and 2.612(12)–2.665(14) Å, respectively, consistent with those in
Ba6Zn7Ga2S16,35 Ba8Zn4Ga2S15,36 KNa0.78Eu0.27In3.80B12S12,37 and
KEu2In3B12S13.38 The {[Ga3In2S8]

−}N anionic framework is
where there are independent GaS4 tetrahedra and InS6 octahedra, and
The position of the independent GaS4 tetrahedra. (d) Defect-In3S4 units
efect-cubanes form the defect-[In2S3]N layer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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composed of [GaS4]
5− tetrahedra and [InS6]

9− octahedra by
sharing corners and edges, providing a channel to take up K+

cations to balance charges and stabilize the structure (Fig. 1a
and b). As clearly shown in Fig. 1c, the GaS4 units extend parallel
to the c-axis, centro-symmetrically arranged in opposite direc-
tions in the ab-plane. Individual GaQ4 (Q = S, Se and Te)
tetrahedra are present in chalcogenides but are not widely re-
ported, which appears more in the styles of GaxQy chains or
networks built by corner- or edge-shared GaQ4 tetrahedra, such
as {[Ga6S16]}N chains in b-BaGa4S7,39 [Ga4S14] strings in Ba3-
HgGa2S7,40 {[GaSe2]

−}N chains in (Na0.60Ba0.70)Ga2Se4,41

{[Ga8Se40/3]
(16/3)−}N layers and {[Ga4Se20/3]

(8/3)−}N helical chains
in NaGa3Se5,42 Ga2Se3-like slabs in KAg3Ga8Se14,43 and [Ga4Q11]
tetramers in SnGa4Q7 (Q = S, Se).44 These crystals possessing
1D, 2D, and 3D secondary structural units formed by GaQ4 units
with shared atoms oen exhibit excellent NLO
properties.35,36,45–47 The InS6 octahedra share the S–S edge and
extend along the ab plane to form the defect-[In2S3]N building
layer, which can be considered to be composed of two oppo-
sitely arranged [In3S4] defect-cubanes with a corner lacking
(Fig. 1e). However, the K atom is not located in the center of the
cavity formed by defect-In2S3 layers (Fig. 1b and d). Similar In–S
building layers can be found in GaInS3,48 but the difference is
that there are In atomic vacancies at the 1a site. The dipole
moments and distortion degrees of InS6 and ScQ6 (Q = S, Se)
octahedra were calculated. As shown in Table 1, the calculated
dipole moment of the InS6 unit exceeds that of ScQ6 by several
orders of magnitude due to the distortion of InS6 being much
larger than that of ScQ6, which correlates with the substantially
greater octahedral distortion observed in the InS6 unit. Such
remarkable structural distortion in the InS6 unit induces
substantial lattice polarization effects that impact on optical
properties. The subsequent content will combine practical
characterization and rst-principles calculations to state how
these structural features affect the light absorption edge and
birefringence characteristics.

The IR spectra of 1–3 (Fig. S3) exhibit no distinct peaks over
2.5–25 mm, covering the two important atmospheric IR windows
(3–5 and 8–12 mm). The optical band gaps of 1–3 were deter-
mined from the UV-vis-NIR diffuse reectance spectra to be
3.10, 2.21 and 2.85 eV (Fig. S4a–c), respectively. They exhibit an
inverse proportionality between their bandgaps and unit cell
volumes, where compressive lattice deformation and
Table 1 The dipole moments and distortion degrees of the MQ6 (M =

In, Sc; Q = S, Se) octahedra in 1–3

Unit Dipole moment/Da Distortion (Dd)b

ScS6 5.27 × 10−6 4.302 × 10−4

ScSe6 1.041 × 10−5 2.938 × 10−4

InS6 1.241 × 10−3 6.219 × 10−4

a m = r × q (where q represents the amount of charge and r represents
the degree of non-uniformity in charge distribution. The charge of
each atom is calculated based on the bond valence model).
b Dd ¼ 1

c

X
½ðdn � dÞ=d�2 (dn is the single bond length, d is the

average bond length, and c is the coordination number.).

© 2025 The Author(s). Published by the Royal Society of Chemistry
intensied interatomic interaction may induce bandgap
broadening.27,49,50 For solid-state materials, birefringence Dn is
another signicant optical property since it can provide valu-
able information for optoelectronic applications. Due to the fact
that 3 is a black crystal, it is difficult to accurately detect the
changes in light intensity to measure its birefringence. There-
fore, only the birefringences of 1 and 2 were measured at 550
nm, and the values are 0.0437 for 1 and 0.206 for 2. Fig. S7
shows photographs of 1 and 2 for the birefringence measure-
ment with a polarizing microscope. Meanwhile, the frequency-
dependent birefringence Dn values of 1–3 were also calculated
(Fig. 2a–c and Table 2), and it can be observed that the bire-
fringence of 3 under three wavelengths of light is more than
twice that of 1 and more than one time that of 2.

The calculated band structures are illustrated in Fig. 2d and
e. Compounds 1 and 2 exhibit an indirect bandgap with the
valence band maximum (VBM) at the A point and the conduc-
tion band minimum (CBM) near the G point of the rst Bril-
louin zone (BZ), while 3 is a direct bandgap material with its
VBM and CBM conned to the G point. The computed band
gaps of 1–3 are 2.91, 2.29 and 2.39 eV, respectively. The
exchange correlation function used in traditional DFT methods
has some problems, so there is a signicant underestimation of
the bandgap when calculating semiconductors.51 A signicant
drawback of the mainstream exchange-correlation functionals
lies in their failure to effectively correct the self-interaction error
(SIE) in the Hartree term. This SIE manifests as a non-physical
curvature in the total energy of the system as a function of the
number of electrons. Theoretically, there should be a disconti-
nuity in the derivative when the number of electrons is an
integer, and a linear relationship when it is a fraction. This error
is the main cause of the underestimation of band gaps that is
widespread in density functional theory.52 As shown in Fig. 2g–i,
the total density of states (TDOS) and partial density of states
(PDOS) of 1–3 are plotted. The VBM of 1 is mainly contributed
by the S-3p state, while the CBM is composed of Sc-3d (Fig. 2g).
The DOS diagram of 2 is similar to that of 1, with the VBM
mostly given by the Se-4p state and the CBM also consisting of
Sc-3d (Fig. 2h). As for 3, the VBM near the Fermi energy level (Ef
= 0) is mainly contributed by the S-3p state, while the CBM is
mainly composed of In-5s and S-3p orbitals, doped with a small
portion of K-3s and Ga-4s orbitals. It should be emphasized that
the charge-balanced Na+ and K+ cations do not seem to actively
participate in the leaps between the VB and CB; the unlled 3d
orbitals of Sc3+ cations make a signicant contribution in the
CB region as compared to In3+ in 3. However, compared with In-
4s orbitals, the main contribution region of Sc-3d is further
away from Ef, which weakens its contribution to the birefrin-
gence in the visible light region. Meanwhile, compared with the
strong hybridization effect between In-5s and S-3p orbitals, the
low hybridization degree between Sc-3d and S-3p orbitals
reduces the strength of the chemical bond, thereby weakening
the microscopic anisotropy of the polarizability and the
macroscopic birefringence.

Calculation results reveal that the polarizability anisotropy
of both GaQ4 tetrahedra and MQ6 in 1–3 exhibits a progressive
enhancement (Fig. 3), which aligns with the increasing trend of
Chem. Sci., 2025, 16, 17207–17213 | 17209
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Fig. 2 Theoretical calculations of 1–3. Birefringences at 532 nm and 1064 nm: 1 (a), 2 (b), and 3 (c). Band structures: 1 (d), 2 (e), and 3 (f). TDOS
and PDOS curves of 1 (g), 2 (h), and 3 (i). The Fermi level is set at 0 eV.
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birefringence.53 This consistency demonstrates the decisive
inuence of anisotropic electron cloud distribution in coordi-
nation polyhedra on the macroscopic optical anisotropy. The
substitution of anions from S to Se leads to a narrowed band
gap and increased polarizability, as well as a transition in
orbital interaction mode caused by Sc/In cation substitution.
This element substitution induced electronic structure change
provides a good case for designing novel materials with specic
bandgap engineering and large birefringences.

Photocurrent density is directly proportional to the capacity
of a material to convert photons into free charge carriers, where
higher photocurrent density corresponds to greater electrical
energy generation per unit area and enhanced sensitivity to
optical signals.40 The 3D framework of {[Ga2In3S8]

−}N may
Table 2 Experimental and calculated birefringences of 1–3

1 2 3

Experimental birefringence Dn@550 nm 0.044 0.206 —
Theoretical birefringence Dn@532 nm 0.050 0.088 0.134
Theoretical birefringence Dn@1064 nm 0.046 0.059 0.095

17210 | Chem. Sci., 2025, 16, 17207–17213
establish continuous conductive pathways for the rapid trans-
port of carriers. Specically, The GaS4 tetrahedra may serve as
bridges to facilitate the charge transfer between the adjacent
layers, thereby enhancing the overall conductivity. To evaluate
these properties, we employed a standard three-electrode
system to imitate solar irradiation for a photoelectrochemical
Fig. 3 Polarizability anisotropy of GaQ4 tetrahedra and MQ6 (Q = S,
Se; M = Sc, In) tetrahedra.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photocurrent response curve of 3 (from 15 to 120 seconds).
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experiment, and 3 was selected as a representative to study the
photoelectric properties. The periodic variation of the photo-
current density under the switching of the light source is shown
in Fig. 4. The photocurrent density approaches baseline levels
when light is off, while immediate photocurrent is generated
upon illumination, indicating the ability of 3 in both effective
carrier generation under simulated solar irradiation and fast
photoresponse speed. Literature investigation reveals that the
photocurrent density of 3 is greater than those of A2Ba3Cu2-
Sb2S10 (A = K, Rb and Cs, 5∼7 nA cm−2),54 but still lower than
those of some known chalcogenides, such as Yb6Ga4S15 (∼60 nA
cm−2),55 AgCdAsS3 (0.38 mA cm−2),56 Er4S4Te3 (0.45 mA cm−2)57

and Ba3HgGa2S7 (∼12.2 mA cm−2).40 This may be caused by the
fact that 3 has a longer carrier transport path, which increases
the probability of carrier recombination, leading to the lower
photocurrent density. It may also be possible that the concen-
tration of the suspension sample produced in this experiment is
too low (2 mg mL−1), resulting in insufficient light absorption
and fewer photogenerated carriers, leading to a lower photo-
current density.58–60 Photocurrent density decreasing with time
is common in chalcogenides.61 The decrease in photocurrent
density of 3 could be attributed to the photo-corrosion
phenomenon (chemical degradation or electrode dissolving in
electrolyte) during illumination.62,63 In a previous study,
researchers adopted shell coating to effectively solve this
problem while improving photocurrent density.64
Conclusions

In brief, we report a series of new AM5Q8 (A = Na, K; M = Sc, Ga
and In; Q = S, Se) chalcogenides crystallizing with a new type of
structure. While inheriting the 3D open framework from the
AM5Q8 family, they uniquely incorporate both MQ4 and MQ6

motifs. These compounds exhibit wide band gaps, broad
infrared transparency window, and pronounced photoelectric
response. Specically, the slight variation in the interaction
© 2025 The Author(s). Published by the Royal Society of Chemistry
between metal cations and Q2− anions results in a doubling of
the birefringence. This study hopefully provides valuable
insights into the design and application of new photoelectronic
functional chalcogenide materials.
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