
INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Cite this: Inorg. Chem. Front., 2024,
11, 6919

Received 10th July 2024,
Accepted 14th August 2024

DOI: 10.1039/d4qi01738b

rsc.li/frontiers-inorganic

Chemical modulation of AIREIIICIVQVI
4 family

compounds for band gap and optical anisotropy
enhancement†

Hongshan Wang,a,b Xueting Pan,a Shilie Pan *a,b and Junjie Li *a,b

Rare-earth (RE) compounds show wide applications in advanced photoelectric functional materials.

Herein, by introducing [AgS3] trihedral and [NaQ6] (Q = S, Se) octahedral units into the AIREIIICIVQVI
4 family

for the first time, four new RE-based chalcogenides AIREIIISiQVI
4 (AI = Ag, Na; REIII = La, Y; QVI = S, Se)

were designed and successfully synthesized. With the increase of atomic radius from Ag, Li, Na, K, to Rb

and Cs, the compounds show evident structural transitions from Ama2 (LiLaSiS4), P21/c (AgLaSiS4,

NaLaSiS4), and P21 (KLaSiS4) to Pnma (RbLaSiS4, CsLaSiS4), highlighting that chemical modulations includ-

ing atomic radius, coordination and bond length co-affected the structure transition. The title compounds

exhibit wide band gaps (3.33 and 3.18 eV for AgLaSiS4 and AgYSiS4; 3.83 and 3.02 eV (HSE06) for NaLaSiS4
and NaLaSiSe4, respectively) that are higher than the Ag- and RE-based chalcogenides, as well as strong

optical anisotropies (Δncal = 0.114–0.160@1064 nm). The theoretical calculations confirm the charge

transfer enhanced band gap mechanism in the compounds and demonstrate that the layer distance

influenced birefringence. The results enrich the chemical and structural diversity of RE compounds in the

AIREIIICIVQVI
4 family and give new insights into the design of new RE-based compounds with wide band

gaps and large birefringence.

Introduction

The development of new functional materials is highly depen-
dent on the discovery of new compounds with distinctive
crystal structures and physicochemical properties.1–6

Chalcogenides show abundant structural and chemical diversi-
ties, wide infrared (IR) transmission ranges, and adjustable
optical properties, which are widely used in the fields of
photo-detection, nonlinear optical (NLO) applications, light
polarization, and photo-catalysis, making them an essential
natural treasure trove for the exploration of advanced photo-
electric functional materials.7–11 Over the past few decades, by
combining different fundamental building block groups,12–14

a large number of metal chalcogenides have been developed,
such as Cs3In(In4Se7)(P2Se6),

15 Sn7Br10S2,
16 and SrBIIGeS4 (B

II =

Zn, Hg)17,18 with strong NLO response as well as
Rb3NaSn3Se8

19 and Na2HgSn2Se6
20 with large optical

anisotropy.
To increase the functional diversity, introducing rare-earth

(RE) elements with a unique f-electron configuration, strong
positive charge, and multiple coordination environments into
the structural design of chalcogenides has been demonstrated
as a feasible strategy.21–24 More recently, Yu and coworkers
reported the synthesis of the first stable La2+-based chalcogen-
ide LaMg6Ga6S16, in which the La2+ is six-coordinated with S
atoms.25 The compound exhibits a wide green emission band
at 500 nm, as well as a strong NLO response (∼1 × AgGaS2), a
wide band gap (Eg = 3.0 eV) and a high laser-induced damage
threshold (∼5 × AgGaS2).

25 Remarkably, the relatively large size
of the standard RE3+ ion radius can accommodate higher
coordination numbers (up to ∼12).23 The abundant coordi-
nation modes lead to multiple crystal structures in RE-con-
tained chalcogenides, such as in REIII

3 GaS6 (REIII = Y, Dy, Ho,
and Er),26 Ba2RE

IIIMIIISe5 (REIII = Y, Ce, Nd, Sm, Gd, Dy, and
Er; MIII = Ga, In),27 La3LiM

IVS7 (MIV = Ge, Sn),28 and
AIREIIICIVQVI

4 (AI = Li, K, Rb, Cs; REIII = Y, La–Nd, Sm–Yb; CIV =
Si, Ge; QVI = S, Se).1,29–31

In the AIREIIICIVQVI
4 family, many attempts have been made

and more than 50 compounds have been synthesized. Among
them, the AI-site atom is usually occupied by Li, K, Rb or Cs,
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while the syntheses of Na-/Ag-containing compounds have still
not been achieved, similar to the case in the AIB4O6F (AI =
NH4, Na, Rb, Cs) family (where the synthesis of Li-/KB4O6F is
yet to be achieved) famous for their excellent NLO properties
in the UV regions.32–34 In this work, Na- and Ag-containing
systems were investigated, and four new RE chalcogenides
AIREIIISiQVI

4 (AI = Ag, Na; REIII = La, Y; QVI = S, Se) have been
synthesized by the high temperature solution method in
sealed quartz tubes. Based on structural investigations in the
Inorganic Crystal Structure Database (ICSD version 5.0.0 (build
20230418-1517)), and to the best of our knowledge, they are
the first series of Na- and Ag-containing compounds in the
AIREIIICIVQVI

4 family. The compounds crystallize in the centro-
symmetric (CS) P21/c space group that is different from the
commonly appearing non-centrosymmetric (NCS) P21, Ama2
and CS Pnma space groups in the Li-, K-, Rb-, Cs-containing
compounds in this family. The compounds show wide band
gaps (3.18 and 3.33 eV for AgYSiS4 and AgLaSiS4; 3.83 and 3.02
eV (HSE06) for NaLaSiS4 and NaLaSiSe4, respectively), strong
optical anisotropy and large birefringence from
0.114@1064 nm for AgLaSiS4 to 0.160@1064 nm for
NaLaSiSe4. In addition, theoretical calculations reveal that the
wide band gap in the title compounds is mainly attributed to
the charge transfer enhanced band gap mechanism between
[REQ8] and [SiQ4] groups.

Experimental section
Raw materials

Raw materials utilized for the experimental syntheses, such as
Na (99.9%), Ag (99.9%), La (99.99%), Y (99.99%), Si (99.9%), S
(99.9%) and Se (99.9%), were purchased from the Shanghai
Aladdin Biochemistry Technology Co., Ltd. To prevent oxi-
dation and deliquescence of the materials, all starting
materials were preserved and weighed in an Ar gas-filled glove
box.

Chemical syntheses

The single crystals of AgLaSiS4, AgYSiS4, NaLaSiS4, and
NaLaSiSe4 for structural determinations were fabricated by the
high temperature solution method as follows: (1) Ag/Na, La/Y,
Si, and S/Se materials with a molar ratio of 1 : 1 : 1 : 4 were
mixed initially and loaded into quartz tubes with an inner dia-
meter of 10 mm; (2) the quartz tubes were sealed with a hydro-
gen–oxygen flame under a high vacuum of 10−3 Pa; (3) the
sealed samples were put into a Muffle furnace with the follow-
ing programmed temperature: heated at 7 °C h−1 from room
temperature to 900 °C, maintained at this temperature for
75 h, then slowly cooled to room temperature at 6 °C h−1. After
that, the light yellow single crystals of AgLaSiS4, AgYSiS4, and
NaLaSiS4, and the yellow single crystals of NaLaSiSe4 were
harvested.

The polycrystalline powder samples of AgLaSiS4 and
AgYSiS4 were synthesized by a similar procedure with the
chemical stoichiometric ratios of Ag : La/Y : Si : S = 1 : 1 : 1 : 4,

and the holding time at the temperatures (900 °C for AgLaSiS4
and 930 °C for AgYSiS4) was set to 100 h. It is worth noting
that the syntheses of the polycrystalline NaLaSiQVI

4 (QVI = S, Se)
pure phase powder samples were also tried, but they failed.

Structure determination

The single-crystal diffraction data of the title compounds were
collected on a Bruker APEX II charge-coupled device (CCD)
diffractometer equipped with monochromatic Mo Kα radiation
(λ = 0.71073 Å) at room temperature.35,36 The absorption cor-
rection was performed by the multi-scan method. The crystal
structures were determined directly and refined through a full
matrix with least squares fit on F2 by the structure resolution
program package SHELXTL on Olex2 v1.2.37,38 The PLATON
program was used to detect possible missing symmetry
elements, and no higher symmetries were found in the crystal
structures.

Powder X-ray diffraction (PXRD)

To check the purity of the obtained polycrystalline powder
samples, the PXRD patterns of AgLaSiS4 and AgYSiS4 were col-
lected on an automated Bruker D2 bit-phase diffractometer
with Cu target Kα radiation (λ = 1.5418 Å). The diffraction data
were recorded from 10 to 70° (2θ ranges) with a scan step
width of 0.02° and a fixed counting time of 1 s per step at
room temperature.

Energy-dispersive X-ray spectroscopy (EDS) analyses

The EDS spectra and mappings of the title compounds were
conducted on a field emission scanning electron microscope
(FE-SEM, JEOL JSM-7610F Plus, Japan) at 298 K with an
energy-dispersive X-ray spectrometer (Oxford, X-Max 50) at 5
kV.

UV-vis-NIR diffuse reflectance spectroscopy

Diffuse-reflectance spectra of the polycrystalline AgREIIISiS4
(REIII = La, Y) powder samples were obtained on a Shimadzu
SolidSpec-3700 DUV spectrophotometer over the wavelength
range of 200–2600 nm at room temperature,39 and BaSO4

served as the reference. The experimental optical band gaps
(Eg) were determined by converting the diffuse reflection data
to absorption data through the Kubelka–Munk function, F(R) =
K/S = (1 − R)2/2R, where R denotes the reflection coefficient, K
is the absorption value, and S is the scattering coefficient.

Raman spectra

The Raman spectra of the four compounds were measured on
a LABRAM HR Evolution spectrometer (Japan) fitted with a
CCD detector operating at 532 nm radiation and were acquired
from 4000 to 100 cm−1 (2.5–100 μm).

Theoretical calculations

The band structures, partial and total density of states (P/
TDOS), and birefringence of the title compounds were com-
puted by the plane wave pseudopotential method in
CASTEP.40,41 The electronic structures of the compounds were
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analyzed by density functional theory (DFT) with the Perdew–
Burke–Ernzerhof (PBE) exchange–correlation function in the
generalized gradient approximation (GGA).42 Meanwhile, the
band gaps of the title compounds were investigated by the
PWmat code utilizing the Heyd–Scuseria–Ernzerhof (HSE06)
hybrid functional, with a plane wave cutoff of 50 eV.43 The
interactions between the ionic core and electrons were
described by norm-conserving pseudopotentials (NCP). The
valence electron configurations of Ag 4d105s1, Na 2p63s1, La
5d16s2, Y 5s24d1, Si 3s23p2, S 3s23p4 and Se 4s24p4 were con-
sidered during the calculations. A cutoff energy of 800 eV was
utilized. The Monkhorst–Pack k-point in the Brillouin zone
(BZ) was set to 0.035 Å−1. The refractive indices were theoreti-
cally derived from the real part of the dielectric function using
the Kramers–Kronig transform.44

Results and discussion
Crystal structures

Transparent AgLaSiS4, AgYSiS4, NaLaSiS4, and NaLaSiSe4
single crystals for structure determination were picked under
an optical microscope. The results of single-crystal XRD show
that the four compounds crystallize in the same space group
(Table S1†) and show similar structural features (Fig. 1 and
S1–S3†). Therefore, AgLaSiS4 is utilized as an example to illus-
trate their crystal structures herein. AgLaSiS4 crystallizes in the
monoclinic P21/c (no. 14) space group with cell parameters a =
8.9451(8) Å, b = 10.5565(9) Å, c = 6.9470(6) Å, Z = 4. In its asym-
metric unit, there is one crystallographically independent Ag,
one La, one Si, and four S atoms, and the atoms are all located
at Wyckoff 4e positions. The Ag atoms are coordinated with
three S atoms to build the [AgS3] triangle planar units with the
Ag–S bond lengths of 2.490–2.615 Å (Fig. 1a). The Si atoms are
bonded with four S atoms to form [SiS4] tetrahedra with Si–S
bond lengths of 2.086–2.140 Å (Fig. 1b). The La atoms are con-
nected with eight S atoms to construct the [LaS8] polyhedral
units with La–S bond lengths of 2.916–3.136 Å (Fig. 1c). The

resulting [SiS4] and [LaS8] units are edge-shared into a
[LaSiS10] dimer (Fig. 1d), which further extends by vertex-
sharing into a serpentine [LaSiS10]∞ layer (Fig. 1g).
Furthermore, the formed [AgS3] unit pseudo-layers are located
between the serpentine [LaSiS10]∞ layers, constructing the
final three-dimensional (3D) crystal structure of AgLaSiS4
(Fig. 1e and f). It is worth mentioning that NaLaSiQ4 (Q = S,
Se) shows a similar crystal structure to AgREIIISiS4 (REIII = La,
Y), but the Na atoms are 6-coordinated in the former that is
different to the 3-coordinated Ag atoms in the latter, giving
rise to an enhanced layer spacing in NaLaSiQVI

4 (QVI = S, Se).
The detailed crystal data, atomic coordinate equivalent iso-

tropic displacement parameters, bond valence sum (BVS),
selected bond lengths, and bond angle data of the title com-
pounds are provided in Tables S1–S17,† respectively. The cal-
culated bond valence sums (BVSs) and global instability
indexes (GIIs) (Tables S2–S5†) verify the reasonability of the
crystal structures. To check the chemical compositions, EDS
spectra and element mappings of the four compounds were
carried out. The results confirm the presence of elements Ag/
Na, La/Y, Si, and S/Se in AIREIIISiQVI

4 (AI = Ag, Na; REIII = La, Y;
QVI = S, Se) and the element ratios (Ag : La : Si : S =
1.10 : 1.03 : 1.03 : 4.00 in AgLaSiS4, Ag : Y : Si : S =
1.06 : 1.09 : 1.11 : 4.00 in AgYSiS4, Na : La : Si : S =
1.16 : 1.02 : 0.99 : 4.00 in NaLaSiS4, and Na : La : Si : Se =
0.97 : 0.98 : 0.96 : 4.00 in NaLaSiSe4) show good agreement with
the values according to their chemical formulae (Fig. S4†). To
further confirm the chemical bonding, the Raman spectra of
the compounds were characterized. As shown in Fig. S5,† the
peaks at 62.25–266.56 cm−1 in AgLaSiS4 (59.98–259.03 cm−1 in
AgYSiS4) can be assigned to the vibrations of Ag–S and La–S
(Ag–S and Y–S) bonds;11,25,45,46 while the peaks between
73.81–287.15 cm−1 in NaLaSiS4 (59.98–183.98 cm−1 in
NaLaSiSe4) can be attributed to the vibrations of Na–S and La–
S (Na–Se and La–Se) bonds;11,25,47 the peak at 397.67/408.01/
399.07 cm−1 in AgLaSiS4/AgYSiS4/NaLaSiS4 (228.47 and
250.37 cm−1 in NaLaSiSe4) is related to the characteristic
vibrations of Si–S or Si–Se bonds.48–50

Based on the structural investigations in the ICSD (version
5.0.0, build 20230418-1517), the A-site is usually occupied by
K, Rb, or Cs atoms in the AIREIIICIVQVI

4 family, and the title
compounds are the first Na- and Ag-containing compounds in
the family (Fig. 2a). Moreover, it can be seen that the
AIREIIICIVQVI

4 family compounds (61 cases) are generally crys-
tallized in the P21 (no. 4) and P212121 (no. 19) space groups,
and the number of compounds that crystallize in the P21/m
(no. 11), P21/c (no. 14), Pnma (no. 62), and Ama2 (no. 40) space
groups are quite rare (Table S18† and Fig. 2b).

To illustrate the A-site atom affected crystal structures in
the AIREIIICIVQVI

4 family, a detailed structural analysis on
AILaSiS4 (AI = Li, Ag, Na, K, Rb, Cs) was carried out, as shown
in Fig. 3. It can be seen that: (i) with the increase of atomic
radius from Li, Na, K, to Rb and Cs, the compounds show
evident structural transitions from Ama2 (LiLaSiS4),

31 P21/c
(NaLaSiS4), and P21 (KLaSiS4)

30 to Pnma (RbLaSiS4,
CsLaSiS4)

51,52 (Fig. 3a–d). Meanwhile, AILaSiS4 (A
I = Ag, Na, K,

Fig. 1 Crystal structure of AgLaSiS4. (a–c) The coordination environ-
ments of Ag, Si, and La atoms in the compound; (d) the formed [LaSiS10]
dimer; (e) the formed [AgS3] pseudo-layers in AgLaSiS4; (f ) the 3D crystal
structure of AgLaSiS4 viewed along the c direction; (g) the formed 2D
[LaSiS10]∞ layers viewed along the a direction.
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Rb, Cs) shows a similar framework structure composed of
[LaS8] and [SiS4], different from the [LaSiS11]∞ framework built
by [LaS8] and [SiS4] in LiLaSiS4 (Fig. 3e–h and S6†); (ii) since
the Ag atom is 3-coordinated with S atoms, the formed [AgS3]
units in AgLaSiS4 are isolated from others to form a pseudo-
layer structure, different to the formed Na/K/Rb/Cs–S layer
structure built by [NaS6] octahedra or [K/Rb/CsS8] polyhedra in
AILaSiS4 (A

I = Na, K, Rb, Cs), confirming that the coordination
mode affected crystal structures (Fig. S7†); (iii) compared to
the shorter Ag–S bond length (2.4897–2.6149 Å) in AgLaSiS4,
the longer Na–S bond length (2.780–3.267 Å) results in a larger
layer spacing of 9.314 Å in NaLaSiS4 (8.945 Å for AgLaSiS4).
RbLaSiS4 and CsLaSiS4 exhibit a similar phenomenon, and the
layer spacing is increased from 8.642 Å in RbLaSiS4 to 8.932 Å
in CsLaSiS4 (Fig. S8†). The results highlight that atomic radius,
coordination number, and bond length (related to A-site
atoms) co-affected the crystal structure in the AIREIIICIVQVI

4

family.

Optical properties

To investigate the optical properties of the compounds, the
pure-phase polycrystalline powder samples of AgLaSiS4 and
AgYSiS4 were successfully prepared and characterized. The
experimental XRD patterns of the two compounds match well
with the theoretical results from their CIF files (Fig. 4a and b),
confirming the single crystal structures and high purity for the
obtained polycrystalline powder samples. To evaluate the
experimental band gaps, UV-vis-NIR diffuse reflectance spectra
were measured on the pure phase powder samples. Based on
the Kubelka–Munk function, the experimental band gaps of
AgLaSiS4 and AgYSiS4 were determined to be ∼3.33 eV and
∼3.18 eV, respectively (Fig. 4c and d), which are comparable to
the results in recently developed wide band gap chalcogenides
like Zn2HgP2S8 (3.37 eV),53 LiMGa8S14 (M = Rb/Ba, Cs/Ba)
(3.24–3.32 eV),54 Ca2La(BS3)(SiS4) (3.38 eV),55

[Ba4(S2)][ZnGa4S10] (3.39 eV)56 and Na2Ba[Na2Sn2S7] (3.42
eV),57 but smaller than the RE-based oxychalcogenide
Nd3[Ga3O3S3][Ge2O7] (4.35 eV).58 Interestingly, Ag-based
chalcogenides like AgGaS2 (2.64 eV),59 Ag2In2SiS6 (2.41 eV),60

Ag2In2GeS6 (2.3 eV),61 Li/NaAgIn2GeS6 (2.47/2.40 eV),61 and
AgHgPS4 (2.63 eV),62 as well as RE-based chalcogenides, such
as REIII

2 BII
3 Sn3S12 (REIII = La, Sm, Gd; B = Ca, Sr)(1.51–1.71

eV),63 La6BIII
2 GeS14 (BIII = Ga, In) (2.54–2.61 eV),64 and

EuBIICIVQVI
4 (BII = Cd, Hg; CIV = Ge, Sn; QVI = S, Se) (1.97–2.50

eV),65,66 usually exhibit small band gaps that limit their appli-
cations, while both Ag and RE containing compounds
AgLaSiS4 (3.33 eV) and AgYSiS4 (3.18 eV) in this work display
wide band gaps, breaking through the “3.0 eV wall” of energy
band gap in the Ag and RE coexisting chalcogenides. To check
the physical and chemical stability, AIREIIISiQVI

4 single crystals
were picked and placed in water for 7 days. The optical images
(Fig. S9†) confirm that the title compounds have a good chemi-

Fig. 2 Statistical analyses showing the different A-site atoms (a) and
space groups (b) in the AIREIIICIVQVI

4 (AI = Ag, Li–Cs; REIII = Y, La–Nd,
Sm–Yb; CIV = Si, Ge; QVI = S, Se) family compounds.

Fig. 3 Structural fluctuations in AILaSiS4 (AI = Li, Ag, Na, K, Rb, Cs): (a–
d) symmetry changes from Ama2 (LiLaSiS4), P21/c (AgLaSiS4/NaLaSiS4),
and P21 (KLaSiS4) to Pnma (RbLaSiS4 and CsLaSiS4); (e–h) the crystal
structures of LiLaSiS4 (e), Ag/NaLaSiS4 (f ), KLaSiS4 (g), and Rb/CsLaSiS4
(h).

Fig. 4 The experimental and calculated XRD patterns of (a) AgLaSiS4,
and (b) AgYSiS4; the UV-vis-NIR diffuse reflectance spectra and experi-
mental band gaps of (c) AgLaSiS4, and (d) AgYSiS4.
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cal stability in water. Moreover, the polycrystalline AgREIIISiS4
powder samples were exposed in the air for 6 months, and no
changes have been observed in the XRD patterns before and
after the exposure (Fig. S10†), indicating the compounds are
air stable.

Theoretical calculations

To clarify the origin of optical band gaps of the title com-
pounds, first-principles calculations were carried out. The cal-
culated band structures indicate that AIREIIISiQVI

4 are indirect
band gap compounds. The calculated GGA band gaps are
2.398 eV for AgLaSiS4, 2.274 eV for AgYSiS4, 2.873 eV for
NaLaSiS4, and 2.282 eV for NaLaSiSe4 (Fig. 5a and S11a–c†).
Due to the discontinuity of the exchange–correlation energy
function, the GGA band gap is usually underestimated.67,68

Thus, the HSE06 functional was employed to guarantee the
accuracy and consistency of the theoretical band gaps, and the
resulted HSE06 band gaps are 3.56 eV for AgLaSiS4, 3.34 eV for
AgYSiS4, 3.83 eV for NaLaSiS4, and 3.02 eV for NaLaSiSe4,
which are close to the experimental values of the selected
AgLaSiS4 (3.33 eV) and AgYSiS4 (3.18 eV). The results of T/
PDOS indicate that the valence band (VB) maximum is mainly
occupied by Ag-d, La-d, S-p orbitals in AgLaSiS4; Ag-d, Y-d, S-p
orbitals in AgYSiS4; La-d, S-p orbitals in NaLaSiS4; and La-d,
Se-p orbitals in NaLaSiSe4, and the conduction band (CB)
minimum is mainly occupied by La-d, Si-p, S-p orbitals in
AgLaSiS4; Y-d, Si-p, S-p orbitals in AgYSiS4; La-d, Si-p, S-p orbi-
tals in NaLaSiS4; and La-d, Si-p, Se-p orbitals in NaLaSiSe4
(Fig. 5b and S11d–f†). It implies that the optical band gap is
mainly determined by [AgS3] and [RES8] units in AgREIIISiS4,

while [LaQ8] units determine the optical band gap in
NaLaSiQVI

4 . Further analyses on the T/PDOS structures confirm
the charge transfer enhanced band gap mechanism in the
compounds.1 In contrast to La2S3, where the La-d and S-p orbi-
tals show a strong hybridisation in the −4.5–0 and 2.5–5 eV
regions (indicated by the yellow region in Fig. S12b†), the d–p
orbital hybridisation between La and S is significantly reduced
in the same region, and an evident orbital hybridisation
between the S-p orbitals and Si-p orbitals in the 2.5 to 5.0 eV
regions (indicated by the blue and red regions in Fig. S12d†) is
observed in AgLaSiS4 (taking AgLaSiS4 as an example herein),
giving rise to the decreased covalency of La–S bonds by trans-
ferring notably charge from [LaS8] to [SiS4] units, thus result-
ing in a wide band gap in AgLaSiS4. The other title compounds
show similar charge transfer enhanced band gap mechanisms
(Fig. S13 and 14†). In addition, compared to the hybridization
regions (−0.43–0.71 eV) of Y-d, Si-p, and S-p orbitals near the
bottom of the CB minimum in AgYSiS4, the regions of La-d, Si-
p, and S-p orbitals in AgLaSiS4 show a slight shift to
−0.09–0.97 eV, resulting in a wider band gap in AgLaSiS4 (3.33
eV) than AgYSiS4 (3.18 eV), similar to the case in KLaGeS4
(3.34 eV)69 and KYGeS4 (3.15 eV).1

Moreover, due to the strong optical anisotropy in the crystal
structures, the birefringence of the title compounds was calcu-
lated to be 0.114 (AgLaSiS4), 0.129 (AgYSiS4), 0.130 (NaLaSiS4),
and 0.160 (NaLaSiSe4) at 1064 nm (Fig. 5c and S11g–i†).
Among them, NaLaSiSe4 exhibits the largest known birefrin-
gence in the AIRECIVQVI

4 family compounds (Fig. 5d).
Moreover, the birefringence discrepancy between AgLaSiS4 and
NaLaSiS4 could be related to the fluctuation of layer spacing
between [LaSiS10]∞ layers (8.945 Å for AgLaSiS4, 9.314 Å for
NaLaSiS4) induced by the fluctuation of Ag and Na atoms in
the structures.70 To confirm this point, a virtual AgLaSiS4 atom
model (Fig. S15†) with a larger [LaSiS10]∞ layer spacing of
9.286 Å was built from NaLaSiS4 by atomic replacement, and
its birefringence was computed to be Δn = 0.123@1064 nm, as
shown in Fig. 5c. It means that along with the increase of layer
spacing from 8.945 (experimental AgLaSiS4 model) to 9.286 Å
(virtual AgLaSiS4 model), the birefringence in the built model
is calculated to be 0.123@1064 nm, larger than the value
(0.114@1064 nm) in the experimental model, indicating that
the larger layer spacing is beneficial for producing larger
birefringence.

Conclusions

In summary, four new RE compounds AIREIIISiQVI
4 (AI = Ag,

Na; REIII = La, Y; QVI = S, Se) have been rationally designed,
and synthesized by a high temperature solution method. To
the best of our knowledge, the four compounds are the first
series of Ag- or Na-containing compounds in the AIREIIICIVQVI

4

family, enriching the chemical diversity of the family. The four
compounds crystallize in the same P21/c space group and are
constructed with [AgS3], [RES8], and [SiS4] units in AgREIIISiS4
and [NaQ6], [LaQ8], and [SiQ4] units in NaLaSiQVI

4 . Due to the

Fig. 5 The band structures (a) and the T/PDOS (b) of AgLaSiS4; (c) the
calculated birefringence of AgLaSiS4, virtual AgLaSiS4, and NaLaSiS4
(inset diagrams show the fluctuation of layer distance in AgLaSiS4,
NaLaSiS4 and virtual AgLaSiS4 built from NaLaSiS4); (d) statistical birefrin-
gence (at 1064 nm) of title compounds and other compounds in the
AIREIIICIVQVI

4 family.
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fluctuations of the atomic radius and coordination numbers at
the A-site, the compounds in the AIREIIICIVQVI

4 family show a
multiple structural transition from Ama2 (LiLaSiS4), P21/c (Na/
AgLaSiS4), and P21 (KLaSiS4) to Pnma (Rb/CsLaSiS4). Moreover,
the compounds exhibit wide band gaps (3.33 eV for AgLaSiS4,
3.18 for AgYSiS4, 3.83 eV (HSE06) for NaLaSiS4, and 3.02 eV
(HSE06) for NaLaSiSe4) and large birefringence (0.114 for
AgLaSiS4, 0.129 for AgYSiS4, 0.130 for NaLaSiS4, and 0.160 for
NaLaSiSe4 at 1064 nm). It is worth noting that NaLaSiSe4 exhi-
bits the largest known birefringence in the AIREIIICIVQVI

4 family
compounds. DFT calculations unveil that the band gaps are
enhanced by the charge transfer from [REQ8] to [SiQ4] in the
title compounds and highlight that the layer distance affected
birefringence in the isostructural compounds, which are ben-
eficial for the regulation of the band gap and birefringence of
advanced functional materials by similar chemical
modulations.
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