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S1. Experimental Section

Reagents 

The start materials are LaCl3 (99.9%, Shanghai Aladdin Biochemistry Technology), LaBr3 
(99.9%, Shanghai Aladdin Biochemistry Technology), La2S3 (99.9%, Beijing Hawk Science), 
Sb powder (99.5%, Shanghai Aladdin Biochemistry Technology), and S powder (98%, 
Shanghai Aladdin Biochemistry Technology).

Syntheses 

Single crystals of La2SbS3(S2)X (X = Cl, Br; LSSC, LSSB) were prepared via a high-

temperature solid-state reaction under anhydrous and oxygen-free conditions. In an argon-filled 

glove box, precisely weighed LaCl3/LaBr3, La2S3, Sb, and S (molar ratio =1:2:3:8, total mass = 

0.3 g) were loaded into a clean graphite crucible, and the crucible was subsequently placed into 

a quartz tube. The quartz tubes were flame-sealed under high vacuum (10⁻3 Pa) using a 

hydrogen-oxygen torch, then transferred to a computer-controlled muffle furnace. The quartz 

tubes were heated to 450 ℃ within 30 h and held for 12 h, then further heated to 870 ℃ at a 

rate of 35 ℃ h−1. After maintaining the temperature for 50 h, the system was cooled to 600 ℃ 

in 40 h and then held there for 25 h. Finally, the tubes were cooled to 300 ℃ at a rate of 5 ℃ 

per hour before turning the furnace off. After the system cooled to room temperature, the 

obtained samples were washed by anhydrous ethanol. Orange plate-shaped single crystals 

(LSSB) and red block-shaped single crystals (LSSC) were obtained in a yield of about 70%, 

and their purity was verified by powder X-ray diffraction and energy dispersive X-ray 

spectroscopy analyses. These crystals exhibit good environmental stability and remain stable 

in air for at least several months.

Single crystal X-ray diffraction studies

Single-crystal X-ray diffraction data for LSSC and LSSB were collected on XtaLAB Synergy 
R, which was equipped with single source at home/near Mo X-ray sources (λ = 0.71073 Å). 
The CrysAlisPro software package was utilized for data reduction. For LSSB, numerical 
absorption corrections based on Gaussian integration over a multifaceted crystal model were 
applied. The structures of LSSC and LSSB were solved by direct methods and refined by full-
matrix least-squares fitting on F2 using SHELXL-2017 crystallographic software package.1 All 
atoms were refined with anisotropic thermal parameters. The structural data were also checked 
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for possible missing symmetry with the program PLATON,2 and no higher symmetry was 
found. The detailed crystallographic data for the two compounds were given in Table S1. 

Powder X-ray diffraction studies

Powder X-ray diffraction data were collected via Rigaku MiniFlex600 diffractometer. Scanning 
was performed with a scan step width of 0.02° using Cu Kα radiation (λ = 1.541886 Å) at room 
temperature in the 2θ range of 10-70°.

Energy-dispersive X-ray spectroscopy and the elemental distribution maps

Energy-Dispersive X-ray Spectroscopy and the elemental distribution maps were carried out 
using a field-emission scanning electron microscope (JSM6700F) outfitted with an Oxford 
INCA energy-dispersive X-ray spectroscope.

Infrared spectrum

IR spectra were recorded on a Nicolet Magna 750 Fourier Transform Infrared spectrometer in 
the spectral range of 4000 to 400 cm-1.

UV-Vis-NIR diffuse reflectance spectroscopy

The ultraviolet-visible-near-IR (UV-Vis-NIR) diffuse reflectance spectrum in the range of 200-
2000 nm was collected using a PerkinElmer Lambda 950 UV-vis-NIR spectrophotometer, with 
a barium sulfate powder plate as a 100% reflectance reference. Absorption data were converted 
from the reflection data by the Kubelka-Munk function α/S = (1-R)2/2R (α is the absorption 
coefficient, S the scattering coefficient, and R the reflectance). The band gap value is the 
abscissa of the intersection of the absorption edge extension line and the zero absorption.

Thermal analyses

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 
performed with a NETZSCH STA 449 F5 thermal analyzer, and sample powders were heated 
under N2 gas atmosphere from 20 ℃ to 1000 °C at a rate of 10 °C/min.

Birefringence measurements

The birefringence measurements were carried out on a polarizing microscope (ZEISS Axio 
Scope. A1) equipped with a tilting compensator.

S2. Computational Method

The electronic structure and optical properties were analyzed by the plane wave pseudopotential 
method in the density functional theory (DFT) implemented in the total energy code 
CASTEP.3,4 For the exchange and correlation functions, we chose Perdew-Burke-Ernzerhof 
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(PBE) in the generalized Gradient Approximation (GGA).5 The interactions between the ionic 
cores and the electrons were described by the norm-conserving pseudopotential.6 The following 
valence-electron configurations were considered in the computation: La 5d16s2, Sb 5s25p3, S 
3s23p4, and Cl 3s23p5/Br 4s24p5. The numbers of plane waves included in the basis sets were 
determined by cutoff energies of 750 eV (LSSC) and 650 eV (LSSB). Monkhorst-Pack k-point 
sampling of 3×5×1 was used to perform numerical integration of the Brillouin zone. During the 
optical property calculations, approximately 192 empty bands were involved to ensure the 
convergence of linear optical properties.

The polarizability anisotropy (δ) of the groups shown in Figure 1 was calculated using the 
B3LYP/LanL2DZ method with the Gaussian 09 software. The polarizability anisotropy was 
calculated according to the following formula (𝛼𝑥𝑥, 𝛼𝑦𝑦, 𝛼𝑧𝑧, 𝛼𝑥𝑦, 𝛼𝑥𝑧, 𝛼𝑦z; the six independent 
components of the polarizability tensor): 

𝛿= ∆𝛼=
�(𝛼𝑥𝑥 ‒ 𝛼𝑦𝑦) �2 + �(𝛼𝑦𝑦 ‒ 𝛼𝑧𝑧) �2 + (𝛼𝑥𝑥 ‒ 𝛼𝑧𝑧)2 + 6(𝛼 2

𝑥𝑦+ 𝛼
2
𝑥𝑧+ 𝛼

2
𝑦𝑧)

2
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Table S1. Summary of crystallographic data and structure refinements for LSSC and 
LSSB. 

Formula La2SbS3(S2)Br La2SbS3(S2)Cl
Formula weight 639.78 595.32
Temperature [K] 100.01(10) 100.00(10)
Crystal system Orthorhombic
Space group (number) Pnma (62)
a [Å] 8.8999(2) 8.7695(2)
b [Å] 5.50600(10) 5.47700(10)
c [Å] 17.8051(4) 17.6929(4)
Volume [Å3] 872.50(3) 849.80(3)
Z 4
ρcalc [gcm−3] 4.871 4.653
μ [mm−1] 18.375 14.478
F(000) 1120 1048
Radiation MoKα (λ=0.71073 Å)
Rint 0.0473 0.0418
Goodness-of-fit on F2 1.210 1.048
R1, wR2 [I≥2σ(I)]a 0.0259, 0.0585 0.0191, 0.0418
R1, wR2 [all data] 0.0262, 0.0586 0.0199, 0.0422

aR1 = Ʃ||Fo|−|Fc||/Ʃ|Fo| and wR2 = {Ʃ[w(Fo
2−Fc

2)2]/Ʃ[w(Fo
2)2]}1/2.
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Table S2. Atomic coordinates (×104) and equivalent isotropic displacement parameters 
(Å2×103) for LSSC and LSSB. Ueq is defined as 1/3 of the trace of the orthogonalised Uij tensor.

Compounds Atom x y z U(eq)
La1 7654.8(4) 12500 4709.2(2) 7.89(12)
La2 3443.3(4) 12500 3031.8(2) 6.74(12)
Sb1 64.7(6) 7500 3333.3(3) 24.60(17)
Cl1 4128.3(18) 12500 4686.9(9) 9.6(3)
S1 6541.5(13) 10531(2) 3254.9(7) 12.3(3)
S2 163.0(19) 2500 3468.9(9) 9.3(3)
S3 2804.2(18) 7500 3596.9(9) 7.2(3)

La2SbS3(S2)Cl

S4 -803.0(19) 7500 4608.7(9) 7.9(3)
La1 1549.6(6) 12500 3003.5(3) 7.58(16)
La2 2735.3(6) 7500 5290.6(3) 8.49(16)
Sb1 4868.9(8) 7500 3310.3(4) 23.0(2)
Br1 957.1(10) 12500 4723.2(5) 8.7(2)
S1 1548.4(17) 9422(3) 6732.1(9) 9.6(3)
S2 4802(3) 2500 3466.5(13) 11.3(5)
S3 2182(2) 7500 3577.1(12) 6.6(4)

La2SbS3(S2)Br

S4 5745(3) 7500 4572.7(13) 8.9(4)

Table S3. Selected bond distances (Å) and bond angles for LSSC and LSSB.

La2SbS3(S2)Cl
Atom–Atom Length [Å] Atom–Atom Length [Å]
La1–Cl1#1 3.3296(9) La2–S1#7 3.0211(12)
La1–Cl1#2 3.3296(9) La2–S1 2.9497(12)
La1–Cl1 3.0928(16) La2–S1#3 2.9497(12)
La1–S1 2.9558(13) La2–S2#8 3.0536(17)
La1–S1#3 2.9557(12) La2–S2#9 2.9787(17)
La1–S2#4 3.1071(17) La2–S3#9 2.9687(6)
La1–S3#1 3.0239(17) La2–S3 2.9687(6)
La1–S4#5 3.0594(7) Sb1–S2#9 2.75034(17)
La1–S4#1 3.0131(17) Sb1–S2 2.75034(17)
La1–S4#4 3.0594(8) Sb1–S3 2.4472(17)
La2–Cl1 2.9893(16) Sb1–S4 2.3814(17)
La2–S1#6 3.0211(12) S1–S1#3 2.156(3)
Atom–Atom–Atom Angle [°]

S2#9–Sb1–S2 169.36(7)
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S3–Sb1–S2 87.28(4)

S3–Sb1–S2#9 87.28(4)

S4–Sb1–S2 85.84(4)

S4–Sb1–S2#9 85.84(4)

S4–Sb1–S3 97.65(6)

La2SbS3(S2)Br
Atom–Atom Length [Å] Atom–Atom Length [Å]

La1–Br1 3.1069(10) La2–S1#8 2.9704(16)

La1–S1#1 3.0184(16) La2–S1 2.9704(16)

La1–S1#2 2.9907(16) La2–S2#9 3.115(2)

La1–S1#3 2.9907(16) La2–S3 3.091(2)

La1–S1#4 3.0184(16) La2–S4#10 3.0771(11)

La1–S2#5 3.009(2) La2–S4#9 3.0771(11)

La1–S2#6 3.045(2) La2–S4 2.968(2)

La1–S3#5 2.9897(9) Sb1–S2 2.7677(3)

La1–S3 2.9897(9) Sb1–S2#5 2.7677(3)

La2–Br1 3.3323(6) Sb1–S3 2.438(2)

La2–Br1#2 3.2863(11) Sb1–S4 2.379(2)

La2–Br1#7 3.3323(6) S1–S1#8 2.117(4)

Atom–Atom–Atom Angle [°]

S2#5–Sb1–S2 168.20(10)

S3–Sb1–S2 87.66(5)

S3–Sb1–S2#5 87.66(5)

S4–Sb1–S2 84.96(5)

S4–Sb1–S2#5 84.96(5)

S4–Sb1–S3 97.89(8)
Symmetry transformations used to generate equivalent atoms :
LSSC : #1: 1-X, 2-Y, 1-Z; #2: 1-X, 3-Y, 1-Z; #3: 1+X, 1+Y, +Z; #4: +X, 2.5-Y, +Z; #5: 1+X, 
+Y, +Z; #6: -0.5+X, +Y, 0.5-Z; #7: -0.5+X, 2.5-Y, 0.5-Z; #8: 0.5+X, 1+Y, 0.5-Z; #9: +X, 1+Y, 
+Z; 

LSSB : #1: -X, 2-Y, 1-Z; #2: 0.5-X, 2-Y, -0.5+Z; #3: -X, 0.5+Y, 1-Z; #4: 0.5-X, 0.5+Y, -0.5+Z; 
#5: +X, 1+Y, +Z; #6: -0.5+X, 1+Y, 0.5-Z; #7: +X, -1+Y, +Z; #8: +X, 1.5-Y, +Z; #9: 1-X, 1-Y, 
1-Z; #10: 1-X, 2-Y, 1-Z.

Table S4. Comprehensive statistics of Δn and Eg between LSSC, LSSB, and some typical 
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chalcogenide birefringent crystals with Δn > 0.1 and Eg > 1.0 eV.

Compound Δn(@546 nm) Eg (eV) Reference

1 Ag3AsS3(R3c) 0.237 2.03 7

2 AsPS4 0.268 2.70 8

3 Ba13(BS3)6(SnS6) 0.264 2.69 9

4 Ba2AlSbS5 0.241 2.57 10

5 Ba2As2S5 0.187 2.02 11

6 Ba2AsS3Br 0.178 2.8 12

7 Ba2AsS3Cl 0.187 2.8 12

8 Ba2AsS3I 0.180 2.8 12

9 Ba2SbS3I 0.195 2.64 12

10 Ba3(BS3)(PS4) 0.124 3.4 13

11 Ba6(BS3)3(BiS3) 0.159 2.43 14

12 Ba6(BS3)3(SbS3) 0.157 3.01 14

13 BaAgSbS3 0.263 2.2 15

14 BaBi(BS3)S 0.696 2.34 16

15 BaCd2As2S6 0.169 2.60 17

16 BaFS 0.238 2.75 18

17 BaSbBS4 0.943 2.70 19

18 BaSnS2 0.381 2.4 20

19 BaTeSeS2 0.55 1.82 21

20 Cs2Ag2As2S5 0.247 2.48 22

21 Cs2Ag3Sb3S7 0.352 2.02 23

22 Cs2Ba3Cu2Sb2S10 0.441 1.98 24

23 Cs2Cu2Sb2S5 0.490 1.6 25

24 Cs2HgSb4S8 0.185 2.13 26

25 Cs2Sb2Sn3S10 0.140 2.34 27

26 Cs2ZnSb2S5 0.417 2.16 28
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27 Cs2ZnSn3S8 0.12 3.20 29

28 Cs3CuAs4S8 0.184 2.26 30

29 Cs4Sb4S8 0.433 2.11 31

30 CsAg2AsS3 0.200 2.70 32

31 CsAg2SbS3 0.337 2.05 33

32 CsAgSb4S7 0.689 2.04 34

33 CsCu2AsS3 0.493 2.26 35

34 CsHgAsS3 0.220 2.64 36

35 CsSb5S8 0.789 1.87 37

36 CsZnAsSe3 0.223* 2.25 38

37 CuSbS2 0.503 1.52 39

38 Hg4InS2Cl5 0.351 3.1 40

39 InSb2S4Br 1.253 1.80 41

40 InSb2S4Cl 1.340 1.80 41

41 K2Ba3Cu2Sb2S10 0.453 1.90 24

42 K2Sb2Sn3S10 0.161 2.30 27

43 KAg2AsS3 0.336 2.25 42

44 KAg2SbS3 0.335 2.1 43

45 KCu2SbS3 0.428 1.7 44

46 KGa2In3S8 0.134 2.85 45

47 KSb5S8 0.385 1.61 37

48 La2CuSbS5 0.265 2.06 46

49 LaBS3 0.169 3.18 47

50 LaSbS2Br2 0.102 2.72 48

51 LiAsS2 0.536 1.60 49

52 LiSrSbS3 0.359 2.30 50

53 NaAsS2 0.628 2.23 49

54 NaBaSbS3 0.30 2.46 51

55 NaBaSbSe3 0.38 1.74 51
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56 NaGaS2 0.133 3.92 52

57 α-NaSbP2S6 0.232 2.17 53

58 β-NaSbP2S6 0.129 2.25 53

59 β-Pb3P2S8 0.23 2.37 54

60 PbSbBS4 1.059 1.75 55

61 Rb2Ag3Sb3S7 0.354 2.11 23

62 Rb2Ba3Cu2Sb2S10 0.450 1.93 24

63 Rb2Cu2Sb2S5 0.425 1.6 25

64 Rb2HgSb4S8 0.211 1.82 56

65 Rb2Sb2Sn3S10 0.146 2.33 27

66 Rb2ZnSb4S8 0.243 1.88 57

67 Rb3NaSn3Se8 0.227 1.71 58

68 Rb8Cu6As8S19 0.101 1.8 25

69 RbAg2AsS3 0.323 2.30 33

70 RbCu2AsS3 0.277 1.96 59

71 RbSb5S8 0.387 1.60 37

72 [RbSr3Br][(BS3)2] 0.166 3.70 60

73 [RbSr3Cl][(BS3)2] 0.155 3.64 60

74 Sn2Ga2S5 0.172 2.02 61

75 Sn2SiS4 0.192 2.00 62

76 LSSB 1.057 2.29 This work

77 LSSC 1.049 2.22 This work

*: experimental value; The theoretical birefringence of some compounds was calculated by us 
based on the experimental band gaps and crystal structures provided in the original literature.
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Figure S1. Comparison of Cl/Br:S molar ratios and the assembly modes of the anionic groups 
in (a) LSSB, (b) La5Sb2S9Cl3, (c) La3SbS5Cl2 and (d) LaSbS2Br2. The birefringence values for 
the compounds in Figures a–d are 1.057, 0.052, 0.084, 0.102 at 546 nm, respectively.
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Figure S2. Elemental analyses of LSSC and LSSB: (a) energy-dispersive X-ray spectroscopy; 
(b) SEM images and corresponding elemental distribution mapping analyses.



S14

Figure S3. Simulated and experimental powder X-ray diffractometer patterns of (a) LSSC and 
(b) LSSB.

Figure S4. The TG-DSC curves of (a) LSSC and (b) LSSB.

Figure S5. The band structures of (a) LSSC and (b) LSSB.
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