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BaSbBS4: a record-high-performance birefringent crystal identified 
by a target-driven closed-loop strategy 
Ming-Zhi Zhang,a,b Yue Zhao ,a Chun-Li Hu*a and Jiang-Gao Mao*a,b

Exploring infrared (IR) birefringent materials with both large birefringence (Δn) and wide band gaps (Eg) is urgently 
demanded for high-power optoelectronic applications and has long been a tough challenge due to the intrinsic contradictory 
relationship between the two metrics. Herein, we developed a target-driven closed-loop framework in coupling with 
functional motif and crystal structure screening, deep learning assisted high-throughput optical property computation, 
targeted experiment and mechanism investigation, enabling efficient discovery of potential birefringent materials. Utilizing 
it, a batch of superior IR birefringent crystals containing planar [BS3]3- and/or stereochemically active lone pair (SCALP) 
groups ([SbS3]3-, [SnS3]4-, etc) were identified: six with huge birefringence of ∆n > 1.0 and three with both large birefringence 
of ∆n > 0.5 and wide band gaps of Eg > 3.5 eV. Remarkably, benefiting from a maximal synergy of [BS3]3- and [SbS3]3- motifs 
achieved by an optimal assembly of 1D [SbBS4]∞ chains, BaSbBS4 was highlighted and then validated experimentally as the 
most promising IR birefringent crystal, unlocking a record high birefringence in the wide-band-gap range (Δn = 0.95 & 2.70 
eV). This work not only discovers new high-performance birefringent crystals but also offers a universal avenue for precise 
and efficient evaluation of optical functional materials.

Introduction
Serving as critical components for linear and nonlinear optics, 
such as polarizers, wave plates and phase-matching elements, 
birefringent crystals have been utilized in a broad array of 
applications, including lithography, spectroscopy, optical 
polarization, phase compensators, remote sensing and 
polarization imaging, etc. 1-7 Exploring and optimizing the 
birefringent property of crystals has attracted worldwide 
research interests. Up to date, there are only a few 
commercially available birefringent materials with restrictedly 
working wavelength ranging from deep-UV to near-infrared 
region and limited birefringence of 0.012~0.256, including MgF2 

(0.012 @ 400 nm) 8 and α-BaB2O4 (0.116 @ 1064 nm) 9, TiO2 
(0.256 @ 546 nm) 10, CaCO3 (0.172 @ 1064 nm) 11 and YVO4 
(0.209 @ 1064 nm) 12, etc. However, in the mid- and far-infrared 
region, there is still a great shortage of available bulk 
birefringent materials. Hence, the explorations of high-
performance mid- and far-infrared birefringent crystals are 
urgently needed. Chalcogenides are extensively regarded as a 
promising research system for exploring IR functional materials 
because of their wide IR transparent range, covering the 
important IR atmospheric windows, that is, 3−5 and 8−12 μm. 
Moreover, they exhibit rich structural diversities and enable 

kinds of applications in nonlinear optics 13-15, photocatalysis 16, 
etc. Recently, scientists have discovered some interesting 
infrared birefringent chalcogenides, such as BaTiS3 (0.76 & < 1.0 
eV) 17, Sr9/8TiS3 (2.1 & < 1.0 eV) 18, Cs2S6 (0.58 @ 1064 nm & 1.70 
eV) 19, NaBaBS3 (0.24 @ 1064 nm & 3.96 eV) 20, and ASb5S8 (A=K, 
Rb) (0.29 @ 1910 nm & 1.60 eV) 21. Unfortunately, their optical 
properties show an imbalance: the first three possess 
considerably large birefringence, but they can only be used in 
low-power optoelectronic devices 22 due to the non-negligible 
optical damage caused by the very small band gaps; while the 
others exhibit small birefringence although they may have 
wider band gaps. Based on these facts, it is imperative to seek 
for more balanced birefringent chalcogenides with both huge 
birefringence (> 0.5) and relatively wide band gaps (> 2.0 eV) to 
fill a gap in demand for high birefringence applied in high-power 
IR optical systems. However, achieving such optimal 
performance in a crystal is a serious challenge due to the 
naturally conflicting relationship between the two key metrics 
of Eg and Δn 23, 24.

Functional motifs (FMs) are microscopic modules 
responsible for materials’ macro-performance and are of 
paramount importance. The common tetrahedra [MS4] and 
octahedra [MS6] in chalcogenides are less considered to be 
good Δn-active FMs because their polarizability anisotropy is 
very low (even zero) and depends highly on the distortions in 
specific structures. After careful evaluation based on quantum 
chemical computations, two kinds of anionic groups emerge as 
excellent IR Δn-active FMs. The stereochemically active lone 
pair (SCALP) groups, including [AsS3]3-, [SbS3]3-, [SnS3]4- and 
[BiS3]3-, exhibit natural advantages in the birefringent material 
field because the SCALP electrons can induce the cations to 
undergo second-order Jahn-Teller (SOJT) distortion and endow 
the motifs with large polarizability anisotropy of 48.28, 36.87, 
14.41 and 46.6 a.u., respectively. Meanwhile, they also possess 

a.State Key Laboratory of Functional Crystals and Devices, Fujian Institute of 
Research on the Structure of Matter, Chinese Academy of Sciences, Fuzhou, 
350002, P. R. China. Email: mjg@fjirsm.ac.cn, clhu@fjirsm.ac.cn

b.University of Chinese Academy of Sciences, Beijing 100049 ,P. R. China.
Electronic supplementary information (ESI) available: The details of deep learning 
model training, computational and experimental methods, ML-predicted or 
experimental band gaps and birefringence of screened compounds, crystal data, 
selected bond distances and bond valence, powder XRD, EDS, IR spectrum, TGA 
curve, birefringence measurement graphs, band structure, density of states of 
BaSbBS4.CCDC 2419693. For ESI and crystallographic data in CIF or other
electronic format See DOI: 10.1039/x0xx00000x
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wide HOMO-LUMO gaps ranging from 3.89 to 4.82 eV. Equally 
stunning is the π-delocalized planar [BS3]3- FM, which fully 
integrates the merits of boron and sulfur elements, possessing 
wider HOMO-LUMO gap of 5.37 eV and nearly considerable 
polarizability anisotropy of 34.71 a.u. (Figure 1). In 
consideration of the great structural diversity, the systems with 
SCALP-containing [MS3] or/and planar [BS3]3- FMs would be a 
treasure for the exploration of balanced IR birefringent crystals. 

With the rapid development of big data and artificial 
intelligence, an effective combination of high-throughput 
computational prediction fueled by machine learning and 
targeted experiment is becoming the ideal paradigm for 
materials discovery. It is target-driven and more efficient 
compared to traditional ‘trial-and-error’ approach and has 
made exciting achievements in the materials design of 
thermoelectrics 25, nonlinear optics 26, 27 and energy systems 28. 

Figure 1. HOMO-LUMO gaps and polarizability anisotropy of 
functional motifs

In this work, a target-driven closed-loop material discovery 
framework in coupling with functional motif and crystal 
structure screening, deep learning assisted high-throughput 
optical property computation and targeted experiment 
synthesis, was developed. Using the framework, 150 
compounds containing excellent Δn-active FMs of [BS3]3-

/[AsS3]3-/[SbS3]3-/[SnS3]4-/[BiS3]3- were screened from 12748 
inorganic chalcogenides in Inorganic Crystal Structure Database 
(ICSD) and a batch of superior IR birefringent crystals, including 
six with huge birefringence of ∆n > 1.0 and three with both large 
birefringence (∆n > 0.5) and wide band gaps (Eg > 3.5 eV) were 
discovered. BaSbBS4, in which the synergistic effect of [BS3]3- 
and [SbS3]3- is fully activated, was highlighted as the most 
promising IR birefringent crystal with optimally balanced 
performance of ∆n = 0.952 and Eg = 2.70 eV. Furthermore, 
BaSbBS4 was successfully synthesized and its optical anisotropy 
was rigorously substantiated. Besides, a deep investigation on 
the origin of giant birefringence in BaSbBS4 was conducted 
geometrically and electronically.

Method

Our integrated workflow, namely, a target-driven closed-
loop material discovery framework, is displayed in Figure 2, 
which shows an efficient discovery process of high-performance 
IR birefringent crystals. It contains five important steps:

Figure 2. A target-driven closed-loop material discovery 
framework for birefringent crystals.

(1) Functional motif and crystal structure screening. Starting 
from quantum chemical calculations and selecting of birefringent 
functional motifs, with the aid of a fast structure screening technique, 
the crystal structures containing specific FMs with large polarizability 
anisotropy and wide HOMO-LUMO gaps are screened from Inorganic 
Crystal Structure Database (ICSD), meanwhile eliminating the Δn-
inactive cubic, disordered, nonstoichiometric structures and those 
containing metal-metal bonds In this work, 150 compounds 
containing excellent Δn-active FMs of [BS3]3-/[AsS3]3-/[SbS3]3-/[SnS3]4-

/[BiS3]3- were screened out from 12748 inorganic chalcogenides in 
ICSD. It is noteworthy that uniaxial crystals are preferred owing to 
their ease of processing and manipulation, while biaxial crystals 
enable finer optical control and some with giant birefringence are 
also regarded as promising birefringent crystals, such as 
Hg4(Te2O5)(SO4) (0.542 @ 546nm)29， (C5H6.16N2Cl0.84)(IO2Cl2)(0.67 @ 
546 nm) 30 , C3H8N6I6·3H2O (2.8 in the visible region)1,So we take both 
uniaxial and biaxial crystals into consideration. 

(2) A deep learning model for precise band gap prediction. The 
optical property simulation of crystals is intrinsically dependent on 
precise band gap data. In consideration of limited experimental band 
gap data, and serious band gap underestimation of DFT-PBE 
(Perdew-Burke-Ernzerhof) as well as nonnegligible inefficiency of 
hybrid functional calculations, we develop a new deep learning 
model capable of predicting the band gaps of crystals at the HSE 
(Heyd-Scuseria-Ernzerhof) level (Figure 3).

Figure 3. Illustration of the deep learning model for predicting the 
band gaps of crystals at the HSE level transferred from a pretrained 
MEGNet model.
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Figure 4. (a) The violin map of band gap (eV) and ∆n. (b) Birefringence-band gap map for all screened crystals (at 546 nm). (c) Distribution of 
stoichiometry of all screened crystals and highly birefringent ones among them.

Our model is obtained by employing a transfer learning 
approach to fine-tune the parameters of a pretrained MatErials 
Graph Network (MEGNet) model (the architecture is shown in Table 
S1, ESI†) 31 based on a high-quality dataset comprising 10,481 
materials with HSE-level computed band gaps from the Seoul 
National University Materials Data Center (SNUMAT) database 32. It 
shows excellent prediction accuracy with a low mean absolute error 
(MAE) of 0.1205 eV and good fitting capability with a high coefficient 
of determination (R2) of 0.9763 (close to 1) (Figure S1a, ESI†). As an 
essential and powerful technique for efficiently and accurately 
predicting crystal bandgaps, the new deep learning model is 
integrated into our target-driven material discovery framework. The 
band gaps of the screened crystals are fast predicted by the model 
and show good agreement with the available experimental data 
(Table S2, ESI†).

(3) High-throughput computation of optical property. The 
electronic structures (band structure, density of states and electron 
density, etc) and linear optical properties (dielectric function, 
refractive index and birefringence, etc) of all screened crystals are 
systematically calculated by employing DFT methods on a high-
throughput computing platform created by us. It enables batch 
computation, automatic analysis and data extraction of electronic 
structures and optical properties of crystals, ensuring precise optical 
property assessments of a large number of crystals. Through this 
process, the potential excellent birefringent materials can be 
efficiently identified.

(4) Experimental synthesis and verification. The potential 
candidates are experimentally synthesized by employing the high-
temperature solid-state method and their optical properties are 
systematically characterized, obtaining target materials and 
validating the prediction results.

(5) Mechanism investigation. The intrinsic origin underlying 
large birefringence and wide band gaps of crystals are deeply 
investigated from the perspectives of geometric and electronic 

structures. And using polarizability anisotropy-weighted electron 
density analysis (PAWED), the crystal orbitals that contribute to the 
birefringence of materials can be intuitively visualized, and the 
contribution percentage of each FM can be numerically identified. It 
provides a reliable theoretical basis and strategic support for the 
discovery and development of novel birefringent materials.

The details of model training, computational and experimental 
methods are in the Supporting Information. 

Results and discussion
The birefringence and band gaps of the screened 150 

compounds are listed in Table S2 (ESI†) and plotted in Figure 4. The 
violin map (Figure 4a) reveals that most of them exhibit band gaps 
within the range of 2.0–2.2 eV and birefringence values below 0.5. 
From Figure 4b, it’s found that there are as many as 32 compounds 
that have birefringence greater than 0.5 at 546nm, accounting for 21% 
of the examined compounds, which indicates that our screening 
based on functional motif selecting is very effective in discovering 
birefringent materials. The band gaps of the SCALP motif-containing 
compounds are mostly distributed in the range of 1.5 ~ 3.0 eV, and 
those of [BS3]3- are in the 3.0 ~ 4.0 eV range. Among the 150 
compounds, 10 are binary, 52 are ternary, 82 are quaternary, and 6 
are quinary; and in the ∆n ≥ 0.5 category, there are 4 binary, 14 
ternary, and 14 quaternary compounds. (Figure 4c).

Further, there are up to six compounds with giant birefringence 
of ∆n > 1.0 (Figure 4b), which contains 4 thioantimonites with mono-
motif [SbS3]3- (Sb2S3, Sn2Sb2S5, InSb2S4X (X = Cl, Br)) 33-35, 1 
thiostannites with mono-motif [SnS3]3- (SnS) 36 and 1 
thioboroantimonites with multi-motifs of [SbS3]3- and [BS3]3- 
(PbSbBS4) 37. The four thioantimonites share similar geometric 
structures, featuring one-dimensional chains or two-dimensional 
layers. Sb2S3 shows well-aligned 1D neutral [Sb4S6]∞ slabs formed by 
two 1D chains of corner-sharing [SbS3]3- groups and a central double 
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chains of edge-sharing [SbS5]7- groups (Figure 5a). Sn2Sb2S5 also 
features wide 1D [Sn4Sb4S10]∞ slabs constructed by central 
tetrameric chains of edge-shared [SnS5]8- square-prisms grafted by 
four 1D chains of [SbS3]3- units (Figure 5b). Differently, InSb2S4X (X = 
Cl, Br) exhibits a 2D layer composed of alternative [Sb4S6]∞ slabs as 
in Sb2S3 and [In2S4X2]4-

∞ double chains of edge-sharing [InS4X2]7- 
octahedra (Figure 5c). SnS adopts a corrugated layered structure in 
which the [SnS3]4- pyramids are interconnected by corner-sharing μ3-

S atoms (Figure 5d). The slightly staggered slabs in Sb2S3 and Sn2Sb2S5 
as well as the parallel-arranged layers in InSb2S4X (X = Cl, Br) and SnS 
are very conducive to optical anisotropy and endow these biaxial 
crystals with giant birefringence of 1.189, 1.058, 1.340, 1.253 and 
1.312 at 546 nm, respectively. Evidently, the 1D and 2D 
chalcogenides composed of single SCALP anionic motifs have great 
potential as novel high-performance IR birefringent materials.

Figure 5. Crystal structures of (a) Sb2S3, (b) Sn2Sb2S5, (c) InSb2S4X (X = Cl, Br), (d) SnS, (e) Na2B2S5, (f) Sr3(B3S6)2, (g) B8S16, (h) PbSbBS4, 
(i) BaSbBS4.
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Meanwhile, we also find that three thioborates (Na2B2S5, 
Sr3(B3S6)2 and B8S16) 38-40 not only possess large birefringence (∆n > 
0.5), but also exhibit wide band gaps (Eg > 3.5 eV), achieving a 
simultaneous enhancement in optical anisotropy and band gap. It is 
not surprising because that the planar π-delocalized B-S units 
naturally reserve wide HOMO-LUMO gaps and large polarizability 
anisotropy. Sr3(B3S6)2 is a uniaxial crystal, whereas the other two are 
biaxial crystals. They all display 0D structures (Figure 5e, 5f, 5g), the 
orderly arrangements of respective [B2S5]2-, [B3S6]3- and [B8S16] 
motifs lead to their significant birefringence (0.541, 0.529 and 0.529 
@ 546 nm).

Remarkably, the combination of π-conjugated [BS3]3- units and 
SCALP groups can achieve a superior birefringent performance, such 
as PbSbBS4 and BaSbBS4 41. They are both biaxial crystals and feature 
perfect 1D infinite [SbBS4]2-

∞ chains composed of corner-sharing 
[BS3]3- and [SbS3]3- (Fig. 5h, 5i). Their full cooperation results in a 
double increase in birefringence (PbSbBS4: 1.05; BaSbBS4: 0.943 at 
546 nm) compared to the above thioborates. It is noted that 
BaSbBS4 also maintains a wide band gap of 2.70 eV. Apparently, 
BaSbBS4 achieves an optimal balance between wide band gap and 
giant birefringence by integrating advantages of both [BS3]3- and 
[SbS3]3- motifs, being a potential high-performance IR birefringent 
material.

Experimental synthesis

Based on the above screened results, we selected the 
compound BaSbBS4 with the best overall performance for 
experimental validation. The single crystal of BaSbBS4 was obtained 
through the high-temperature solid-state reactions in vacuum 
quartz tubes. Its structure was determined by single-crystal X-ray 
diffraction (XRD) studies (Figure S2, ESI†). The details of crystal data 
and structure refinement parameters are shown in Table S3 (ESI†). 
The atomic coordinates and equivalent anisotropic displacement 
parameters are listed in Tables S4 (ESI†), and the selected bond 
distances, bond angles and bond valence sum (BVS) are presented 
in Table S5 (ESI†). Energy dispersive X-ray spectrum (EDS) analysis 
indicates that the single crystals of BaSbBS4 are uniformly 
distributed composed of Ba, Sb and S with a molar ratio of Ba/Sb/S 
of 1.00: 1.05: 3.91 (Figure S3, ESI†), which is consistent with the 
chemical compositions determined from single crystal X-ray 
diffraction studies.

BaSbBS4 crystallizes in orthorhombic space group Pnma with 
unit cell parameters of a = 9.6601(12) Å, b = 6.2154(7) Å, c = 
11.633(13) Å, α = 90°, V = 698 Å3 (CCDC 2419693 contains the 
supplementary crystallographic data for this paper). In the structure, 
there are one Ba atom, one Sb atom, one B atom, and four S atoms 
in the asymmetric unit of BaSbBS4. The B3+ and Sb3+ form the 
triangular planar [BS3]3- and trigonal pyramidal [SbS3]3- units with 
the bond lengths from 1.756(9) to 1.816(5) Å and 2.375(2) to 
2.5199(14) Å, respectively. The S–B–S bond angles show minor 
deviations from the ideal trigonal planar value of 120° and the 
angles of S-Sb-S  are 97.68°, 97.68°, 76.65°. As shown in Figure 5i, 
[BS3]3- and [SbS3]3- motifs are corner-sharing interconnected 
alternately to form an infinite 1D chain of [SbBS4]2-

∞. The Ba2+
 ions 

act as spacers and counter cations to balance the charge. This crystal 
structure is consistent with the earlier reported one41.

Thermogravimetric analysis (TGA) curve (Figure S4) under the 
N2 atmosphere revealed that BaSbBS4 is stable up to 650 ℃, which 
is lower than those of Ca2La(BS3)(SiS4) (880 ℃) 42 and Cs2ZnAs4S8 

(700 ℃) 43, but higher than those of Sr(Ag1-xLix)2Se2 (x = 0, 0.38) 
(600 ℃) 44 and AZrPS6 (A=K, Rb, Cs) (470 ℃) 45.

The infrared spectrum confirms the existence of element B in 
BaSbBS4 (Figure S5, ESI†). The prominent absorption band observed 
at approximately 850 cm⁻¹, along with the weaker absorption peak 
near 500 cm⁻¹, can be attributed to the asymmetrical B-S stretching 
E modes and the symmetrical A₁’ modes of [BS3]3- unit, respectively. 
The splitting of the vibrational modes around 850 cm⁻¹ is attributed 
to the triangular distortion of the [BS3]3- unit, resulting in a 
symmetry transition from D3h to C2v

37. The IR spectrum shows the IR 
transparency range of BaSbBS4 to be 2.5 - 11.8 μm. It is consistent 
with that observed in previous study. Meanwhile, the reported UV-
Vis-NIR spectrum41 revealed a band gap of 2.7 eV for BaSbBS4, which 
is very close to the value we measured (2.64 eV, Figure S6)
Birefringent property evaluation

The birefringence of BaSbBS4 was measured by polarization 
microscopy at 546 nm (Figure 6a). Figure S7a and S7b (ESI†) 
illustrate the crystal before compensation and after compensation 
with a tilting compensator under orthogonal polarizers. The 
birefringence is determined by equation R = Δn × T, R is the optical 
path difference and T is the thickness of the single crystal, which 
were measured to be 8.6334 μm and 9.07 μm, respectively (Figure 
S7c, ESI†). Hence, the experimental birefringence Δnexp of BaSbBS4 

is 0.952 @ 546 nm, which is close to the calculated value of 0.943 @ 
546 nm, surpassing most of the reported birefringent chalcogenides, 
such as Cs4Zn5P6S18I (0.108 @ 546 nm) 46, Ba3(BS3)(PS4) (0.12 @ 546 
nm) 47, Cs2ZnSn3S8 (0.120 @ 546 nm) 48 , K2BaGeS5 (0.147 @ 546 nm) 
49, α-P4S5 (0.164 @ 546 nm) 15, LaBS3 (0.17 @ 546 nm) 50, BaFS (0.238 
@ 546 nm) 51, Cs3In(In4Se7)(P2Se6) (0.28 @ 546 nm) 52, Hg2P2S6 (0.65 
@ 546 nm) 53, etc. Although some transition metal sulfides possess 
larger birefringence than BaSbBS4, for example, Sr9/8TiS3 (Δn = 2.1)18 
and MoS2 (Δn = 1.5) 54, they can only be applicable in low-power 
optoelectronic devices due to the non-negligible optical damage 
caused by the very small band gaps (< 1.0 eV for Sr9/8TiS3 and < 2.0 
eV for MoS2). Also, MoS2 gains optical applications more as thin films 
and nanomaterials rather than bulk crystalline materials. In contrast, 
the BaSbBS4 crystal exhibits a huge birefringence and a wide band 
gap (0.952 & 2.70 eV) simultaneously, achieving an optimal balance 
between the two key property parameters. Remarkably, to the best 
of our knowledge, it approaches a record high birefringence in the 
wide-band-gap range of Eg > 2.0 eV among the bulk chalcogenides. 
Hence, BaSbBS4 is a promising IR birefringent crystal.

In the structure, the [SbBS4]2-
∞ chain is perfectly parallel to the 

b axis, which leads to nmax = n[010], while the [BS3]3- plane is 
perpendicular to the a axis, which leads to nmin = n[100] (Figure 6b and 
6c). So Δn = nmax - nmin = n[010] - n[100] = Δn(001), which is exactly  the 
plane we determined (Figure 6b). Besides, the calculated dielectric 
function curves also reveal the giant optical anisotropy in BaSbBS4, 
whether the imaginary part (εi) or the real part (εr) (Figure 6d and 
6e). Interestingly, the absorption edge in the εiy curve is lower than 
those in εiz and εix by 0.5 ~ 1.0 eV, and the corresponding first 
absorption peaks are located around 3.4, 4.7 and 6.6 eV, 
respectively, indicating that the stronger absorption occurs along 
the b axis in the low-frequency range. Meanwhile, the three real 
part curves of the dielectric function exhibit the trend of εry > εrz > 
εrx in the range of 0 ~ 3 eV, in good agreement with that of the 
refractive index curves.
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Fig. 6 (a) Schematic diagram for birefringence measurement. (b) Orientation of BaSbBS4 crystal determined by X-ray single-crystal diffraction. 
(c) Calculated refractive index and birefringence of BaSbBS4. (d) Imaginary parts of dielectric function. (e) Real parts of dielectric function.

Activation of synergistic effect

Only a few chalcogenides combining triangular [BS3]3- with 
SCALP-containing groups have been reported so far, and their 
chemical components and geometric structures have a great 
influence on the optical properties. We will take the Ba-B-Sb-S 
system as an example to systematically explore the component-
structure-property relationship. Due to the wider HOMO-LUMO gap 
of [BS3]3-

 than SCALP groups, a higher ratio of [BS3]3-
 in such 

compounds may result in wider band gaps, which has been 
demonstrated in the band gap comparison of Ba6(BS3)3(SbS3) 
[n(BS3):n(SbS3) = 3:1; Eg = 3.01 eV] 55 versus Ba3(BS3)(SbS3) (1:1; 2.62 
eV) 55 and BaSbBS4 (1:1; 2.70 eV). 

Differently, the proportion of S2- in the anionic frameworks can 
seriously influence their connectivity, arrangement and 
dimensionality, and thus the physical properties associated with the 
geometrically superposed feature. For example, in Ba6(BS3)3(SbS3) 
and Ba3(BS3)(SbS3) with a S/(B+Sb) ratio of 3, both [BS3]3-

 and [SbS3]3-
 

are isolated and alternately separated and the uneven 
arrangements lead to their smaller optical anisotropy (Δn = 0.157 
and 0.035) compared to the single-motif compounds mentioned 
above. Obviously, such a combination is not always advantageous. 
However, when the S/(B+Sb) ratio decreases to 2 to be BaSbBS4, the 
reduction of S2- leads to the connection of [BS3]3- with [SbS3]3- by 
corner-sharing S atoms, forming 1D infinite[SbBS4]2-

∞ chains. They 
are well aligned in the structure and result in a huge birefringence 
close to 1.0. Moreover, compared to Ba3(BS3)(SbS3) (2.62 eV), the 
band gap of BaSbBS4 is broadened to 2.70 eV due to the -B-S-Sb- 
connectivity (Figure 7). It is conceivable that the hypothetical SbBS3 
with the smaller S/(B+Sb) ratio (1.5) could be further dimensionally 
enhanced and expected to be a promising birefringent crystal with 
great optical anisotropy, and the band gap is to be further widened 

due to more saturated S-3p non-bonding states resulting from a 
higher degree of connectivity between functional motifs. 

Therefore, the reduction of S2- proportion leads to an effective 
combination of [BS3]3- with [SbS3]3- groups in BaSbBS4 and the 
synergistic effect of them is perfectly activated, causing a 
concurrent enhancement of birefringence and band gap.

Mechanism
Band structure calculation based on GGA-PBE functional 

indicates that BaSbBS4 is an indirect band gap compound and has a 
theoretical band gap of 2.26 eV (Figure S8), slightly smaller than the 
experimental value (2.70 eV)41. The density of states (DOS) (Figure 
S9) illustrates that the upper part of VB (-10 ~ 0 eV) is mainly consist 
of S-3p, B-2s2p and Sb-5s5p states, and the CB is comprised by Ba-
5d, B-2s2p, Sb-5p and S-3p empty orbitals, among which Sb-5s5p 
and B-2s2p are fully overlapped with the S-3p states, implying the 
strong covalent interactions of Sb-S and B-S bonds in the structure. 
Both the band structure and DOS are highly consistent with those 
reported in previous study41. The highest VB is mostly contributed 
by the S-3p nonbonding states, and the lowest CB is from the 
unoccupied Sb--5p orbitals, hence the band gap of BaSbBS4 is 
dominated by the [SbS3]3- motifs.

As described above, BaSbBS4 exhibits a balanced optical 
performance with a huge birefringence of ~1.0 and a wide band gap 
of 2.70 eV concurrently, and shows a superiority among infrared 
bulk birefringent materials. We will delve into the origin of large 
birefringence in BaSbBS4 from the perspectives of both geometric 
structure and electronic structure. First, the constituent motifs, the 
planar π-delocalized [BS3]3- and triangular pyramidal lone pair-
containing [SbS3]3- possess large polarizability anisotropy, and the 
strong stereochemical activity of the Sb3+-5s2 lone pairs can be 
proved by the lobe-like isosurface on the Sb3+ ions from the electron 
density difference (EDD) map in Figure 8a.
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Figure 7. From isolated [BS3]3- and [SbS3]3- motifs in Ba6(BS3)3(SbS3) and Ba3(BS3)(SbS3) to an optimal assembly of [SbBS4]2-
∞ chains in BaSbBS4, 

the synergistic effect of FMs is activated.

Figure 8. The electron density difference (EDD) maps for Sb3+-5s2 lone pairs (a) and the [SbBS4]2-
∞ chain (b), and the polarizability anisotropy-

weighted electron density (PAWED) plots in VB (c) and CB (d).
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Second, BaSbBS4 features a well-arranged 1D [SbBS4]2-
∞ infinite chain, 

in which a maximized superposition of the polarizability anisotropy 
of [BS3]3-

 and [SbS3]3- motifs is achieved. It’s because that for [BS3]3-, 
the maximal refractive index difference occurs between in and 
perpendicular to the molecular plane; while for SCALP-containing 
[SbS3]3-, that occurs between the normal plane of LP and along LP; 
and in the chain, the normal plane accommodating the SCALP of 
[SbS3]3-

 and the [BS3]3- plane are nearly coplanar. Moreover, the 
[BS3]3-

 in different chains along the b-axis are parallel to each other, 
extending in the bc-plane and perpendicular to the a-axis, causing an 
optimal superposition of optical anisotropy of all motifs in the 
structure, with the maximum refractive index occurring in the b-axis 
and the minimum in the a-axis. Third, compared to a 3D geometry, a 
low-dimensional (1D and 2D) covalent framework is more conducive 
to generating large optical anisotropy, because it can lead to a large 
difference of polarizable electron cloud density along different 
dielectric principal axes. As demonstrated in Figure 8b, a huge 
contrast of electron density along and perpendicular to the [SbBS4]2-

∞ chain is clearly observed.
To intuitively reveal the electronic orbitals that contribute to the 

large birefringence of BaSbBS4, the polarizability anisotropy-
weighted electron density (PAWED) analysis was performed. As 
shown in Figure 8c and 8d, in VB, the dominant contributor is the 3p 
nonbonding states of S atoms, especially the terminal S, mixed with 
some hybridized 5s5p lone-pairs of Sb atoms, and in CB, the 
unoccupied Sb-5p and the π*-antibonding orbitals of [BS3]3- make a 
significant contribution to the large optical anisotropy of BaSbBS4. 
Based on the PAWED data, the contribution percentages are 
quantified to be 46.07%, 50.47% and 3.46% for [BS3]3-, [SbS3]3- and 
Ba2+, respectively. Evidently, the huge birefringence of BaSbBS4 

originates from the synergistic effect of [BS3]3- and [SbS3]3- with 
considerable polarizability anisotropy. 

Conclusions
In order to more efficiently explore excellent birefringent 

crystals from databases, a target-driven closed-loop material 
discovery framework in coupling with functional motif and 
crystal structure screening, deep learning assisted high-
throughput computation and targeted experimental synthesis 
was developed by us. Utilizing the framework, a batch of 
superior IR birefringent crystals containing Δn-active FMs of 
planar [BS3]3- and/or SCALP groups ([SbS3]3-, [SnS3]4-, etc) were 
identified from 12748 inorganic chalcogenides in ICSD: six with 
huge birefringence of ∆n > 1.0 and three with both large 
birefringence of ∆n > 0.5 and wide band gaps of Eg > 3.5 eV. 
BaSbBS4, which perfectly integrates the merits of [BS3]3- and 
[SbS3]3- FMs, was highlighted as the most promising IR 
birefringent crystal with balanced performance of ∆n = 0.952 @ 
546 nm and Eg = 2.70 eV, realizing a record high birefringence in 
the Eg > 2.0 eV range. Significantly, BaSbBS4 was successfully 
synthesized and its optical anisotropy was rigorously 
substantiated. In addition, a complete and profound 
component-structure-property elucidation was performed, 

providing reliable strategic support for the development of 
novel birefringent material. Our further effort will be devoted 
to the large crystal growth and device preparation of BaSbBS4 
crystal. This work not only discovers a record-high-performance 
IR birefringent material but also offers an efficient avenue for 
uncovering optical functional materials.
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