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METHOD

1. Theoretical methods

1.1 A deep learning model for precise band gap prediction

It is well-known that the optical property simulation of crystals is intrinsically 

dependent on precise band gap data. However, conventional DFT calculations using the 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

functional tend to greatly underestimate the band gaps of compounds, and therefore 

more accurate hybrid functional methods, such as the Heyd-Scuseria-Ernzerhof (HSE), 

are highly required, but they are extremely time-consuming.

Emerging as the most promising methodology for data-driven function 

approximation, machine learning (ML) has been employed to predict the band gaps of 

crystalline solids, that is facilitated by the substantial growth of open-access databases. 

However, due to the limited experimental band gap data, previous ML models, such as 

the Crystal Graph Convolutional Neural Networks (CGCNN)1, MatErials Graph 

Network (MEGNet)2 and SchNet3, were typically trained on large datasets computed 

by DFT-PBE. Consequently, such models passively inherit the underlying 

discrepancies between DFT computations and experimental observations, in addition 

to the prediction error with respect to DFT computations used for training.

In this work, based on a high-quality dataset comprising 10,481 materials with HSE-

level computed band gaps from the SNUMAT database4, we employed a transfer 

learning approach to fine-tune the parameters of a pretrained MatErials Graph Network 

(MEGNet) model and developed a new deep learning model to predict the band gaps 

of crystals at the HSE level. The details of the dataset and the train settings of the deep 

learning model are as follows. 

1.1.1 Dataset

The dataset plays a pivotal role in machine learning technology because it is 
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mandatory to use a large number of high-quality data to achieve robust and accurate 

prediction. In this study, to train and test the ML regression model, the SNUMAT 

database which contains the band gaps for 10481 materials calculated at the HSE level 

is utilized4. These materials comprise 63 unitary, 1,919 binary, 5,074 ternary, 2,804 

quaternary, 573 quinary, and 48 higher-order compounds sourced from Inorganic 

Crystal Structure Database (ICSD) and Materials Project (MP). The dataset is validated 

against the experimental data and shows good quality. For model development, the data 

were then randomly split into 80% (8380) for training, 10% (1047) for validation, and 

10% (1048) for testing, with this process repeated six times to ensure reliability. 

1.1.2 Train settings of the deep learning model

We utilized a pre-trained MEGNet model for GGA-PBE-based band gap prediction 

as the initial model. This initial model was trained on a big dataset of 45901 crystals 

with a finite band gap from the Materials Project 5 obtained via the Python Materials 

Genomics (pymatgen) 6 interface to the Materials Application Programming Interface 

(API) 7 on June 1, 2018, and it outperforms prior state-of-the-art models, such as the 

SchNet 3 and CGCNN 1 models, in the PBE-based band gap prediction. The model 

architecture is detailed in Table S1. We only frozen the pre-training weights of the 

embedding layer, which encode useful chemical information that can be transferred 

learned to develop models with better convergence and lower errors 2, and the weights 

of the other layers (including MEGNet and Dense layers) were fine-tuned on the above 

HSE-based bandgap datasets. The new model was trained for 1000 epochs with a 

learning rate of 0.0001 and a minibatch size of 32 by utilizing the Adam optimizer. 

For evaluation, both mean absolute error (MAE) and coefficient of determination 

(R2) were calculated to quantify the deviation between the predicted and true values, as 

expressed by the following formulas: 

𝑀𝐴𝐸 =
1
𝑛

𝑛

∑
𝑖 = 1

|𝑦̂𝑖 ‒ 𝑦𝑖|
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𝑅2 = 1 ‒

𝑛

∑
𝑖 = 1

(𝑦̂𝑖 ‒ 𝑦𝑖)
2

𝑛

∑
𝑖 = 1

(𝑦𝑖 ‒ 𝑦̅𝑖)
2

where the 𝑦𝑖 denotes the true property value and 𝑦𝑖 represents the model’s prediction.

As shown in Figure S1a, the deep learning model shows excellent prediction 

accuracy with a low MAE (0.1205 eV) in the test subset. As for R2, the value of 0.9763 

(close to 1) also indicates good fitting capability of the model on the test data. Notably, 

the MAE and R2 in the training and validation subsets are close to those of the test 

subset (Figure S1b and S1c), indicating that the model is not overfitted and has a good 

generalization ability.

1.2 High-throughput DFT computation

All the DFT calculations were performed based on their single crystal structures data. 

The electronic structures and optical properties were calculated based on the plane wave 

pseudopotential method implemented in the total energy code CASTEP. 8 9 For the 

exchange and correlation function, we chose Perdew-Burke-Ernzerhof (PBE) in the 

generalized Gradient Approximation (GGA) 10. The interactions between ionic cores 

and electrons were described by the norm-conserving pseudopotential 11. The following 

valence-electron configurations were considered in the computation: Ba 5s25p65d106s2, 

B 2s22p1, Sb 5s25p3, S 3s23p4 for BaSbBS4. The number of plane waves included in the 

basis sets was determined by cutoff energy of 650 eV. The Monkhorst-Pack k-point 

separation was set to 0.04 Å-1 to perform numerical integration of the Brillouin zone. 

During the optical property calculations, the number of empty bands was set to two 

times that of valence bands to ensure the convergence of dielectric functions and 

refractive indices.

The calculations of linear optical properties in terms of the complex dielectric 

function () = 1() + i2() were made. The imaginary part ε2(ω) can be used to 

describe the real transitions between occupied and unoccupied electronic states, which 
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was given in the following equation 12,

 
𝜀𝑖𝑗

2(𝜔) =
8𝜋2ℏ2𝑒2

𝑚2𝑉
∑

𝑘

 ∑
𝑐𝑣

 (𝑓𝑐 ‒ 𝑓𝑣)
𝑝 𝑖

𝑐𝑣(𝑘)𝑝 𝑗
𝑣𝑐(𝑘)

𝐸 2
𝑣𝑐

𝛿[𝐸𝑐(𝑘) ‒ 𝐸𝑣(𝑘) ‒ ℏ𝜔]

The fc and fv represent the Fermi distribution functions of the conduction and valence 

bands, respectively. The term  denotes the momentum matrix element transition 𝑝 𝑖
𝑐𝑣(𝑘)

from the energy level c of the conduction band to the level v of the valence band at a 

certain k point in the Brillouin zones and V is the volume of the unit cell. The m, e and 

ħ are the electron mass, charge and Plank's constant, respectively. 

Since the dielectric function describes a causal response, the real part 1() can be 

obtained via Kramer-Kronig transform. All optical constants will be derived from the 

dielectric function (), and our main concern, the refractive index n(ω) can be 

expressed as

𝑛(𝜔) = (1/ 2)[ 1(𝜔)2 + 2(𝜔)2 + 1(𝜔)]1/2 

Based on the above theory and methods, we have created a high-throughput 

computation platform for crystal optics, which can realize batch computation, 

automatic analysis and data extraction of electronic structures and optical properties of 

crystals. It provides a guarantee for the efficient calculations and analyses of the 

birefringent properties of a large number of crystals.

1.3 Polarizability anisotropy-weighted electron density

To reveal the electronic and structural origin of birefringence, we defined 

polarizability anisotropy-weighted electron density [PAWED, ] 13. It contains  𝜌  
Δ𝜒(𝑟)

two parts of contributions (from VB and CB) and can be formulized as：

𝜌𝑉𝐵
Δ𝜒(𝑟) =

𝑉𝐵

∑
𝑖

𝜔𝑖|𝜓𝑖(𝑟)|2

𝜌𝐶𝐵
Δ𝜒(𝑟) =

𝐶𝐵

∑
𝑖

𝜔𝑖|𝜓𝑖(𝑟)|2

where  is the electron density of the ith band/orbital; ωi is the weighting |𝜓𝑖(𝑟)|2
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factor, which describes the contribution ratio of the ith band/orbital to total 

polarizability anisotropy (Δχ(1)) of a crystal. In the low-frequency region, ωi can finally 

be quantified by dielectric function ε,

𝜔𝑖 =
Δ𝜒(1)

𝑖

Δ𝜒(1)
=

𝜀𝑖(𝛼𝛼) ‒ 𝜀𝑖(𝛽𝛽)

𝜀(𝛼𝛼) ‒ 𝜀(𝛽𝛽)

And utilizing PAWED technique, the orbital contributions to the birefringence 

(optical anisotropy) can be shown visually, and the groups/ions’ contributions can 

further be identified.

2. Experimental methods

2.1 Synthesis

The start materials are BaS (99.999% Beijing Hawk Science), Sb2S3(98%, Shanghai 

Aladdin Biochemistry Technology), amorphous B powder (99.9%, Shanghai Aladdin 

Biochemistry Technology), S Powder (98%, Shanghai Aladdin Biochemistry 

Technology). 

The mixture of BaS, Sb2S3, B, S with a molar ratio of 1:1:1:4 was grinded into fine 

powder, and then was transferred to a graphite crucible which is used to avoid the 

reaction between B and SiO2. Then the crucible was sealed into a quartz tube under a 

vacuum of 10-2 Pa. Then the quartz tube was placed into a muffle furnace and heated to 

850 ℃ within 24 h, held for 72 h, then slowly cooled down to room temperature in 200 

h. The product was washed by anhydrous ethanol. Orange-yellow needle-like single 

crystals were collected in a yield of about 60%. These crystals are not sensitive to 

moisture and are air stable for serval months.

2.2 Single Crystal X-ray Diffraction

Single-crystal X-ray diffraction data for BaSbBS4 was collected using an Agilent 

SuperNova dual-wavelength CCD diffractometer with Mo Kα radiation (λ = 0.71073Å). 

The CrysAlisPro software package was utilized for data reduction. Numerical 

absorption corrections based on Gaussian integration over a multifaceted crystal model 

and empirical absorption corrections using spherical harmonics implemented in 

SCALE3 ABSPACK scaling algorithm were applied 14. The structures were solved by 

direct methods and refined using full-matrix least-squares fitting on F2 with SHELXL-



S8

2017 15. PLATON 16 was used for checking possible missing symmetry elements and 

none was found. Crystal data were listed in table S3.

2.3 Powder X-ray Diffraction

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) in the 2θ range of 10 – 70°.

2.4 Energy-Dispersive X-ray Spectroscopy

Elemental analyses were carried out using a field-emission scanning electron 

microscope (JSM6700F) outfitted with an Oxford INCA energy-dispersive X-ray 

spectroscope. 

2.5 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. 

2.6 Thermogravimetric analysis (TGA) 

TGA was measured on a NETZCH STA 449F3 thermal analyzer and sample 

powders were heated under N2 gas atmosphere from room temperature to 1000 °C at a 

rate of 10 °C /min.

2.7 Birefringence

The birefringence was studied on a polarizing microscope (ZEISS Axio Scope. A1) 

equipped with a tilting compensator.

2.8 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 is converted from the reflection data by the Kubelka - Munk function 
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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.

Table S1. The architecture of the pre-trained MEGNet model.

Layer (type) Output Shape Param# Connected to
input_1 

(InputLayer) [(None, None)] 0 []

embedding_1 
(Embedding)

(None, None, 
16) 1520 ['input_1[0][0]']

input_2 
(InputLayer)

[(None, None, 
100)] 0 []

input_3 
(InputLayer)

[(None, None, 
2)] 0 []

dense_1 (Dense) (None, None, 
64) 1088 ['embedding_1[0][0]']

dense_3 (Dense) (None, None, 
64) 6464 ['input_2[0][0]']

dense_5 (Dense) (None, None, 
64) 192 ['input_3[0][0]']

dense_2 (Dense) (None, None, 
32) 2080 ['dense_1[0][0]']

dense_4 (Dense) (None, None, 
32) 2080 ['dense_3[0][0]']

dense_6 (Dense) (None, None, 
32) 2080 ['dense_5[0][0]']

input_4 
(InputLayer) [(None, None)] 0 []

input_5 
(InputLayer) [(None, None)] 0 []

input_6 
(InputLayer) [(None, None)] 0 []

input_7 
(InputLayer) [(None, None)] 0 []
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meg_net_layer_1 
(MEGNetLayer)

[(None, None, 
32), (None, 

None, 32), (1, 
None, 32)]

39392

['dense_2[0][0]', 
'dense_4[0][0]', 
'dense_6[0][0]', 
'input_4[0][0]', 
'input_5[0][0]',
'input_6[0][0]',
'input_7[0][0]']

add_1 (Add) (None, None, 
32) 0 ['dense_2[0][0]',

'meg_net_layer_1[0][0]']

add_2(Add) (None, None, 
32) 0 ['dense_4[0][0]',

'meg_net_layer_1[0][0]']

add_3 (Add) (None, None, 
32) 0 ['dense_6[0][0]',

'meg_net_layer_1[0][0]']

dense_7 (Dense) (None, None, 
64) 2112 ['add_1[0][0]']

dense_9 (Dense) (None, None, 
64) 2112 ['add_2[0][0]']

dense_11 (Dense) (None, None, 
64) 2112 ['add_3[0][0]']

dense_8 (Dense) (None, None, 
32) 2080 ['dense_7[0][0]']

dense_10 (Dense) (None, None, 
32) 2080 ['dense_9[0][0]']

dense_12 (Dense) (None, None, 
32) 2080 ['dense_11[0][0]']

meg_net_layer_2 
(MEGNetLayer)

[(None, None, 
32), (None, 

None, 32), (1, 
None, 32)]

39392

['dense_8[0][0]', 
'dense_10[0][0]', 
'dense_12[0][0]', 
'input_4[0][0]', 
'input_5[0][0]',
'input_6[0][0]',
'input_7[0][0]']

add_4 (Add) (None, None, 
32) 0 ['add_1[0][0]',

'meg_net_layer_2[0][0]']

add_5 (Add) (None, None, 
32) 0 ['add_2[0][0]',

'meg_net_layer_2[0][0]']

add_6 (Add) (None, None, 
32) 0 ['add_3[0][0]',

'meg_net_layer_2[0][0]']

dense_13 (Dense) (None, None, 
64) 2112 ['add_4[0][0]']

dense_15 (Dense) (None, None, 
64) 2112 ['add_5[0][0]']

dense_17 (Dense) (None, None, 
64) 2112 ['add_6[0][0]']
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dense_14 (Dense) (None, None, 
32) 2080 ['dense_13[0][0]']

dense_16 (Dense) (None, None, 
32) 2080 ['dense_15[0][0]']

dense_18 (Dense) (None, None, 
32) 2080 ['dense_17[0][0]']

meg_net_layer_3 
(MEGNetLayer)

[(None, None, 
32), (None, 

None, 32), (1, 
None, 32)]

39392

['dense_14[0][0]', 
'dense_16[0][0]', 
'dense_18[0][0]', 
'input_4[0][0]', 
'input_5[0][0]',
'input_6[0][0]',
'input_7[0][0]']

add_7 (Add) (None, None, 
32) 0 ['add_4[0][0]',

'meg_net_layer_3[0][0]']

add_8 (Add) (None, None, 
32) 0 ['add_5[0][0]',

'meg_net_layer_3[0][0]']
set2_set_1 
(Set2Set)

(None, None, 
32) 2640 ['add_7[0][0]', 

'input_6[0][0]']

set2_set_2(Set2Set) (None, None, 
32) 2640 ['add_8[0][0]', 

'input_7[0][0]']

add_9 (Add) (None, None, 
32) 0 ['add_6[0][0]',

'meg_net_layer_3[0][2]']

concatenate_1 
(Concatenate)

(None, None, 
96) 0

['set2_set_1[0][0]',                                                                  
'set2_set_2[0][0]',                                                                  

'add_9[0][0]']

dense_19 (Dense) (None, None, 
32) 3104 ['concatenate_1[0][0]']

dense_20 (Dense) (None, None, 
16) 528 ['dense_19[0][0]']

dense_21 (Dense) (None, None, 1) 17 ['dense_20[0][0]']
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Table S2. ML-predicted or experimental band gaps and calculated birefringence of 

compounds by statistic.

Unit Compound Eg（experimental*/ML-
predicted）

space 
group

∆ncal

546nm
∆ncal

1064nm Ref.

Ag3AsS3(R3c) 2.00*/2.31 R3c 0.237 0.331 17

Ag3AsS3(C2/c) 2.37 C2/c 0.311 0.197 18

BaCd2As2S6 2.60* / 2.33 Cmca 0.169 0.129
BaHg2As2S6 2.47 Cmca 0.130 0.134

19

K2SnAs2S6 2.23 P-3 0.574 0.387 20

As2S3 (P21/n) 2.67 P21/n 0.509 0.414 21

As2S3 (P-1) 2.59 P-1 0.254 0.202 22

β-As4S3 2.54 Pnma 0.076 0.075
α- As4S3 2.50 Pnma 0.063 0.064

23

As4S5 2.59 P21/m 0.192 0.147 24

As8S9 2.57 P2/c 0.032 0.007 25

As4S3(CuCl) 2.59 Pbcm 0.233 0.181
As4S3(CuCl)2 2.56 P21/m 0.302 0.202

26

AgHgAsS3 1.94 Cc 0.279 0.198 27

AsPS4 2.70* / 2.72 P-1 0.268 0.198 28

Ba2As2S5 2.02* / 2.54 Pca21 0.187 0.144 29

Ba2AsS3Br 2.80* / 3.13 Pnma 0.178 0.135
Ba2AsS3Cl 2.80* / 3.19 Pnma 0.187 0.142
Ba2AsS3I 2.80* / 3.12 Pnma 0.180 0.132

30

Cs2As8S13 2.31 Pbcn 0.566 0.404 31

CsHgAsS3 2.64* / 2.75 P21/n 0.220 0.160 32

Cs3AgAs4S8 2.24* / 2.60 C2/c 0.097 0.060
Cs2Ag2As2S5 2.48* / 2.69 P-1 0.247 0.160

33

Cs3CuAs4S8 2.26* / 2.66 C2/c 0.184 0.107 34

CsCu2AsS3 2.26* / 2.11 Pbca 0.493 0.319 35

CsAg2AsS3 2.70* / 2.84 P21/c 0.200 0.137 36

Cu12(As3S7)(As5S11

)
1.03 P1 0.074 0.140 37

Hg3AsS4Br 2.18 P63mc 0.508 0.390
Hg3AsS4Cl 2.43 P63mc 0.516 0.383

38

KAg2AsS3 2.25* / 2.48 P-1 0.336 0.234 39

KCu2AsS3 1.78 P-1 0.459 0.361 40

AsS3

La3(AsS3)S2Cl2 3.09 Cc 0.059 0.032 -
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Li3AsS3 3.20 Pna21 0.297 0.252 41

LiAsS2 1.60* / 1.38 Cc 0.536 0.590
NaAsS2 2.23* / 2.46 P21/b 0.628 0.372

42

NaCdAsS3 2.93* / 2.63 P21/n 0.034 0.020 43

Pb4As2S6ICl 2.48 Pmn21 0.299 0.206 44

Pb2As2S5 1.72 P21 0.340 0.276 45

PbAgAsS3 2.16 P21/a 0.156 0.122 46

Rb8Cu6As8S19 1.80* / 2.29 P21 0.101 0.068 47

RbAg2AsS3 2.30* / 2.46 P-1 0.323 0.224 48

RbCu2AsS3 1.96* / 2.23 P21/c 0.277 0.236 49

Ag3SbS3( P21/n) 2.06 P21/n 0.105 0.091 50

Ag3SbS3( R3c)  2.03 R3c 0.242 0.153 51

Ag3SbS3(P21/c) 2.03 P21/c 0.080 0.074 52

Ba3Sb2S7 2.52 C2/c 0.138 0.087 53

Ba2AlSbS5 2.57* / 3.04 Pnma 0.241 0.137 54

Ba2Sb4GeS10 2.08 P42/mbc 0.225 0.158 55 
Ba2SbS3I 2.64* / 2.99 Pnma 0.195 0.131 30

BaAgSbS3 2.20* / 2.20 C2/c 0.263 0.191 56

BaSb2S4 1.82 P21/c 0.605 0.481 57

Ba8Sb6S17 2.06 P2/c 0.051 0.079 58

Ca2Sb2S5 1.76 P21/c 0.434 0.286 -
CdSbS2Br 2.0* / 2.41 C2/m 0.655 0.382
CdSbS2Cl 2.2* / 2.45 Pnma 0.677 0.418

  59

CdSb6S8I4 2.11 P-1 0.514 0.338 -
Cs2HgSb4S8 2.13* / 2.48 P-1 0.185 0.099 60

Cs2Sb2(Sn3S10) 2.34* / 2.46 P21/n 0.140 0.106 61

Cs2Sb4S7 2.27 P21/c 0.708 0.479 62

Cs2ZnSb2S5 2.16* / 2.85 C2/c 0.417 0.261 63

Cs4Sb4S8 2.11* / 2.97 Pnma 0.433 0.292 64

CsSb5S8 1.87* / 1.85 P21/n 0.789 0.501 65

CsSbS2 2.62 P21/c 0.469 0.283 -
Cs2Cu2Sb2S5 1.60* / 2.10 P-1 0.490 0.431 47

Cs2Ag3Sb3S7 2.02* / 2.27 Cmc21 0.352 0.213 66

CsAg2SbS3 2.05* / 2.36 P-1 0.337 0.246 48

CsAgSb4S7 2.04* / 2.19 C2/c 0.689 0.437 67

Cs2Ba3Cu2Sb2S10 1.98* / 2.25 C2/m 0.441 0.264 68

SbS3

Cu6Hg3Sb4S12 1.09 R3 0.045 0.216 69
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CuSbS2 1.50* / 1.42 Pnma 0.503 0.421 70

Hg3SbAsS3 1.95 P21/n 0.238 0.156 71

InSb2S4Br 1.80* / 2.20 C2/m 1.253 0.903
InSb2S4Cl 1.80* / 2.20 C2/m 1.340 0.982

72

K2Sb2(Sn3S10) 2.30* / 2.31 P21/n 0.161 0.122 61

KHgSbS3 2.28 C2/c 0.223 0.154 73

KSb5S8 1.61* / 1.59 Pc 0.385 0.483 65

KCu2SbS3 1.70* / 1.78 P-1 0.428 0.390 74

K2Ba3Cu2Sb2S10 1.90* / 2.30 C2/m 0.453 0.259 68

KAg2SbS3 2.10* / 2.27 P-1 0.335 0.239 75

La3SbS5Cl2 2.31* / 2.64 Cc 0.084 0.037
La5Sb2S9Cl3 2.60* / 2.66 Pbcm 0.052 0.016

76

La8Sb2S15 2.30* / 2.09 I41cd 0.034 0.019 77

LaSbS2Br2 2.72* / 2.90 P21/c 0.102 0.078 78

La2CuSbS5 2.06* / 2.30 Ima2 0.265 0.134 79

Li3Sb11S18 2.18 P-1 0.501 0.362 80

Li3SbS3 3.02 Pna21 0.282 0.222 41

LiSrSbS3 2.30* / 2.79 P21/c 0.359 0.215 81

LiBaSbS3 2.23* / 3.02 Pbam 0.070 0.044
NaBaSbS3 2.46* / 2.65 P21/c 0.218 0.172

82

NaCdSbS3 2.03 C2/c 0.221 0.236 43

Na2CuSbS3 2.01 P21/n 0.461 0.371 83

α-NaSbP2S6 2.17* / 2.77 P21/c 0.232 0.086
β-NaSbP2S6 2.25* / 2.76 P21 0.129 0.058

84

Rb2Sb2(Sn3S10) 2.33* / 2.41 P21/n 0.146 0.107 61

Rb2Sb4S7(P21/c) 1.73*/2.03 P21/c 0.654 0.611 85

Rb2Sb4S7(P-1) 2.03 P-1 0.200 0.174 -
Rb2ZnSb4S8 1.88* / 2.48 P1 0.243 0.143 86

RbSb5S8 1.60* / 1.65 Pc 0.387 0.480 65

Rb2HgSb4S8 1.82* / 2.35 P-1 0.211 0.130 86

Rb2Cu2Sb2S5 1.60* / 2.06 P21/c 0.425 0.392 47

Rb2Ba3Cu2Sb2S10 1.93* / 2.27 C2/m 0.450 0.263 68

Rb2Ag3Sb3S7 2.11* / 2.18 Cmc21 0.354 0.213 66

Sb2S3 1.95* / 1.75 Pbnm 1.189 0.685 87

Sr3Sb4S9 1.34 Pna21 0.913 1.446 -
PbCuSbS3 1.42 Pn21m 0.598 0.271 88
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Sr6Sb6S17 1.92* / 2.12 P212121 0.687 0.507 89

Ag4SnGe2S7 2.40* / 1.97 Cc 0.034 0.010 90

BaSn2S3 1.78 P21/c 0.313 0.171 91

BaSnS2 2.40*/1.98 P21/c 0.381 0.226 92

Sn(SnS3) 1.43 Pnma 0.181 0.119 93

Sn2Ga2S5 2.02* / 2.01 Pna21 0.172 0.166 94

Sn2SiS4 2.00* / 2.45 P21/c 0.192 0.186 95

Sn2Sb2S5 0.90 Pnma 1.058 1.079 96

SnS3

SnS (Pnma) 1.32* / 1.21 Pnma 1.312 1.148 97

CuBiS2 1.13 Pnma 0.267 0.233 98

BiS3 Cu3BiS3 1.53 P212121 0.081 0.101 99

Ba3BS3PS4 3.40* / 3.18 Pnma 0.124 0.110 100

B8S16 3.68 P21/c 0.529 0.464 101

Ba7(BS3)4S 3.19 C2/c 0.071 0.065 102

BaB2S4 3.55* / 3.45 Cc 0.040 0.026 103

Cs3BS3 3.63 P21/c 0.046 0.038 104

HgB2S4 3.36* / 3.20 P21/n 0.456 0.385 105

K3(B3S6) 3.71 R-3cH 0.455 0.388 106

K3BS3 3.68 P21/c 0.060 0.051 107

LaBS3 2.9* / 2.61 Pna21 0.169 0.142 108

Li2CsBS3 3.59 Pnma 0.187 0.152 104

Li3BS3 3.29 Pnma 0.307 0.252 109

LiBaB3S6 3.78 Cc 0.437 0.372

LiBaBS3 (P21/c) 3.45 P21/c 0.161 0.141
110

LiBaBS3(Pnma) 3.23 Pnma 0.246 0.212 111

LiSr(B3S6) 3.74 Cc 0.461 0.389 106

LiSrBS3 3.69 Pnma 0.175 0.148 112

Na3BS3 3.62 C2/c 0.187 0.162 107

NaBaBS3 3.96* / 3.33 P21/c 0.167 0.147 111

Rb3(B3S6) 3.82 R-3cH 0.425 0.364 106

Rb3BS3 3.66 P21/c 0.047 0.039 107

Sr3(BS3)2 3.36 C2/c 0.126 0.110
Sr3(B3S6)2 3.67 R-3H 0.529 0.440

113

Sr3RbB2S6Br 3.70* / 3.40 Cmc21 0.139 0.160
Sr3RbB2S6Cl 3.64* / 3.55 Pbca 0.155 0.136

114

Na3B3S6 3.49 R-3cH 0.496 0.416 106

BS3

Na2B2S5 3.59 Pnma 0.541 0.475 115
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Ba6(BS3)3(BiS3) 2.43* / 2.53 P21/c 0.159 0.122
Ba6(BS3)3(SbS3) 3.01* / 2.87 P21/c 0.157 0.130

116

Ba13(BS3)6(SnS6) 2.69* / 2.78 R-3 0.264 0.189 117

BaBiBS4 2.34* / 2.71 Pnma 0.696 0.386 118

Ba3BSbS6 2.62* / 3.12 P-6 0.035 0.039 116

PbSbBS4 1.75* / 2.55 P21/m 1.059 0.620 119

PbBiBS4 2.51 P21/m 0.802 0.465 119

combination

BaSbBS4 2.70* / 3.05 Pnma 0.943 0.566 118

Table S3. Summary of Crystallographic data and structure refinement parameters for 

BaSbBS4.

Formula BaSbBS4

formula weight 398.14
temperature (K) 296.15
crystal system Orthorhombic
space group Pnma

a (Å) 9.6601(12)
b (Å) 6.2154(7)
c (Å) 11.6330(13)

V (Å3) 698.46(14)
Z 4

ρcalc (g/cm3) 3.786
μ (mm-1) 10.540
F(000) 704.0

λ (Mo Kα) (Å) 0.71073
Rint 0.0653

Goodness-of-fit on F2 1.078
R1, wR2 [I>2σ (I)]a 0.0342, 0.0779
R1, wR2 (all data) 0.0430, 0.0845

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 S4. Atomic coordinates (×104) and equivalent isotropic displacement parameters 

(Å2×103) for BaSbBS4. Ueq is defined as 1/3 of the trace of the orthogonalized UIJ 

tensor.

Compounds Atom x y z U(eq)
Ba(1) 4862.3(5) 2500 3309.4(4) 17.48(16)

Sb(1) 1890.6(6) 7500 4597.9(4) 16.69(17)

S(3) 4268(2) 7500 4076.7(17) 17.6(4)

S(2) 2068.3(15) 4986(2) 6290.9(12) 17.6(3)

S(1) 1700(2) 2500 3980.9(18) 21.4(4)

BaSbBS4

B(1) 1918(9) 2500 5480(7) 12.7(17)

Table S5. Selected bond distances (Å), bond angles and calculated BVS for BaSbBS4.

BaSbBS4

Bond length BVS
Ba(1)-S(3)#1 3.155(2)
Ba(1)- S(3) 3.2840(8)

Ba(1)- S(3)#2 3.2840(8)
Ba(1)- S(2)#3 3.3814(14)
Ba(1)- S(2)#4 3.3837(15)
Ba(1)- S(2)#5 3.3814(14)
Ba(1)- S(2)#1 3.3837(15)

Ba(1)-S(1) 3.153(2)
Ba(1)- S(1)#6 3.201(2)

2.276

Sb(1)- S(3) 2.375(2)
Sb(1)- S(2)#7 2.5199(14)

3.211

Sb(1)- S(2) 2.5199(15)
S(2)- B(1) 1.816(5)
S(1)- B(1) 1.756(9)

3.073

Atom–Atom–
Atom

Angle [°] Atom–Atom–Atom Angle [°]

S3–Sb1–S2 97.68(5) S2#11–B1–S2 116.6(5)
S3–Sb1–S2#7 97.68(5) S1–B1–S2 121.7(2)
S2–Sb1–S2#7 76.65(6) S1–B1–S2#11 121.7(2)
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Symmetry transformations used to generate equivalent atoms:#1 1-X, 1-Y, 1-Z;   #2 

+X, -1+Y, +Z;   #3 1/2-X, -1/2+Y, -1/2+Z;   #4 1-X, -1/2+Y, 1-Z;   #5 1/2-X, 1-

Y, -1/2+Z;   #6 1/2+X, +Y, 1/2-Z;   #7 +X, 3/2-Y, +Z. #11: +X, 0.5-Y, +Z.  
   

(a)                    (b)                    (c)

Figure S1. Prediction accuracy and fitting capability of our developed deep learning 

model for predicting HSE band gaps of crystals on the test data (a), training data (b) 

and validation data (c). 

Figure S2. Simulated and measured powder X-ray diffraction patterns for BaSbBS4.
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Figure S3. EDS maps of BaSbBS4.
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Figure S4. The TG (Thermogravimetry Analysis) for BaSbBS4.

Figure S5. Infrared spectra for BaSbBS4.
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Figure S6. UV-vis spectra for BaSbBS4.

Figure S7. The crystal before compensation (a) and after compensation (b) with a 
tilting compensator under orthogonal polarizers. (c) Thickness of measured crystal.

 

Figure S8. The calculated band structures for BaSbBS4.
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Figure S9. The partial density of state for BaSbBS4.
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