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1 Experimental Section

1.1 Materials and Instruments

All reagents used in the present experiments were purchased from commercial
sources and directly used without further purification. All weighing processes were
completed in an anhydrous and oxygen-free glove box. The semi-quantitative energy
dispersive X-ray (EDX, Oxford INCA) spectra were measured with a field emission
scanning electron microscope (FESEM, JSM6700F). Powder X-ray diffraction (XRD)
analysis was carried out in a Rigaku Mini-Flex II powder diffractometer (Cu-K,, 4 =
1.5418 A). UV-vis-NIR absorption measurement was performed in the region of
200—2500 nm at room temperature using an UV-vis-NIR spectrometer (Perkin-Elmer
Lambda 950). The reflectance spectrum of the BaSO, powder was collected as the
baseline and the diffuse reflectance data were converted to absorbance internally by
the instrument by use of the Kubelka-Munk function.! The thermal stability analyses

were measured on a NETZSCH STA 449C simultaneous analyser.

1.2 Synthesis

The crystals of AEGe,04Se (AE = Sr, Ba) were synthesized with a high yield of 60%
based on Ge) through a high-temperature solid-state reaction. The raw materials,
including 1 mmol Sr (0.088 g), 1 mmol Ba (0.137 g), 1 mmol Se (0.079 g), and 2
mmol GeO, (0.210 g), were ground to a consistent mixture without further
purification. The mixture was then heated from room temperature to 673 K. After
holding at 673 K for 10 hours, the temperature was raised to 1223 K in 30 hours. The
furnace was kept at the highest temperature for 100 hours and then gradually cooled
down to 523 K within 150 hours. Finally, the crystals were brought back to room

temperature naturally without any additional heating. After washing the crystals with



deionized water and ethanol, the AEGe,O4Se (AE = Sr, Ba) were obtained. These
crystals remained stable in both air and moisture. To determine the crystal structure, a

selection of high-quality single crystals of AEGe,0,4Se (AE = Sr, Ba) were made.

1.3 Birefringence Measurements

The birefringence (An) was characterized by using the polarizing microscope (ZEISS
Axio Scope, Al) equipped with Berek compensator. The wavelength of the light
source was 546 nm. The formula for calculating the An is R =| No—N, | X T = An x T.
Here, R represents the optical path difference and T denotes the thickness of the

crystal.

1.4 Single-Crystal Structure determination

Taking some high-quality crystals of AEGe,0,Se (AE = Sr, Ba) with suitable sizes
were selected for single-crystal X-ray diffraction (XRD) analysis. The single-crystal
diffraction data collections were collected on a Saturn 724 install with graphite-
monochromated Mo-K, radiation (A = 0.71073 A) at room temperature.The
absorption correction was performed by the multi-scan method.? Using direct methods
and maken further refinement by full-matrix least-square fitting on F? based on
SHELX—2014 software, the precise struture was determined sussessfully.? Crystal
data and structure refinement parameters were given in Table 1. The final refined
atomic positions and isotropic thermal parameters are listed in Table S1. Interatomic
distances (A) and bond angles (deg) are displayed in Table S2 and Table S3. CIFs of
AEGe,04Se (AE = Sr, Ba) have been submitted with CCDC numbers 2301111 and

2301112.



2 Computational Details

The DFT calculations have been performed using the Vienna ab initio simulation
package (VASP)*6 with the Perdew-Burke-Ernzerhof (PBE)’ exchange correlation
functional. The projected augmented wave (PAW)? potentials with the valence states
4d, 5p and 6s for Ba, 3d, 4p and 5s for Sr, 4s and 4p for Ge, 4s and 4p for Se, 2s and
2p for O respectively, have been used. A I'-centered 7x7x9 Monkhorst-Pack grid for
the Brillouin zone sampling® and a cutoff energy of 900 eV for the plane wave

expansion were found to get convergent lattice parameters.



3 Figures and Tables
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Figure S1. 1D chain in BaGe,Os viewed from b direction.

Figure S2. Coordination environments and bond distances of the AE atoms in (a)

SrGe,04Se; (b) BaGe,04Se.
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Figure S3. Comparison of calculated formation enthalpies between AEGe,O4Se (AE

= Sr, Ba) and reported oxyselenides.
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Figure S4. The experimental (red) and simulated (black) PXRD of (a) SrGe,04Se; (b)

BaGe,04Se.
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Figure S5. The characterizations of SrGe,O4Se: (a) EDX results and (b) SEM image

and corresponding elemental mapping analysis.
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Figure S6. The characterizations of BaGe,0,Se: (a) EDX results and (b) SEM image

and corresponding elemental mapping analysis.
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Figure S7. The TG-DTA curves of (a) SrGe,O4Se and (b) BaGe,O,Se.



Table S1. Atomic coordinates and equivalent isotropic displacement

parameters of AEGe,O4Se (AE = Sr, Ba)

atom wyckff X y z Ueq(A)?
SrGe,O4Se
Sr de 0.15152(17) 0.42724(12) 0.32767(14) 0.0093(3)
Gel de 0.58321(18)  0.29599(13) 0.04044(15) 0.0040(3)
Ge2 de 03731(2)  0.06411(16) 0.23593(19) 0.0171(4)
0l de 03741(12)  0.1865(9)  0.3930(10)  0.0072(17)
02 de 0.5048(12)  0.4130(9)  0.1910(10)  0.0081(18)
03 de 0.5511(12)  0.1233(8)  0.1131(10)  0.0072(18)
04 de 0.1542(13)  0.0475(9)  0.1309(11)  0.0103(18)
Se de 0.11214(18)  0.66243(13) 0.03025(15) 0.0093(3)
BaGe,0,4Se
Ba 4e 0.14733(7)  0.42205(5)  0.32121(6)  0.0057(2)
Gel de 0.58085(12) 0.29660(9)  0.04454(11) 0.0036(3)
Ge2 de 0.37660(14)  0.06600(10) 0.23770(13) 0.0114(3)
0l de 03797(8)  0.1834(6)  0.3987(7)  0.0059(13)
02 de 0.5124(8)  0.4102(6)  0.1966(7)  0.0055(13)
03 de 0.5484(9)  0.1250(6)  0.1150(7)  0.0066(12)
04 4e 0.1618(9)  0.0596(6)  0.1369(8)  0.0083(13)
Se 4e 0.12829(11)  0.66459(9)  0.02589(10) 0.0059(3)

U,q 1s defined as one third of the trace of the orthogonalized Uj; tensor.




Table S2. Selected bond lengths (A) and angle (°) of SrGe,O4Se.

Gel-O1 1.777(8) /02-Gel-03 107.1(4)
Gel-02 1.783(8) Z01-Gel-Se 120.0(3)
Gel-03 1.770(8) £02-Gel-Se 114.5(3)
Gel-Se 2.2323(18) £03-Gel-Se 113.5(3)
Ge2-01 1.741(9)
Ge2-02 1.737(9) /01-Ge2-02 109.3(4)
Ge2-03 1.744(9) Z01-Ge2-03 105.3(4)
Ge2-04 1.645(9) Z01-Ge2-04 112.9(4)
£02-Ge2-03 97.9(4)
Z01-Gel-02 98.1(4) £02-Ge2-04 118.3(4)

Z01-Gel-03 101.6(4) £03-Ge2-04 111.5(4)




Table S3. Selected bond lengths (A) and angle (°) of BaGe,O4Se.

Gel-O1 1.792(6) /02-Gel-03 105.7(3)
Gel-02 1.783(6) Z01-Gel-Se 119.4(2)
Gel-03 1.768(6) £02-Gel-Se 114.6(2)
Gel-Se 2.2365(12) £03-Gel-Se 113.5(2)
Ge2-01 1.759(6)

Ge2-02 1.748(6) /01-Ge2-02 109.3(3)
Ge2-03 1.771(6) Z01-Ge2-03 107.0(3)
Ge2-04 1.666(6) £01-Ge2-04 110.8(3)
£02-Ge2-03 98.1(3)

Z01-Gel-02 99.8(3) £02-Ge2-04 119.2(3)

Z01-Gel-03 101.9(3) £03-Ge2-04 111.2(3)




Table S4. Properties comparison between energy gap and birefringence of the

reported oxychalcogenides.

Number Compounds Space group E, (eV) An (cal) Ref.
1 BagSbs0,S 13 P2,/c (No. 14) 1.68 0.66 10
2 Eu;GeOS, Pca2, (No. 29) 2.05 0.02 11
3 Ba;Ge,0,Te; R3m (No. 160) 2.08 0.14 12
4 Sr,FeGe,0S4 P42,m (No. 113) 2.24 0.127 13
5 S13Ge,04Te; R3m (No. 160) 2.26 0.152 14
6 La;0SCL[SbS;] P6;ymc (No. 186) 2.5 0.269 15
7 Sr3[VO,4][GaSes] P2,/c (No. 14) 2.51 0.025 16
8 Sr3[VO,][InSes] Pmc2; (No. 26) 2.62 0.028 16
9 Ba,SnSSi,04 P4bm (100) 2.70 0.082 17
10 S1,C0Ge,0S6 P42,m (No. 113) 2.77 0.09 18
11 S13Ge,04S5e; R3m (No. 160) 2.96 0.058 19
12 Ca,GeGa,0S6 P42,m (No. 113) 3.15 0.13 20
13 Sr,GeGa,0S; P42,m (No. 113) 3.15 0.11 20
14 SrGeOSe, P2,2,2,(No. 19) 3.16 0.16 21
15 BaGeOSe, P2,2,2,(No. 19) 3.2 0.153 22
16 LaSrGa;0S; PA2,m (No. 113) 3.21 0.099 23
17 [GeOSe;]SeBa; Pca2, (No. 29) 3.25 0.030 24
18 [GeOSe;]SeSrs; Pca2, (No. 29) 3.25 0.035 24
19 LaCaGa;0Ss P42,m (No. 113) 327 0.134 23
20 Ba;MnGe;0,Sg P2,/c (No. 14) 3.39 0.06 25
21 Sr3[SnOSes][CO;] Pmn2, (No. 31) 3.46 0.12 26
22 Sr;MnGe;0S; PA2,m (No. 113) 3.51 0.064 27
23 Sr,ZnSn,0Ss P42,m (No. 113) 3.52 0.12 28
24 [GeOS5]SBa; Pca2, (No. 29) 3.53 0.017 24
25 SrGe,045¢e P2,/c (No. 14) 3.57 0.238 This work
26 Sr,CdGe,08; PA2,m (No. 113) 3.62 0.193 27
27 K,Bay sGag0,S 3 P6 (No. 168) 3.72 0.078 29
28 Sr,ZnGe,0Ss PA2,m (No. 113) 3.73 0.114 27
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