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Materials and Methods 
Experimental 
GeO2 (99.99+%), CsCl (99.9%), CsBr (99.999%), CsI (99.999%), 57% aqueous HI, and 50% aqueous H3PO2 
were purchased from Sigma Aldrich and used as-is. 

Synthesis 
Three parent CsGeX3 compounds were made by expanding on the syntheses of Tiang, Tang, Stoumpos, 
and Krishnamoorthy.1–4 GeO2, 50% H3PO2 and aqueous HX (X = Cl, Br, I) were added to an evacuated three-
neck round-bottom flask under inert atmosphere. The reaction mixture was maintained at 105 ̊ C for three 
hours under vigorous stirring. Upon addition of a stoichiometric amount of cesium halide salt and removal 
from heat, the cesium germanium halide perovskite precipitates out of solution. 

In a typical reaction, 1 mmol each of GeO2 and CsX were used, with 7 mL each of H3PO2 and HX (1:1). The 
products were left overnight under inert atmosphere in the mother liquor and purified via filtration. The 
products were washed with a small amount of degassed EtOH and dried overnight in a vacuum chamber. 
It was found that to collect all product from the reaction vessel, small amounts of HX could be added to 
the flask to “wash” the remaining crystals off the flask for easier transfer to filter. Products are air-sensitive 
and were handled with care to limit exposure to ambient atmosphere. Microcrystalline products are 
ground to a fine powder in an agate mortar and pestle before further characterization. 

Powder X-Ray Diffraction 
Powder X-ray diffraction (PXRD) measurements were carried out on a Bruker D8 Advance diffractometer 
(Cu-Kα1 (λ = 1.5406 Å) and Kα2 (λ = 1.5444 Å) radiation). Diffraction patterns were scanned between 2θ 
ranges of 10–80° with a scanning step of 0.06 °/s. PXRD refinement was performed using Jade 6.5 via WPF 
refinement to the corresponding PDF cards (CsGeCl3; 85-1272, CsGeBr3; 85-1273, CsGeI3; 85-1274).  

Diffuse Reflectance Spectroscopy Measurements 
Diffuse reflectance spectroscopy (DRS) analysis was performed using a Cary 5000 UV-Vis-NIR, with a 
diffuse reflectance integrating sphere attachment. Samples were prepared by mounting the powder in 
the sample holder. The detector and grating filter were changed at 900 nm. 

Raman Spectroscopy 
Raman spectroscopy was performed using a Renishaw inVia Raman microscope equipped with a 532 nm 
diode laser operating at a power of 50 mW on the sample. Samples were prepared by mounting the 
powder on a glass slide. At least three spots were measured for each sample, with an integration of 10 
scans on each spot with 10 % of the laser power. 

Scanning Electron Microscopy/Energy-dispersive X-ray Analysis 
Scanning electron microscopy (SEM) was performed on a Zeiss Sigma 300 VP-FESEM (accelerating voltage 
of 5-20 kV) equipped with secondary and backscattered electron detectors, an in-lens detector, and an 
energy dispersive X-ray (EDX) spectrometer. SEM samples were prepared by applying powdered samples 
onto carbon tape on an aluminum stub in a N2 filled glovebox. 
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Quantum Chemical Computations 
Density functional theory (DFT) computations were performed using the CASTEP5 and NMR CASTEP6–8 

software packages, which uses the gauge-including projector augmented waves (GIPAW) method for 
computing magnetic resonance properties of periodic structures. Calculations were done using the 
Perdew-Burke-Ernzerhof (PBE)9 generalized gradient approximation (GGA) exchange-correlation 
functional, ultrasoft pseudopotentials and zeroth-order regular approximation (ZORA) relativistic effects. 
Spin-orbit effects were not considered. A Monkhorst-Pack grid of n × n × n k-points (n = 12 for CsGeCl3, 
CsGeBr3; n = 14 for CsGeI3; n = 9 for CsCl) and an extreme basis set precision (corresponding to a plane 
wave cutoff energy of 566 eV for CsGeX3 and 305 eV for CsCl) was applied to all computations. Magnetic 
shielding values converged to ∆σcalc ≤ 1 ppm between increases in the k-point grid dimension parameter, 
n. DFT-computed 133Cs and 73Ge magnetic shieldings were converted to chemical shifts using computed 
values for CsCl (Materials Project, mp-22865) and GeCl4 (Materials Project, mp-30086) CIFs10 as reference 
samples with δ(ppm) = σref

calc (ppm) – σmodel
calc (ppm).  

NMR Processing and Analysis 
All NMR spectra were processed with Bruker TopSpin 3.6.2. 133Cs and 73Ge NMR spectra were fit using the 
WSolids1 NMR simulation program.11 Euler angles were extracted from CIF files using EFGShield (Version 
4.6) to aid in simulation.12 Errors in NMR parameters were determined in WSolids1 by manually altering 
NMR parameters to within reasonable tolerances (the error is then the distance in either direction from 
the center of the acceptable parameter range). Data were plotted using Origin 2020.  

Solid-state NMR Spectroscopy 
133Cs NMR spectroscopy was carried out on a Bruker AVANCE III HD 400 NMR spectrometer (B0 = 9.4 T) 
equipped with a 4 mm double-resonance (H/X) Bruker magic-angle spinning (MAS) probe. MAS NMR 
spectra were acquired at natural abundance using a Bloch-decay experiment with a 4.0 μs π/2 pulse (νrf = 
62.5 kHz), 16 co-added transients, recycle delay of 400 seconds, and a spinning frequency of 10 kHz. Non-
spinning 133Cs NMR spectra were acquired using a Hahn echo experiment using similar experimental 
parameters as noted above. The 133Cs NMR spectra at 9.4 T were referenced to a secondary standard 
(solid CsCl to 223.2 ppm) with respect to 0.5 M CsCl(δ(133Cs) = 0.00 ppm).13 Cesium-133 NMR spectroscopy 
was also carried out on a Bruker AVANCE II 900 NMR spectrometer (B0 = 21.1 T). Non-spinning NMR 
spectra were acquired on a home-built 7 mm X solenoid probe using a static quad-echo experiment (π/2x 
-τ- π/2y), with a 2.0 μs π/2 pulse (νrf = 125 kHz), 98 μs interpulse delay, 64 co-added transients and a recycle 
delay of 900 seconds. 133Cs spectra at 21.1 T were referenced to 0.1 M CsCl (aq) (δiso = 0.00 ppm). 

73Ge NMR spectra were acquired on a Bruker AVANCE II 900 NMR spectrometer (B0 = 21.1 T). Non-spinning 
NMR spectra were acquired using a 7 mm single resonance MAS Bruker probe at natural abundance via 
Carr–Purcell Meiboom–Gill (CPMG) (32k (CsGeI3), 64k (CsGeBr3), or 96k (CsGeCl3) co-added transients, 
256 echoes) and quad-echo (π/2x -τ- π/2y), with a 4.0 μs π/2 pulse (νrf = 62.5 kHz), 196 μs interpulse delay, 
640k co-added transients and a recycle delay of 0.2 seconds. 73Ge NMR spectra were referenced to a 
secondary standard (liquid GeCl4 to 30.9 ppm) with respect to GeH4 (δ(73Ge) = 0.00 ppm).14  
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Definitions 
More extensive work describing interactions in solid-state NMR can be found elsewhere.15–18 Here, we will 
present some brief theory and important parameters of interest for this study. We are interested in 
describing the isotropic magnetic shielding (σiso) and chemical shift (δiso), chemical shift anisotropic (CSA) 
information in the form of a span (Ω) and skew (κ), and the nuclear quadrupole coupling constant (CQ) 
and its asymmetry parameter (η). 

σiso: the isotropic magnetic shielding is the result of averaging the principal components of the anisotropic 
shielding tensor. 

𝝈𝒊𝒔𝒐 =
(𝝈𝟏𝟏 + 𝝈𝟐𝟐 + 𝝈𝟑𝟑)

𝟑
 

δiso: the isotropic chemical shift is the result of averaging the principal components of the anisotropic shift 
tensor.  

𝜹𝒊𝒔𝒐 =
(𝜹𝟏𝟏 + 𝜹𝟐𝟐 + 𝜹𝟑𝟑)

𝟑
 

Ω: The breadth of the CSA pattern. 

𝜴 = 𝝈𝟑𝟑 − 𝝈𝟏𝟏 = 𝜹𝟏𝟏 − 𝜹𝟑𝟑 

κ: The asymmetry of the CSA pattern (-1 ≤ κ ≤ 1). 

𝜿 =
𝟑(𝝈𝒊𝒔𝒐 − 𝝈𝟐𝟐)

𝜴
=
𝟑(𝜹𝟐𝟐 − 𝜹𝒊𝒔𝒐)

𝜴
 

CQ: The magnitude of the quadrupolar coupling interaction between the nucleus of interest and the 
electric field gradient at a quadrupolar nucleus. 

𝑪𝑸 =
𝒆𝑽𝟑𝟑𝑸
𝒉

 

Where e is the elementary charge, V33 is the largest principal component of the EFG tensor, Q is the 
quadrupolar moment of the nucleus, and h is Planck’s constant. 

η: The quadrupolar asymmetry parameter (0 ≤ η ≤ 1) describes the asymmetry of the quadrupolar 
interaction. 

𝜼 =
𝑽𝟏𝟏 − 𝑽𝟐𝟐

𝑽𝟑𝟑
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PXRD Data 
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Figure S1. Calculated (black) and experimental (red) diffractogram for CsGeCl3. 

Figure S2. Calculated (black) and experimental (red) diffractogram for CsGeBr3. 
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Table S1. PXRD cell refinement for synthesized perovskites. 

Formula CsGeCl3 CsGeBr3 CsGeI3 

Crystal system Trigonal Trigonal Trigonal 

Space group R3m R3m R3m 

PDF card 85-1272 85-1273 85-1274 

Cell parameters a = 5.4451 Å 

b = 5.4451 Å 

c = 5.4451 Å 

α = β = γ = 89.72° 

a = 5.6471 Å 

b = 5.6471 Å 

c = 5.6471 Å 

α = β = γ = 88.73° 

a = 5.9959 Å 

b = 5.9959 Å 

c = 5.9959 Å 

α = β = γ = 88.62° 

Volume (Å3) 161.44 179.96 215.37 

Z 1 1 1 

R 5.42% 7.12% 8.03% 
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Figure S3. Calculated (black) and experimental (red) diffractogram for CsGeI3. 
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SEM/EDX Data 

Figure S4. Elemental mapping for CsGeCl3. 

Figure S5. Elemental mapping for CsGeBr3. 
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Figure S6. Elemental mapping for CsGeI3. 

Figure S7. SEM Images of CsGeI3 microcrystals. 
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Supplemental NMR Figures 

Figure S8. 133Cs MAS NMR (νrot = 10 kHz, B0 = 9.4 T). ǂ indicate spinning 
sidebands. 

Figure S9. Non-spinning 73Ge CPMG NMR spectra for CsGeX3 (X = Cl, Br, I; B0 = 21.1 T). 
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Figure S11. Non-spinning 133Cs  Hahn Echo (black) and simulated (blue) NMR spectra for CsGeBr3 at 9.4 T 
(left) and 21.1 T (right). Fitting parameters can be found in Table S7. CT = Central transition, ST = Satellite 
transitions. 

Figure S12. Non-spinning 133Cs  Hahn Echo (black) and simulated (blue) NMR spectra for CsGeI3 at 9.4 T (left) 
and 21.1 T (right). (*) indicates CsI impurity. Fitting parameters can be found in Table S7. CT = Central 
transition, ST = Satellite transitions. 

Figure S10. Non-spinning 133Cs Hahn Echo (black) and simulated (blue) NMR spectra for CsGeCl3 at 9.4 T (left) and 
21.1 T (right). Fitting parameters can be found in Table S7. 
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Table S2. 133Cs fitting parameters for CsGeX3 (X = Cl, Br, I) data at 9.4 and 21.1 T. Euler angles used are α = γ = 0°, β 
= 90°. 

133Cs CQ (kHz) η δiso (ppm) Ω (ppm) κ Gaussian 
broadening (Hz) 

9.4 T 21.1 T 9.4 T 21.1 T 9.4 T 21.1 T 9.4 T 21.1 T 9.4 T 21.1 T 9.4 T 21.1 T 

CsGeCl3 12(2) 12(2) <0.10 <0.10 36.9(4) 33.7(2) 10(1) 10(1) -1 -1 450 750 

CsGeBr3 52(4) 50(3) 0.00(1) 0.00(3) 48.2(8) 47.5(3) 12(2) 16(1) 0 -1 450 400 

CsGeI3 55(4) 52(3) 0.05(4) 0.05(5) 41.8(3) 39.2(7) n.d. n.d. n.d. n.d 350 700 

 

 

Figure S13. 133Cs MAS NMR for CsX salts (νrot = 10 kHz, Bo = 9.4 T). ǂ indicate spinning 
sidebands. 
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Figure S14. 133Cs MAS NMR for CsGeI3 sealed in zirconia rotor for after synthesis, and up to 10 months post synthesis 
(νrot = 10 kHz, Bo = 9.4 T). Between 3 and 8 months, CsGeI3 has degraded and CsI reappears. ǂ indicate spinning 
sidebands, * indicate unknown species. CsI and CsBr spectra have been included as visual aids for assignment. 
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DFT Calculations 
Calculated NMR Parameters 
Tables S3-S7. Summary of NMR parameters obtained from CASTEP DFT calculations. 

CsGeCl3 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Cl 1 708.17 254.07 -0.67 -25.30 0.02 
Cl 2 708.17 254.07 -0.67 -25.30 0.02 
Cl 3 708.17 254.07 -0.67 -25.30 0.02 
Ge 1 1355.71 218.25 -1.00 29.38 0.00 
Cs 1 5837.13 10.80 1.00 -18.70E-03 0.00 

 

CsGeBr3 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Ge 1 1286.39 134.85 -1 14.25 0.00 
Br 1 2188.46 510.03 -0.81 173.3 0.00 
Br 2 2188.46 510.03 -0.81 173.3 0.00 
Br 3 2188.46 510.03 -0.81 173.3 0.00 
Cs 1 5813.67 20.86 1.00 -61.43E-03 0.00 

 

CsGeI3 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Ge 1 1316.28 76.19 -1.00 5.980 0.00 
I 1 4125.87 746.59 -0.96 -797.6 0.01 
I 2 4125.87 746.59 -0.96 -797.6 0.01 
I 3 4125.87 746.59 -0.96 -797.6 0.01 
Cs 1 5825.81 8.39 1.00 -62.91E-03 0.00 

 

CsCl (mp-22865)10 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Cl 1 829.45 0.00 0.00 0.00 0.00 
Cs 1 5643.09 0.00 0.00 0.00 0.00 
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GeCl4 (mp-30086)10 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Cl 1 586.38 535.97 -0.99 -52.66 0.00 
Cl 2 586.38 535.97 -0.99 -52.66 0.00 
Cl 3 586.38 535.97 -0.99 -52.66 0.00 
Cl 4 586.38 535.97 -0.99 -52.66 0.00 
Cl 5 584.14 533.59 -1.00 -52.72 0.01 
Cl 6 584.14 533.59 -1.00 -52.72 0.01 
Cl 7 584.14 533.59 -1.00 -52.72 0.01 
Cl 8 584.14 533.59 -1.00 -52.72 0.01 
Cl 9 583.99 530.57 -1.00 -52.79 0.01 
Cl 10 583.99 530.57 -1.00 -52.79 0.01 
Cl 11 583.99 530.57 -1.00 -52.79 0.01 
Cl 12 583.99 530.57 -1.00 -52.79 0.01 
Cl 13 585.03 536.14 -1.00 -52.48 0.00 
Cl 14 585.03 536.14 -1.00 -52.48 0.00 
Cl 15 585.03 536.14 -1.00 -52.48 0.00 
Cl 16 585.03 536.14 -1.00 -52.48 0.00 
Ge 1 1164.47 3.23 0.23 -0.4951 0.83 
Ge 2 1164.47 3.23 0.23 -0.4951 0.83 
Ge 3 1164.47 3.23 0.23 -0.4951 0.83 
Ge 4 1164.47 3.23 0.23 -0.4951 0.83 
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Computation on Materials Project CsGeX3 (X = Cl, Br, I) 
Table S8. Optimized lattice parameters for CsGeX3 (X = Cl, Br, I) obtained from Materials Project.10 

Formula CsGeCl3 CsGeBr3 CsGeI3 

Crystal system Trigonal Trigonal Trigonal 

Space group R3m R3m R3m 

MP Code mp-22988 mp-1068340 mp-28377 

Cell parameters a = 5.5183 Å 

b = 5.5183 Å 

c = 5.5183 Å 

α = β = γ = 89.84° 

a = 5.7038 Å 

b = 5.7038 Å 

c = 5.7038 Å 

α = β = γ = 89.07° 

a = 6.0991 Å 

b = 6.0991 Å 

c = 6.0991 Å 

α = β = γ = 88.46° 

Volume (Å3) 168.04 185.49 226.64 

Z 1 1 1 

 

Tables S9-S11. Compiled NMR parameters obtained from CASTEP DFT calculations for Materials Project 
CIFs.10 

CsGeCl3 (mp-22988) 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Ge 1 1361.94 192.35 -1.00 23.60 0.00 
Cl 1 698.49 281.40 -0.76 -25.71 0.01 
Cl 2 698.49 281.40 -0.76 -25.71 0.01 
Cl 3 698.49 281.40 -0.76 -25.71 0.01 
Cs 1 5862.93 7.94 1.00 -0.01441 0.00 

 

CsGeBr3 (mp-1068340) 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Ge 1 1293.44 104.50 -1.00 9.511 0.00 
Br 1 2168.24 555.60 -0.91 175.7 0.00 
Br 2 2168.24 555.60 -0.91 175.7 0.00 
Br 3 2168.24 555.60 -0.91 175.7 0.00 
Cs 1 5835.08 14.01 1.00 -0.04431 0.00 
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CsGeI3 (mp-28377) 

Nucleus Shielding Tensor EFG Tensor 
Species No. σcalc (ppm) Ω (ppm) κ CQ (MHz) η 
Ge 1 1271.44 70.78 -1.00 4.566 0.00 
I 1 4102.38 835.34 -0.99 -797.2 0.01 
I 2 4102.38 835.34 -0.99 -797.2 0.01 
I 3 4102.38 835.34 -0.99 -797.2 0.01 
Cs 1 5861.67 7.08 1.00 -0.06431 0.00 

 

Computation vs. Experimental 
Table S12. Differences in shortest and longest experimental X-(Cs/Ge)-X bond angles determined from 
PXRD (see Table 4 in the main text). 

 Bond angle difference (°) CQ (akHz/bMHz) 
Cs-X Ge-X Cs-Xa  Ge-Xb  

CsGeCl3 13.57 7.93 12(2) 33.7(4) 
CsGeBr3 6.69 11.91 52(4) 18.3(2) 
CsGeI3 2.38 15.24 55(4) 8.4(1) 

Figure S15. CQ as a function of X-Cs (or Ge)-X bond angle difference. (a) Equations of fit: y = −4.0251x + 
70.0426; R2 = 0.8955 (black), y = −3.4742x + 60.7578; R2 = 0.9946 (blue). This chart would seem to imply 
a decrease in CQ with larger deviations in bond angles, but this is misleading. The result here is a 
consequence of larger discrepancies in bond lengths for the same atoms (Fig. and Table 5), and so has 
been placed here instead of the main text. 
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