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Figure 1. Convergence of the total energy and volume with respect to the plane-wave energy cut-
off at 0 GPa (blue) and 140 GPa (yellow) for phase H. To ensure excellent convergence in volume 
and energy, a plane-wave energy cut-off of 600 eV was chosen, which results in an energy 
convergence of 2x10-3 eV/atom at 0 GPa and 6x10-4 eV/atom at 140 GPa and a volume 
convergence of 3x10-3 Å/atom at 0 GPa and 9x10-3 Å/atom at 140 GPa. 
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Figure 2. Raman spectra for phase H as a function of pressure, calculated using DFPT as 
implemented in ABINIT (this study) and CASTEP (Lv et al. 2017). O-H bond symmetrization is 
predicted at 30 GPa in this study while it is only observed at 40 GPa in the study of Lv et al. (2017), 
likely due to a difference in computational methods and bond distances. See Figure 7 of the main 
text for a comparison of the pressure-induced O-H bond symmetrization. When calculating the 
intensities, the wavelength of the laser source and temperature were set to 19636 cm-1 and 300 K, 
respectively. 
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Table 1. Lattice parameters and volume of phase H at ambient pressure from single crystal X-ray 
diffraction (Bindi et al. 2014) and from density functional theory calculations (this study; Tsuchiya 
2013; Lv et al. 2017).  
 
 a (Å) b (Å) c (Å) γ (°) V (Å3) Space 

group 
Experiment  
(Bindi et al., 2014) 4.733(2) 4.3250(10) 2.8420(10) 90.0 58.18(3) Pnnm 

Theory (this study) 4.798 4.333 2.855 93.3 59.25 Pm 

Theory  
(Tsuchiya 2013) 4.786 4.328 2.848 93.3 58.90 Pm 

Theory  
(Lv et al. 2017) 4.812 4.349 2.863 93.3 59.84 Pm 

 
 
Table 2. The distances and angles between oxygen and hydrogen in phase H at ambient pressure 
from single crystal X-ray diffraction (Bindi et al. 2014) and from density functional theory 
calculations (this study; Tsuchiya 2013; Lv et al. 2017). See Figure 7 of the main text for the 
pressure-induced changes in the O···O distance, O-H bond length and H-O-O bond angle. 
 
 O-H (Å) H···O (Å) O···O (Å) O-H-O (°) Space group 
Experiment  
(Bindi et al., 2014) 1.01 1.45 2.461(4) 178.9 Pnnm 

Theory (this study) 1.04, 1.05 1.47, 1.54 2.51, 2.58 176.0, 178.3 Pm 

Theory  
(Tsuchiya 2013) 1.08, 1.10 1.41, 1.45 2.49, 2.55 177.1, 179.0 Pm 

Theory  
(Lv et al. 2017) 1.04, 1.04 1.49, 1.55 2.52, 2.59 175.7, 178.1 Pm 

 
 
Table 3. Fitted Birch-Murnaghan parameters for phase H in the pressure range of about 35-60 GPa 
(after hydrogen bond symmetrization) with fixed K’0 values of 4 and 5 for a direct comparison to 
the fits to experimental data by Nishi et al. (2018).  
 
 V0 (Å3) K0 (GPa) K’0 Space group P range (GPa) 
Experiment  
(Nishi et al. 2018) 56.6(1) 204(2) 4 (fixed) Pnnm 33.8-60.2 

Theory (this study) 57.6(4) 193(1) 4 (fixed) P2/m 35-60 

Experiment  
(Nishi et al. 2018) 57.4(1) 167(2) 5 (fixed) Pnnm 33.8-60.2 

Theory (this study) 58.7(2) 155(1) 5 (fixed) P2/m 35-60 
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