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Water (H2O), one of the most consequential compounds in the Solar System, governs the14

structure and dynamics of icy planets, the terrestrial water cycle, and through the pressure-15

induced transition from hydrogen to ionic bonding, it exhibits marked changes over the16

pressure range of planetary interiors. While many materials are expected to favour sim-17

ple, densely packed lattices with increasing compression, as observed in water ice-X, others18

exhibit unexpected structural complexity at extreme pressures. Here we report experimental19

evidence that water ice undergoes a transformation from ice-X to a less symmetric structure20
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above 222(12) GPa. Synchrotron X-ray diffraction reveals a distortion of the cubic lattice21

consistent with either Pbcm or P42/nnm symmetry, the former being strongly favorable by ab22

initio calculations. This transition marks the onset of a new regime of structural complexity23

in high-pressure H2O, redefining the upper stability limit of ice-X.24

Water-ice, crystal structure, high pressure, XRD25
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1 Introduction26

Compression of condensed matter under a wide range of pressures induces the formation of struc-27

tures, compositions, and types of chemical bonding that are vastly different from those observed28

under ambient conditions 1. Examples such as the complex hP4 phase of transparent sodium at29

240 GPa 2, polymeric nitrogen at 140 GPa 3, and NaCl3
4 at 70 GPa indicate the range of dramatic30

changes in material properties that occur at extreme pressure. In particular, these changes often31

lead to the formation of low-symmetry structures, contrasting with the previously held assump-32

tion that pressure favors simple, densely packed atomic arrangements 5. A prominent example of33

pressure-induced bonding transformation, with implications for planetary science, is H2O. At low34

pressures, hydrogen bonding governs the behavior of H2O and OH-bearing materials, including35

both organic and inorganic matter. However, as pressure increases, this H-bonding is gradually36

replaced by ionic bonding or a complex combination of ionic and hydrogen-bonded states.37

The phase diagram of H2O is surprisingly complex, with more than 20 phases that have been38

detected with laboratory measurements or predicted with computer simulations ab initio. This ex-39

tensive polymorphism has led to the continuous exploration of new ice phases 6–13. The structural40

diversity arises primarily from density-driven effects within the relatively fragile hydrogen-bonded41

network characteristic of the ices, most of which exist at modest pressures and below room tem-42

perature. Upon compression, the steric rearrangements of this network culminate in the formation43

of ice-VII at approximately 2.2 GPa, a superposition of two cristobalite-type H-bonded network44

structures translated relative to each other by 1

2
,1
2
,1
2
. Ice-VII then undergoes a gradual continuous45
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transformation from this H-bonded network into cuprite-type ionic ice-X across a broad pressure46

range 14–23.47

At multimegabar pressures, early computer simulations by Benoit et al. 24 predicted the48

cubic ice-X structure to transform into a lower-symmetry structure with Pbcm symmetry, resulting49

from phonon instability 25. Following up on 26, several new crystal structures have been predicted50

with theoretical methods 27–29 leading to the following series of phase transformations Pbcm →51

Pbca → P3121 → Pcca → P21/c at pressures of 770, 810, 1440, and 1960 GPa, respectively.52

H2O is predicted to decompose at ∼5000 GPa 29, possibly transforming into H2O2 and a hydrogen-53

rich system pertaining to H4O 30, or H3O and determining planetary dynamism 31. However, a54

recent study predicted a new Pa3 ice phase stable above 2200 GPa 32.55

At high temperature, there is less uncertainty about the mobility of H in dense H2O: Cavaz-56

zoni et al. 33 predicted water to assume a superionic state at temperatures above ∼2000 K above57

150 GPa. It was assumed that the oxygen nuclei of superionic water ice form a b.c.c. sublat-58

tice until Wilson et al. 34 showed with ab initio free energy calculations, that above ∼100 GPa, a59

close packed f.c.c. lattice is strongly favored, which was later confirmed with laboratory measure-60

ments 35, though recent calculations suggest a plastic flow for superionic ice at planetary condi-61

tions 36. The fundamental response at 0 K has been revisited recently by Reinhardt et al. 37 using ab62

initio simulations that include nuclear quantum effects and further confirmed that at ≥ 300 GPa, the63

Pbcm phase is favorable over several other candidate structures all of which were more favorable64

than ice-X. An energetically competitive candidate with tetragonal space group P42/nnm also65
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found (6 meV/molecule enthalpy difference from Pbcm at 320 GPa) and was labeled as ortho-X66

37.67

2 Results68

Here we report experimental evidence for the transition of ice-X into a less symmetric phase above69

222(12) GPa, marking the onset of a new regime characterized by increasing structural complexity.70

Where at modest pressures, numerous structurally complex ices emerge from steric rearrangement71

of the H-bonded network, the densest of which, ice-VII, transitions upon further compression72

approaching 50 GPa into the cubic, cuprite-type ice-X phase 38. Our study marks the upper pressure73

boundary for the ice-X regime, using experimental synchrotron XRD and theoretical modeling.74

The transition from ice-X (Pn3m) to a lower symmetry phase that can be described either by an75

orthorhombic (Pbcm) or the tetragonal (P42/nnm) structure of H2O-ice.76

Beginning at 78(1) GPa (Fig. S1,2) 39, we experimentally confirm the presence of ice-X77

phase using synchrotron XRD, and Raman spectroscopy, persisting up to 222(12) GPa. Figure 1a-78

d shows the integrated 1D pattern of the diffraction peaks of the H2O sample and the rhenium79

gasket, with the 1D projection of the image plate data along its azimuthal angle. At 180(5) GPa80

the severe effects of non-hydrostaticity are apparent with a shift across the diffraction azimuthal81

(Fig. 1a). However, a single distinct Debye ring is observed, corresponding to the (110) reflection82

of ice-X. This pattern was obtained from the center of the ice-filled cell chamber in an experiment83

with 50 µm culets where signal from the rhenium gasket remains invisible. In Figure 1b, the84
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deviatoric stress at 218(10) GPa is most notable for the H2O sample in the azimuthal 1D projection,85

“snaking” between 3.4 and 3.6 Å−1. Still, averaging across the full azimuthal of the XRD pattern86

integrates into a single diffraction peak, as indexed as cubic ice-X. Deviatoric stress in the XRD87

patterns is clearly evident in the H2O sample above 126(2) GPa (Fig S1), and it is also observed88

in the diffraction data from the rhenium gasket. For an unstressed sample the unwrapped XRD89

pattern as an azimuthal projection would appear as a linear array, confined over a narrow angle.90

At 222(12) GPa (Fig. 1c), the emergence of a second diffraction feature is labeled by a sec-91

ond tick mark. Upon further compression to 230(11) GPa (Fig. 1d), deviatoric stress relaxes and92

this secondary peak becomes fully resolved at a distinct Bragg angle. Figure 1e shows the full93

width at half maximum (FWHM) of the primary diffraction peak as a function of pressure. The94

FWHM initially broadens with increasing pressure, reflecting the continuing increase of deviatoric95

stress with non-hydrostatic compression, but above 218(10) GPa it narrows despite the emergence96

of a new feature. The combined FWHM of the split peaks is smaller than that of the single ice-X97

reflection, indicating stress release concurrent with a structural transition. The appearance of this98

new diffraction peak and the reduction in line broadening together signify a phase transformation.99

Figure 1f displays the Debye–Scherrer rings obtained at the highest pressure achieved in this study.100

The diffraction pattern shows signs of texturing; however, a quantitative assessment is not possible,101

as this would require measurements at diffraction angles beyond the accessible range. Acquiring102

statistically reliable diffraction data at such extreme pressures for a low-Z system remains partic-103

ularly challenging.104
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Using Ab initio calculations, we study possible structural candidates for post-ice-X, identi-105

fying P42/nnm, Pbcm, and P21212 as viable solutions (Fig. 2a). The relative enthalpies among106

these competing ice phases are consistent with previous reports 24, 26–29, 37, differing by less than 5107

meV at 310 GPa (PBE; Fig. S3) 39. Such a narrow enthalpy window suggests that the metastable108

structures lying slightly above the Pbcm ground state may be experimentally accessible, partic-109

ularly under conditions where deviatoric stresses and other non-hydrostatic effects can promote110

non-equilibrium transformation pathways.111

We found that the transition pressures from ice-X to Pbcm or P42/nmm have a spread112

between 220–350 GPa when considering a wide range of DFT exchange-correlation functionals113

different DFT functionals are employed (Fig. 2b). While not all these predictions may be al-114

ways meaningful, they are able to provide with a match to the changes in lattice parameters as a115

function of pressure with those observed here in our XRD measurements. As the PBE and SCAN116

functionals are considered to describe water well, for example the multi phase P,T phase diagram117

at lower pressures 40, they are expected to provide a more reliable transition pressure of 300 GPa,118

but this is not necessarily the case at these high densities. Figure 2c presents a direct comparison119

between the experimental XRD pattern at 230(11) GPa and simulated patterns of the most ener-120

getically favorable predicted structures. Panel (i) shows a Rietveld refinement based on the Pbcm121

model, applying a [001] preferred orientation to reproduce the relative peak intensities observed122

experimentally. The subsequent simulated patterns, all calculated at V = 16.0 Å
3

per 2 formula123

units, correspond to the idealized structures of (ii) ice-X (Pn3m), (iii) P42/nnm, (iv) Pbcm, and124

(v) P21212.125
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The XRD patterns above 220 GPa are possible to fit, across the selected range of the az-126

imuthal, to either of the predicted Pbcm and P42/nnm phases. At 230(11) GPa the Pbcm127

structure is fitted using Rietveld refinement providing cell parameters (Fig. 3a): a = 2.402(1) Å,128

b = 3.700(2) Å, c = 3.580(1) Å, and V = 15.91(3) Å3, with atomic coordinates - H (1, 0.1980,129

0.25), H (0.5, 0, 0), O (0.2519, 0.4479, 0.25) - were fixed to DFT determined values and not re-130

fined experimentally due to the limited data quality. To further account for the restricted data set131

and the presence of texturing, preferred orientation along the [001] direction was included in the re-132

finement model (wR = 0.334). However, even after inclusion of preferred-orientation corrections,133

the Pbcm model remains insufficient to fully reproduce the experimental diffraction pattern, most134

notably the emergence and observed intensity of the second diffraction feature. The P42/nnm135

structure fitted using Rietveld refinement provides (Fig. 3b): a = 2.486(1) Å, c = 2.588(2) Å, and136

V = 15.99(1) Å3, with atomic coordinates - H (0.75, 0.75, 0.75), O (0, 0, 0.5) - as also determined137

by DFT . This simpler, high symmetric solution describes the experimental data more accurately138

(wR = 0.274). Although the P21212 structure is energetically competitive, it does not adequately139

reproduce the experimental data without introducing additional distortions to the ideal unit cell140

(Fig. S4) 39. At 230 GPa, the two diffraction peaks near 3.5 Å−1 were also modeled using two dis-141

tinct volumes of the cubic ice-X structure to evaluate whether the splitting could arise from strong142

pressure gradients along the X-ray beam path. However, this approach yields an implausibly large143

pressure difference, equivalent to 190 and 262 GPa, indicating that the feature cannot be explained144

solely by non-hydrostatic stress.145

The Pbcm and P42/nnm structures can be viewed as distortions of the ice-X structure in146
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their lattice parameters (Figs 4a and 4b). Indeed, all theoretically predicted low-energy structures147

can be regarded as distortions of the ice-X structure, each exhibiting distinct symmetry-breaking148

features. We performed structural relaxation calculations with the CASTEP code 41 to compare149

the enthalpy of various structures with the newly observed phase. When these structures are re-150

laxed within DFT at lower pressures, most reverted back to the ice-X structure (specifically, below151

300 GPa for the PBE functional 42). The transition from ice-X to P42/nnm involves a tetrago-152

nal distortion of the lattice, characterized by an elongation of the c-axis and additional structural153

splitting. The ice-X to Pbcm transition is more complex, involving a pressure-induced buckling of154

the oxygen sublattice. Both of these symmetry lowering transitions increase the density of H2O,155

which is ultimately favored at high pressure. Figures 4a and 4b compare the experimental unit cell156

parameters with those calculated reported by Reinhardt et al., 37 and our own calculations using157

the PBE+D2 functional, for the Pbcm and P42/nnm solutions, respectively. The observed distor-158

tion away from cubic ice-X is better described by Pbcm symmetry, rather than by the tetragonally159

distorted P42/nnm solution.160

The pressure-volume relations are shown in Figure 5a. At these pressures and for a low-Z161

material, combined with the limitations of powder averaging over the full azimuthal range (Fig.162

S6-7) 39, the Rietveld refinement does not achieve statistical significance to determine which struc-163

ture is truly valid. Unlike most DAC XRD studies, data collection reported here was performed164

without rocking on the rotation axis or raster scanning over the sample to improve powder statis-165

tics. Each XRD measurement captures a stationary image, to avoid signal from the rhenium gasket166

overwhelming that of the sample, both small and a weak scatterer. Additionally, the use of such a167
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micro-focused beam of 1x1 µm is suboptimal for achieving adequate powder averaging statistics.168

A fundamental challenge to accurately capture the compressibility of materials is that stan-169

dard equations of states (EoS) fail in accurately capturing the response of materials over very broad170

pressure ranges. This relevant especially for systems that deviate from simple, hydrostatic com-171

pression behavior, particularly in solids where chances in bonding interactions modify the crystal172

structure, as in the transition from ice-VII to -X. The theoretical PV points from our molecular173

dynamics (MD) simulations do not conform well to any single EoS formulation, and fitted to third174

order EoS give non-physical values. When artificially fixing V0 = 37 Å3, values for K0 = 42.4 GPa,175

K ′

0
= 8.18 are fitted, with the pressure derivative seemingly too large for comparable systems. The176

MD simulations capture a more complex, atomistic response of H2O under compression, one that177

cannot be described adequately using a single EoS across the full pressure range. Nonetheless, we178

attempted to fit the PV data from our study, both independently and in combination with the ice-X179

data from Grande et al. 43, using a variety of standard EoS fits (Fig 5b).180

A Vinet EoS is fitted to our experimental data set from 78 - 230 GPa, giving a compressibility181

of K0 =52.52 GPa, K ′

0
= 6.61V0 = 30.22 Å3 (per 2 f.u., used as convention). Here, the issue that182

arises is for such a value of compressibility the Vinet EoS underestimates the starting volume of the183

system. When the pressure-volume range is extended to include the Grande et al., data to fit over184

2.2 - 230 GPa, we calculate compressibility values of K0 =13.34 GPa, K ′

0
= 7.13V0 = 40.01 Å3 (per185

2 f.u.). This approach provides a bulk modulus value that is rather too small and non-physical in186

describing ice-X at such high pressures. Therefore, a second-order Birch-Murnaghan EoS along187
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the full pressure range of 2.2 to 230 GPa, giving a compressibility of K0 = 52.2 GPa, K ′

0
= 4,188

V0 = 35.23 Å3 (per 2 f.u.). For the loading at the highest pressures achieved (218-230 GPa), a small189

fragment of rhenium was present at the center of the sample (as shown in the 2D X-ray transmis-190

sion map of the sample chamber in Figure S8 39). This provided excellent agreement between191

the equation of state (EoS) of rhenium and the strained diamond edge, which was measured at192

the highest pressure 232(9) GPa) using Raman spectroscopy 44, 45. Throughout the study, we ob-193

served consistent pressure measurements between the EoS of rhenium and the strained diamond194

Raman edge, as illustrated in Figures S9-10 39. Consequently, we chose to present pressure values195

determined by the EoS of rhenium.196

Performing spectroscopic measurements at such extreme pressures also presents several in-197

trinsic challenges. Diamond anvils are often susceptible to fracture when exposed to tightly fo-198

cused laser illumination. In addition, both the sample and the diamond culets often exhibit a199

high density of defects that generate intense broadband fluorescence, which significantly reduces200

phonon lifetimes and leads to pronounced signal broadening. This broadening is further exacer-201

bated by sampling within a highly strained region of the sample chamber, where non-hydrostatic202

stresses distort vibrational features and complicate spectral interpretation. Alternatively, here we203

calculate the corresponding vibrational spectra for the different candidate phases investigated in204

this study. Vibrational mode calculations were carried out with both Raman and IR activities com-205

puted to generate intensity projections. The theoretical Raman or IR spectra were calculated with206

DFPT, using the LDA XC-functional, at 260 GPa. A characteristic of the symmetrization of the207

spectroscopic O-H-O stretch and suppression of the OH molecular mode is evident in ice-X and208
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the post phases. The LDA XC-functional gives a very similar spectral output to the PBE choice,209

although for PBE we examined only 350 GPa, for reasons stated earlier. The simulated spectra210

were convolved with a pseudo-Voigt function using a full width at half maximum (FWHM) of 20211

cm−1 to account for predominately strain broadening. For the IR data, additional normalized over-212

lays, in pastel tones, were included to illustrate the expected appearance of each spectrum with a213

FWHM of 100 cm−1, reflecting the typically lower spectral resolution of IR spectroscopy, where214

broad features often arise from overtones and anharmonic coupling of fundamental vibrations.215

The Raman signal, even when accounting for strain broadening, should still allow the two216

alternative phases, Pbcm and P42/nnm, to be distinguished from one another, and from ice-217

X. In ice-X the triply degenerate T2g is distinctive and splits when symmetry lowering to the218

P42/nnm phase. The Pbcm phase exhibits two distinct lower-frequency modes, A1g and Bg,219

respectively, which would be the most definitive features confirming the emergence of this dis-220

tinct phase (Fig. 6a(top)). This is important as DFT calculations often underestimate vibrational221

frequencies; therefore, it can be expected that the more dominant features of the various phases222

are hidden beneath the highly strained diamond first-order phonon peak by around 200 GPa. The223

Pn3m structure of ice-X possesses Oh point group symmetry, with its dominant infrared-active224

mode assigned as T1u. Upon symmetry lowering, this triply degenerate vibration splits into A2u225

and Eu components in the P42/nmm phase (D4h), and further into B2u, B3u, and B1u modes in226

the Pbcm phase (D2h). The infrared scattering cross-section of water is significantly larger than its227

Raman counterpart, making IR spectroscopy the preferred probe under such conditions. However,228

due to substantial experimental broadening at these extreme pressures, distinguishing among the229
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candidate phases remains challenging, as illustrated in Figure 6a(bottom).230

For lower pressures of ice-X up to 125 GPa we were able to carryout experimental Raman231

spectroscopy to investigate the response of the primary Raman mode, T2g, (Fig. 6b). The T2g mode232

signifies the onset of H-bond symmetrization in ice-X. Its near linear pressure response aligns well233

with the pioneering work of Goncharov et. al. 46 (Fig. 6c), and can be correlated with its emergence234

at lower pressures, as reported by Grande et. al. 43. The diamond Raman edge was also measured to235

determine pressure (Fig. S10 39). By 125 GPa, the signal-to-noise ratio significantly deteriorated236

due to the inherently low Raman scattering cross-section of water-ice and our use of low laser237

powers. We did not continue with these measurements until again at 230 GPa, where no Raman238

signature from the sample could be discerned. We did not attempt to measure Raman spectra for239

the two lower pressures, as we were interested in attempted to measure the emergence of new240

Raman modes because of symmetry lowering away from a BCC structure evolving from ice-X.241

The two energetically competing structural models of Pbcm and P42/nnm for the observed242

distorted post ice-X phase (Fig. 2) both show an anisotropic ionic O-H bond. This anisotropy243

is not a mere by-product of a general lattice distortion as both the oxygen and hydrogen atoms244

would distort simultaneously, but rather the primary driver of the lattice deformation itself. With245

increasing pressure, both the anisotropy of the cell parameters and the O-H bond vector lengths246

grow (Fig. 4), indicating that the ionic bond evolves in a fundamentally directional manner. The247

emergence of this anisotropic phase has implications that extend beyond condensed-matter physics.248

Space-telescope observations from Kepler, CoRoT and TESS 47 have revealed that planets between249
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Earth and Neptune in size, those most common in our galaxy 48, likely host vast H2O reservoirs.250

Voyager 2’s flybys of Uranus and Neptune showed gravitational data consistent with models in-251

corporating thick mantles of water ice extending from 15 to 830 GPa 49, though alternative interior252

models suggest stratified layers of water within their mantles 50. The structure of water ice at253

multi-megabar pressures critically influences its density, conductivity and heat transport, which254

underpin models of interior dynamics and magnetic activity in ice-rich worlds such as Uranus,255

Neptune and sub-Neptunes 51. Such pressure-induced evolution is likely intrinsic to the behavior256

of H2O under extreme compression and, therefore, expected to influence its state under the ther-257

modynamic conditions of planetary interiors, even if the low-symmetry phase identified here is not258

thermodynamically stable at such planetary interior temperatures. Whether this modification of the259

O-H bond facilitates chemical reactivity with surrounding materials 52, 53, or stabilizes alternative260

stoichiometries such as H3O
31 remains an open question.261

3 Conclusions262

In conclusion, we report the first measurements of statically compressed H2O-ice above pressures263

of 222(12) GPa, marking a transition from the ice-X phase to a denser, lower symmetry phase.264

Both Pbcm, the energetically predicted ground state, and P42/nmm are possible to model against265

the experimental XRD patterns. The measured equation of state for ice-X and the evolution of the266

cell parameters of the newly observed phase align well with theoretical models. These experiments267

highlight the complexities of compressing H2O under high pressures, including the effects of de-268

viatoric stress and the limitations of powder diffraction techniques for such low-Z systems. This269
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work underscores the need for further high-pressure studies to explore the behavior of water and270

related systems, e.g. HxO or OH+X, under extreme conditions.271

4 Methods272

High pressure experiments Diamond anvil cells with 30 or 50 µm culets are used and liquid H2O273

samples were loaded into 20 or 30 µm, sample chambers respectively, that are micromachined into274

Re gaskets 54. A total of 5 DAC loadings were prepared. To protect the diamonds during pre-275

indention the Re foil is electroplated with a layer of Au that measures only a hundred nanometers276

in thickness. This process prevents any cold welding of the gasket material to the diamond culet277

when making very thin gaskets, approximately 6 µm. The issue of non-hydrostaticity is a major278

challenge in studying low-Z materials at extreme pressures. For water-ice in a DAC, conventional279

pressure-transmitting media cannot be used, as they may induce clathrate formation. The efficiency280

of direct laser absorption using mid-IR energies diminishes approaching 100 GPa. Although it is281

not possible to mitigate the issues of non-hydrostaticity, in this study we could improve powder282

averaging for powder statistics. All Samples are compressed to between 20 and 50 GPa before283

being heated using a CO2 laser to recrystallize a finely powdered ice sample 43. Samples are heated284

approximately 500 K above the melt for any given pressure and for durations of 60 s. The melt-285

quench process is repeated until the powder statistics are redeemed sufficient. This dramatically286

improves powder statistics for XRD and allows more reliable indexing due to better resolution287

throughout the rest of the compression run.288
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Synchrotron X-ray diffraction Angle-dispersive synchrotron X-ray diffraction experiments were289

conducted at HPCAT, 16 ID-B Beamline of the Advanced Photon Source (λ = 0.4066 Å and290

λ = 0.42459 Å), and Beamline 12.2.2 at the Advanced Light Source (λ = 0.4132 Å). Raman291

spectroscopy measurements were conducted. To achieve ultra-high pressures, we minimized laser292

exposure (≤10 mW, 532 nm) to avoid potential damage to the diamonds. Raman spectroscopy293

was carried out again only at the final highest pressure using a 632.8 nm excitation laser (≤1 mW).294

The pressures present here with the equation of state (EoS) of rhenium by Anzellini et al., 44, and295

backed up by measurements using the pressure shift of the diamond Raman edge 45, see Figures296

S9-10, and Table S1-2 39.297

298

Ab initio calculations Ab initio molecular dynamics (MD) simulations were performed with VASP299

code 55, 56 and the PBE functional 42 unless otherwise reported, with a plane-wave cutoff of 1100 eV.300

Fixed volume (NVT) MD was performed for H2O ice-VII and ice-X EoS using a 0.5 fs timestep,301

16 (2x2x2 k-points) and 128 water molecules (Gamma-point sampling), as well as the P42/nmm302

structure with 52 molecules (2x2x2 k-points), which was found to be stable. K-point sampling303

converged the pressure to within 1 GPa to that of denser sampling, and finite-size effects on the304

EoS were found to be small. Glassy ice was simulated by flash-freezing high-temperature liquid305

ice into a high-density amorphous structure, which diffused extremely slowly at 300 K, to give an306

upper-bound to the density (see Figures S10-11) 39. Our theoretical volume-pressure values com-307

puted from AIMD at 300 K are in good agreement with our experiments values presented here,308

as well as previous observations 10, 43, 57, 58 (Fig. 5a). Theoretical vibrational spectra (wavenumber309
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and intensities) were calculated using density functional perturbation theory (DFPT), using the310

CASTEP code 41 with norm-conserving pseudopotentials and an increased plane-wave energy cut-311

off of 1500 eV. We chose to use functionals that could stabilize post ice-X forms of high pressure312

ice under 300 GPa in order to give examples of the expected spectra.313

Supplementary information This work is accompanied by supporting information that is314

provided315
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Figure 1: Evidence of symmetry change in water ice from X-ray diffraction. Shown are 1D az-

imuthal projections of image plate data at 180(5), 218(10), 222(12), and 230(11) GPa, with cor-

responding integrated 1D patterns above. Blue tick marks denote water-ice peaks and the red

tick mark indicates rhenium. (a) At 180(5) GPa, ice-X is observed under non-hydrostatic condi-

tions. (b) At 218(10) GPa, anisotropic strain broadens the integrated peak. (c) At 222(12) GPa,

a new diffraction ring emerges from the ice sample. (d) At 230(11) GPa, two distinct diffraction

rings appear, indicating a departure from the bcc ice lattice. Unlike the strain broadening seen at

lower pressures, the integrated pattern here shows distinct peak splitting consistent with a crys-

tallographic symmetry change. (e) FWHM of the primary ice feature as a function of pressure,

showing a discontinuity and sharp drop above 218(10) GPa, marking the phase transition. Fits are

provided as a visual guide. (f) 2D image plate data at 230(11) GPa, with Debye-Scherrer rings in

the highlighted green region corresponding to the new ice phase.
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Figure 2: Theoretical and experimental analysis of post-ice-X phase stability. (a) Relative en-

thalpy of ice-X compared to the three lowest-energy higher-pressure phases (P42/nnm, Pbcm,

and P21212) as a function of pressure. (b) Relative enthalpy of P42/nnm and Pbcm with respect

to ice-X, calculated using various DFT exchange-correlation functionals and dispersion correc-

tions. The vertical dashed line indicates the experimental transition pressure identified in this

work. (c) Integrated experimental XRD pattern at 230(11) GPa compared with simulated patterns

of ice-X and the three candidate structures: (i) Rietveld refined Pbcm phase with [001] preferred

orientation (PO); (ii) ice-X (Pn3m); (iii) P42/nnm; (iv) Pbcm; and (v) P21212, all calculated at

V = 16.0 Å
3

per 2 formula unit.

27



 

2.0 3.0 4.0 5.0 6.0

q (Å-1 (

Fit 
Data
Residual 
H

2
O - Pbcm

Re

a

 

2.0 3.0 4.0 5.0 6.0

q (Å-1 (

Fit 
Data
Residual 
H

2
O - P4

2 
/nnm

Re

b

Figure 3: Rietveld refinement of the predicted water phases (the rhenium phase is fitted using

Le Bail refinement), using (a) the Pbcm model. (wR = 0.334), and (b) the P42/nnm model

(wR = 0.274).
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Figure 4: Lattice parameters of H2O ice with pressure across the post-ice-X transition. Squares

show experimental lattice parameters determined from X-ray diffraction. Solid lines show lattice

parameters of ice-X and P42/nnm-type ice from our own calculations. Dashed lines are from

Ref. 37 (a) Post-ice-X phase described as Pbcm model. Shown cell parameters for b and c are

divided by
√
2. (b) Post-ice-X phase described as P42/nnm model, as per the ”ortho-X” structure

described in Ref. 37.
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values are plotted as red squares, and the theoretical V(P) shown in black line, both shown as

volume per 2 f.u. Relevant studies are compared, with experimental 10, 12, 43, 58, 59 and theoretical 57

data presented as square or circle symbols, respectively. (b) The experimental volume pressure

relations from this study and by Grande et al., 43. The Birch-Murnaghan and Vinet equation of

state fits to the respective data are shown.
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(a) Theoretical Raman and IR spectra at 260 GPa calculated with DFPT, using the LDA XC-

functional. (b) Experimental Raman spectroscopy data are presented as a stacked plot showing the

Raman shift ice-X at increasing pressures of 83, 93, 113, and 125 GPa, respectively. The dotted

line serves as a visual guide to the central frequency of the observed mode. (c) The Raman shift of

the T2g mode of our experimental data on ice-X compared to the work of Goncharov et. al. 46 at

similar pressures. 31
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