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Abstract 14 

The high-pressure behavior of dioxides is of interest due to their extensive polymorphism 15 

and role as analogs for SiO2, a phase expected to be important in the deep mantles of Earth 16 

and terrestrial exoplanets. Here we report on dynamic ramp compression of quartz-type 17 

germanium dioxide, GeO2, to stresses up to 884 GPa, a higher peak stress than previous 18 

studies by a factor of 5. X-ray diffraction data show that HP-PdF2-type GeO2 occurs under 19 

ramp loading from 154 GPa to 440 GPa, and this phase persists to higher pressure than 20 

predicted by theory. Above 440 GPa, we observe evidence for transformation to a new 21 

phase of GeO2. Based on the diffraction data, the best candidate for this new phase is the 22 
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cotunnite-type structure which has been predicted to be a stable phase of GeO2 above 300 23 

GPa. The HP-PdF2-type and cotunnite-type structures are important phases in a wide range 24 

of AX2 compounds, including SiO2, at multi-hundred GPa stresses. Our results demonstrate 25 

that ramp compression can be an effective technique for synthesizing and characterizing 26 

such phases in oxides. In addition, we show that pulsed X-ray diffraction under ramp 27 

compression can be used to examine lower-symmetry phases in oxide materials. 28 

 29 

Introduction  30 

The high-pressure behavior of AX2 compounds is of long-standing interest due to their 31 

extensive polymorphism and varied transformation pathways [1]. In particular, GeO2 has 32 

attracted considerable attention as an analog of SiO2 [2], a major expected oxide 33 

component of the interior of terrestrial planets both within and outside the solar system. 34 

SiO2 undergoes a series of phase transitions from quartz to coesite to stishovite to the 35 

CaCl2-type to seifertite over the pressure range of the Earth’s crust to the core-mantle 36 

boundary. Beyond Earth-mantle conditions, SiO2 has been experimentally shown to adopt 37 

the HP-PdF2-type (often called pyrite-type) structure at 268 GPa [3]. These progressive 38 

phase transitions involve an increase in the coordination number (C.N.) of Si from 4 (e.g., 39 

in quartz) to 6 (e.g., in stishovite) to 6 or 6+2 in the HP-PdF2 structure. Theoretical studies 40 

predict a transition to the post-HP-PdF2 structure such as a Fe2P-type structure (C.N. = 9) 41 

to occur around 640 GPa at low temperature [4,5], or to the 𝛼-PbCl2-type structure 42 

(cotunnite; C.N.= 9) at higher temperatures but similar pressures [4–7]. Recently it was 43 

predicted that an 𝑅3ത phase of SiO2 can be formed as an intermediate structure with variable 44 

coordination numbers of 6, 8 and 9 at 645 GPa to 890 GPa [8]. The higher coordinated 45 
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phases of SiO2 are potentially important materials in the interiors of large-rocky and water-46 

rich extrasolar planets which have a wide range of plausible bulk compositions and higher 47 

interior pressure and temperature conditions than Earth [9,10]. 48 

 49 

At high pressures and temperatures, GeO2 exhibits a similar phase transition sequence as 50 

SiO2 from argutite (rutile-type, ሺ𝑃42/𝑚𝑛𝑚ሻ) to the CaCl2-type ሺ𝑃𝑛𝑛𝑚ሻ, followed by the 51 

𝛼-PbO2-type ሺ𝑃𝑏𝑐𝑛ሻ, and finally a HP-PdF2-type (𝑃𝑎3തሻ phase up to 130 GPa [2,11–13]. 52 

The lower transformation pressures compared to SiO2 are related to the larger ionic radius 53 

of Ge4+ relative to Si4+. No post-HP-PdF2 phase has been previously observed 54 

experimentally.  55 

 56 

Structures with the space group Pa3ത are commonly observed in materials at high pressures 57 

including in a number of dioxides (SiO2 [3], SnO2 [14], PbO2 [15] and FeO2 [16]). There 58 

are two structures with the space group Pa3ത: the pyrite-type (FeS2) and the high-pressure 59 

PdF2-type (HP-PdF2). They can be distinguished by whether there is anion-anion bonding 60 

(pyrite) or not (HP-PdF2). The 𝑃𝑎3ത-type oxides are commonly referred to as the pyrite 61 

type [3,12], however, based on bond distances, GeO2 and SiO2 are not expected to have O-62 

O interactions [12,17,18]. Thus, it is more appropriate to refer to the high-pressure 𝑃𝑎3ത-63 

type oxides as the HP-PdF2-type structure.  64 

 65 

In the HP-PdF2-type structure the cations are arranged in a distorted corner-sharing 66 

octahedral environment (Fig. S1). The HP-PdF2-type and post-HP-PdF2 phases have yet to 67 

be identified under dynamic compression in any oxide materials. Theoretical calculations 68 
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predict transformation to post-HP-PdF2-type phases in GeO2 including the orthorhombic 69 

cotunnite-type (Pnam) at ~ 300 GPa and the hexagonal Fe2P-type (P6ത2m) structure at ~600 70 

GPa [18]. In the cotunnite-type structure, the C.N. of the Ge cation is 9 and the oxygen 71 

ions adopt a distorted hexagonally close-packed arrangement generating tricapped trigonal 72 

prisms sharing an edge along the a axis and parallel to the c axis. In the Fe2P-type structure, 73 

the Ge cations are also coordinated to nine oxygens forming tricapped trigonal prisms 74 

which are connected to each other by edge-sharing along the a direction and by face-75 

sharing along the c direction (Fig. S1).  76 

 77 

The behavior of amorphous GeO2 has been extensively studied at high pressures as a model 78 

system for understanding coordination changes and amorphous structures in a low-pressure 79 

analog for silicate glass  [19–24]. Above 90 GPa, the C.N. of GeO2 glass is reported in one 80 

study to be greater than 7 which exceeds that of the HP-PdF2-type structure [22]. Other 81 

work has reported a HP-PdF2-like structure and compressibility of the glass above 100 82 

GPa [23,24]. A detailed understanding of crystalline GeO2 phases is useful in interpreting 83 

observations of amorphous counterparts at very high pressure [23,25,26].  84 

 85 

Ramp compression is a dynamic-loading technique that can compress materials to the 86 

terapascal pressure range within the solid state, far in excess of pressures attainable in 87 

conventional static compression experiments [27]. Ramp loading is analogous to 88 

compressing a material by a series of weak shocks, thereby greatly reducing the heating 89 

arising from the increased entropy associated with single-shock compression. Ramp 90 

compression, in combination with in situ X-ray diffraction (XRD), allows for the 91 
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observation of the atomic-level structure of materials up to ~2 TPa [27–34]. Studies of the 92 

atomic-level structures of high-pressure phases formed under dynamic compression at 93 

hundreds of GPa pressures have so far mostly been restricted to high-symmetry phases and 94 

simple phase transitions such as the FCC-HCP-BCC phases of elemental metals (Al, Fe, 95 

Au, Mo, Sn, etc.) [28–31,35,36] or B3-B1-B2 phases of binary compounds (MgO, FeO, 96 

and SiC) [32–34]. More generally, the atomic-level structure achieved in oxides and 97 

silicates under dynamic loading (both shock and ramp) to Mbar pressures and beyond is 98 

poorly constrained [37–39]. Phase transitions are observed to occur under shock loading 99 

for many minerals, but the in situ atomic structure of the high-pressure phases are largely 100 

unknown [39].  101 

 102 

In this study, GeO2 was examined by X-ray diffraction under ramp compression to nearly 103 

900 GPa, more than five times the pressures reached in previous static and shock 104 

compression studies on this material. Our diffraction data provide experimental evidence 105 

for the persistence of the HP-PdF2-type structure up to 440 GPa followed by a phase 106 

transition to a post-HP-PdF2-type phase consistent with the cotunnite-type structure. 107 

  108 

Materials and Methods 109 

Target assembly and laser-driven compression 110 

Polycrystalline 𝛼-quartz GeO2 (Aldrich, >99.998% purity) was ground until the grain size 111 

was reduced to a few m. The phase and purity of the sample were confirmed by Raman 112 

spectroscopy and X-ray diffraction [11]. The sample powder was compressed to 3 GPa in 113 

a diamond anvil cell producing 10-19-m-thick pellets. This resulted in low-porosity 114 
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(~3.6%) aggregates as estimated from scanning electron microscopy images [40] (Fig. S2). 115 

The sample pellet was glued between a diamond ablator and a LiF window for low-stress 116 

experiments (<400 GPa) (Fig. 1(a)) or between two diamonds for high-stress experiments 117 

(>400 GPa) (inset to Fig. 2(a)). The high-stress targets also contained a thin Au layer (~ 1-118 

m thick) which acted as a shield to prevent heating by X-rays emitted from the drive 119 

plasma. All layers were attached with ~1-m thick epoxy layers. Ta, W or Fe foils (75 to 120 

150-m thick) with a 300-m diameter aperture were attached to the back of the target 121 

package (see Fig. 1(a) and Table S1 of the Supplemental Material). These were used for 122 

X-ray collimation and to provide reference diffraction lines for calibrating the X-ray 123 

diffraction geometry.  124 

 125 

LiF has been previously reported to remain transparent when compressed to at least 800 126 

GPa under ramp loading [41], but loses transparency at ~400 GPa under laser-driven shock 127 

compression [41]. In our ramp experiments, LiF was observed to become opaque above 128 

~400 to 450 GPa. This can be explained by steepening of the ramp into a shock wave after 129 

it enters into the LiF window. For this reason, the use of LiF windows is restricted to lower 130 

stress conditions. 131 

 132 

Ramp compression experiments were performed using the Omega-60 and Omega-EP laser 133 

facilities at the Laboratory for Laser Energetics at the University of Rochester. At Omega-134 

60, three to six laser pulses (1-3.7 ns in duration) were staggered in time to produce a 135 

composite ramp-shaped pulse (Fig. S5). At Omega-EP, a single beam was used to create a 136 

10-ns duration pulse (Fig. 1(b)). Distributed phase plates were used to produce an 800-m 137 
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or 1100-m focal spot with a super-Gaussian profile. The peak laser drive irradiance in 138 

these experiments ranged from 1.1×1013 to 6.6×1013 W/cm2. The ramped shapes were 139 

tuned to avoid strong shock formation in the sample. The laser pulses generated ablation-140 

pressure compression waves which propagated through the target assembly. Multiple wave 141 

reverberations at the sample layer boundaries contributed to produce uniform high-stress 142 

conditions in the sample for about 1-2 ns near peak compression (see Figs 2 and S5).  143 

 144 

In situ X-ray diffraction measurements 145 

A 1-2-ns pulse of quasi-monochromatic Helium-𝛼 (He𝛼) X-rays was generated by 146 

irradiating foils of Fe (He𝛼 = 6.683 keV), Cu (He𝛼 = 8.368 keV), Zn (He𝛼 = 8.975 keV), or 147 

Ge (He𝛼 = 10.249 keV) using 16-18 beams with energies of 400-500 J/beam at Omega-60 148 

or 1-3 beams with energies of 1250-1950 J/beam at Omega-EP [42]. The foils were 149 

positioned 17-24 mm from the target and at 22.5° (Omega-EP) or 45° (Omega-60) from 150 

the target normal. The laser pulses were timed to generate X-rays for probing the sample 151 

at predicted peak stress conditions. Diffracted X-rays were recorded on image plate 152 

detectors positioned behind the sample. Metal filters (12.5-μm-thick Fe, Cu or 50- to 100-153 

μm thick Al) were used to attenuate higher energy lines including Hα, Heβ and Heγ X-rays, 154 

and the Bremsstrahlung X-ray background from the drive plasma [42]. The XRD pattern 155 

recorded onto the image plates were projected into 2θ-ϕ space (2θ is the scattering angle 156 

and ϕ is the azimuthal angle around the incident X-ray beam). A sensitive nonlinear 157 

iterative peaks (SNIP) algorithm [43] was used to subtract the background. Interplanar d-158 

spacings were determined from the measured diffraction angles using Bragg’s Law: λ = 159 

2dsin(θ), where λ is the X-ray wavelength. All image plates and the integrated diffraction 160 
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patterns are shown in Fig. S3. The uncertainty in the d-spacings includes the following 161 

sources: 1) variation in the measured value of two-theta as a function of azimuthal angle 162 

(ϕ), 2) uncertainty in fitting the sample peak positions to Gaussian profiles, 3) the 163 

uncertainty in the measured thickness of each layer in the target package, and 4) the 164 

uncertainty in the incident X-ray wavelength (<0.01 Å) [42]. Diffraction lines from the 165 

sample were compared to expected peak positions for candidate structures, allowing them 166 

to be indexed. The unit cell volume and density of GeO2 were obtained using weighted 167 

least-square fitting from the observed d-spacings. The resultant d-spacings and densities 168 

and their uncertainties for the best fitting structures are given in Supplementary Materials 169 

Tables S2 and S3.  170 

 171 

Optimized X-ray sources for X-ray diffraction at the Omega Laser Facility   172 

In order to enhance the X-ray intensity of the low-symmetry structure, we have 173 

implemented modifications to the conventional experimental configuration. These 174 

modifications include: 1) the relocation of the X-ray source to a position closer to the 175 

sample, from 24.14 mm to 17 mm, which result in a twofold increase in X-ray flux; 2) an 176 

improvement in sample preparation techniques to enable the fabrication of dense, low-177 

porosity samples by a diamond-anvil cell; and 3) the use of thick samples, with a thickness 178 

of up to approximately 20 m, in order to maximize diffraction intensity while avoiding 179 

the formation of shock waves within the sample and maintaining maximum uniform stress; 180 

If the sample is excessively thick, the ramp wave steepens to form a shock which could 181 

result in sample melting or difficulty in determining the compression history of sample.  182 

 183 
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Furthermore, we have made continuous improvements in recent years to enhance the 184 

ability to record diffraction from low Z, low symmetry materials at high stress. These 185 

improvements involve optimizing X-ray source foils and geometric parameters, 186 

improving filtering, and using effective combinations of X-ray sources and pinhole 187 

material [42]. In particular, the development of a higher energy Ge He𝛼 source provides 188 

greater spectral decoupling from the drive plasma X-ray, allowing the use of thicker 189 

filters in front of image plates and improving the results of higher stress shots (above 190 

~500 GPa). We have also developed analysis code for VISAR and diffraction that can 191 

correct systematic errors to pinhole and sample two-theta, improve the non-linear 192 

background subtraction algorithm, and better identify and locate the positions of sample 193 

and pinhole diffraction lines [44,45].  194 

 195 

Stress determination 196 

The velocity at the interface between the sample and the LiF window (for low-stress shots, 197 

<400 GPa) or the free-surface velocity of the rear diamond (for high-stress shots, >400 198 

GPa) was measured using a line-imaging velocity interferometer system for any reflector 199 

(VISAR) [46] to determine the stress history within the sample (Figs. 1(b) and 2). The 200 

VISAR, using a 532-nm laser, monitored the Doppler shifts reflected from the accelerating 201 

surface as a function of time through a rear aperture in the target assembly. Two VISAR 202 

channels with different velocity sensitivities (Table S1) were used to remove velocity 203 

ambiguities in the fringe signal. Examples velocity profiles and their calculated stress 204 

histories are shown in Figs. 1(c), 2(b) and 2(d).  205 

 206 
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For targets with a LIF window, the VISAR recorded an apparent GeO2-LiF interface 207 

particle velocity which was corrected for the stress-induced change in refractive index of 208 

LiF to obtain the true interface particle velocity [47,48] (Fig. 1(c)). The stress history 209 

within the sample was determined assuming that ramp loading can be approximated as an 210 

isentropic compression pathway and, as such, that the thermodynamic parameters 211 

propagate at the local sound speed. The stress conditions were calculated by solving a grid 212 

of forward- and backward-propagating characteristics with the boundary conditions at the 213 

sample-LiF interface [49,50]. The tabular equations of state (EOS) required for this 214 

analysis were taken either from the SESAME or Livermore (LEOS) [49] libraries. We used 215 

SESAME#7271v3 for LiF and #7830 for diamond. There is no available EOS table for 216 

quartz-type GeO2. As a consequence, the LEOS table for Ti (#722) was chosen as a 217 

substitute as its pressure-particle velocity relationship is intermediate between those of 218 

rutile-type and GeO2 glass (see Fig. S4). Note that the stress conditions calculated within 219 

the sample are largely insensitive to the sample EOS after several reverberations between 220 

the boundary of layers of the sample. For targets with a diamond window, the free-surface 221 

velocity (Fig. 2(b)) was used as a boundary condition for a backward characteristics 222 

analysis to calculate stress using the previously measured pressure-density-particle 223 

velocity relationships for diamond [49–52]. No correction has been made between the 224 

longitudinal stress and the corresponding hydrostatic pressure as the strength of GeO2 225 

under these conditions is unknown. 226 

The uncertainties in the stress were determined using a Monte Carlo (MC) routine that 227 

performed 1000 characteristics calculations for each shot. The MC simulation included the 228 

following uncertainties: 1) uncertainty in the measured thickness of each layer in the target 229 
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package (~1 µm); 2) uncertainty in the particle velocities (up) and Lagrangian sound speed 230 

(CL) calculated from the equations of state for LiF, Ti and diamond (2%); 3) uncertainty in 231 

the velocity determination VISAR (5% of the velocity-per-fringe constant); and 4) 232 

uncertainty in the timing of the X-ray probe (60 ps uncertainty) [29]. For stresses above 233 

800 GPa, the uncertainty in the diamond EOS was increased to 5% to reflect greater 234 

uncertainty as the measured diamond ramp compression data extend only up to 800 235 

GPa [51]. Each MC iteration propagates these inputs through forward and backward- or 236 

backward-propagating characteristics (depending on whether a LiF or diamond window 237 

was used) and extracts the pressure distribution within the sample during the X-ray probe 238 

time. The stress distribution is fit to a Gaussian distribution and its uncertainty is 239 

determined from the standard deviation of the fit. Shots with multi-modal stress 240 

distributions may occur due to imperfectly predicted optimum X-ray probe time. If the X-241 

ray probe pulse is slightly mistimed during peak pressure, the sample may experience 242 

regions with different stresses due to the ramp loading process. In such a case, the total 243 

stress distribution is fit to a small number of Gaussians.  244 

A systematic correction needs to be applied to targets with diamond windows as 245 

the strength of diamond upon unloading is unknown. There are two end-member cases: 246 

either the diamond retains its strength upon unloading or it undergoes a strength collapse 247 

and has no strength upon unloading. In our analysis, we assume that the diamond’s strength 248 

is maintained during both compression and release along the reversible isentropic path. 249 

This assumption may result in a systematic underestimation of the final stress if strength 250 

collapse occurs [31]. Hydrodynamic simulations show a difference in the sample stresses 251 

between two cases up to 50 GPa. As a result, an additional positive 50 GPa was added in 252 
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quadrature to the stress uncertainty for samples with diamond windows resulting in an 253 

asymmetric error bar. The laser power, stress history and velocity profiles for all shots are 254 

shown in Fig. S5 of the Supplemental Material.   255 

 256 

RESULTS 257 

Sixteen shots were performed on GeO2 covering the stress range 154(19) to 882(28) GPa. 258 

Representative X-ray diffraction data are shown in Fig. 3 and the full set of diffraction 259 

images are contained in the Supplementary Material (Fig. S3). At stresses up to 440(-260 

14,+52) GPa, one to five sample diffraction lines were observed and these define consistent 261 

trends in d-spacing as a function of stress (Fig. 4). As the cubic 𝑃𝑎3ത-type phase (HP-PdF2-262 

type) is observed in static experiments to 120 GPa [11] and theoretically predicted to 263 

remain stable above 200 GPa [18], we first attempted to index our observed data to this 264 

structure. Figure 4 compares the expected d-spacings for the HP-PdF2-type phase (red lines) 265 

determined from 300-K static EOS data [11] and extrapolated at pressures above 120 GPa 266 

(dashed lines). The observed diffraction lines from 154 to 440 GPa are consistent with the 267 

expected positions for the HP-PdF2-type structure. For the shot at 372(16) GPa, as many 268 

as five sample diffraction lines corresponding to the (111), (002), (021), (022) and (113) 269 

reflections of the HP-PdF2-type structure are observed allowing for redundant constraints 270 

on the lattice parameter and density of this cubic phase (See Figs. 4 and Table S2 of the 271 

Supplemental Material). Figure 5 compares the density of GeO2 in the HP-PdF2-type phase 272 

with extrapolations of previous 300-K static data (red dashed lines) for this structure [11,18] 273 

showing good overall agreement.  274 

 275 
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At 498(29) GPa, only two diffraction peaks are observed as the reflections assigned to (021) 276 

and (022) at lower stresses were not detected. One of two observed peak is at around ~1.3 277 

Å which cannot be indexed using the HP-PdF2 structure. The (002) peak of the HP-PdF2-278 

type phase is not apparent above 440 GPa, and the stress dependence of the d-spacing of 279 

(111) peak undergoes a subtle shift to lower d-spacings. Taken together, this is a clear 280 

indication of a change in the diffraction patterns at 498 GPa and above, indicating a 281 

structural transition. At 428-440 GPa where only 1-2 diffraction peaks are observed at each 282 

stress, a mixed-phase region may exist. In experiments above 498 GPa, three diffraction 283 

peaks are consistently observed up to the highest stress, 882(28) GPa. These three lines 284 

follow a consistent trend of d-spacings under compression (Fig. 4).  285 

 286 

 To investigate possible structures, we examined candidate post-HP-PdF2 phases such as 287 

the 𝑅3ത phase [8] and the Fe2P-type phase [18], but the densities calculated from assigning 288 

the observed diffraction peaks to these phases are much less than the expected density 289 

range of the Fe2P-type structure (Fig. S6). Furthermore, the calculated densities of these 290 

are generally smaller than the expected density of the HP-PdF2-type structure. These phases 291 

can thus be ruled out as a high-pressure phase transition should not result in a volume 292 

increase.  293 

 294 

We also consider the cotunnite-type phase as a candidate structure as this is predicted to be 295 

the thermodynamically stable phase of GeO2 above 300 GPa [18]. Two of the observed 296 

peaks can be indexed as (120) and (211) reflections of the cotunnite-type phase, which are 297 

expected to be high-intensity reflections of the cotunnite-type phase in other 298 
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dioxides [14,15,53]. The other peak occurs at d spacings near those expected for the nearly 299 

overlapping (002) and (040) reflections which are predicted to be moderate-intensity 300 

reflections (Fig. 4). 301 

 302 

Three peaks are the minimum number required to constrain the lattice parameters of an 303 

orthorhombic structure. In this case, we used the (120), (211), and combined (002) and 304 

(040) to obtain cotunnite lattice parameters (Fig. 6), with one observed peak assigned 305 

simultaneously to the (002) and (040) reflections. Alternative fits where the third peak is 306 

assigned to either the (002) or (040) reflection of the cotunnite-type phase are shown in 307 

Figure S7.  308 

 309 

The three reflections are consistently observed for GeO2 between 507(22) and 882(28) GPa 310 

(Fig. 4), suggesting the high-pressure phase persists over this region. The lattice parameters 311 

of the cotunnite-type unit cell determined from our data are compared with those predicted 312 

by computer simulations [18] in Fig. 6. For one shot at 507(22) GPa, five diffraction peaks 313 

are observed and assigned to the (120), (111), (211), (031) and (040)/(002) reflections of 314 

the cotunnite-type structure (Figs. 4 and S3). An additional weak peak observed at 1.51(1) 315 

Å cannot be explained by the cotunnite-type structure (Fig. S3). This peak was not detected 316 

at any other pressures. 317 

 318 

The observed diffraction peaks are generally consistent with the predicted cotunnite-type 319 

structure (gray band) from ab initio density functional theory (DFT) although our observed 320 

d spacing for (120) deviates from the calculated values from DFT (Fig. 4). This possibly 321 
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indicates the effect of deviatoric stress on the lattice parameters of the anisotropic 322 

cotunnite-type structure at high stress, or uncertainty in the theoretical calculations. The d-323 

spacings of the cotunnite phase (blue lines in Fig. 4) were calculated by fitting our ramp 324 

compression data to a linearized Birch-Murnaghan equation [54] which is used here as a 325 

convenient fitting curve. The axial moduli were fixed at values obtained from numerical 326 

simulations at 0 K using the local density approximation (LDA) of DFT at pressures 327 

between 300 and 700 GPa [18] (see Fig. 6 and Table S4 of the Supplementary Material). 328 

The calculated d-spacings and intensities of the cotunnite-type GeO2 at 600 GPa inferred 329 

from our experimental data are listed in Table S5 of the Supplementary Material. The 330 

lattice parameters obtained from our data are compared with those predicted by theory [18] 331 

in Figure 6. Non-hydrostatic stress under dynamic loading may affect the lattice parameters 332 

as observed in other studies [39,55,56]. The corresponding densities (shown as blue 333 

symbols) are larger than those of the HP-PdF2-type phase and are generally consistent with 334 

DFT at 0 K (Fig. 5) [18]. 335 

 336 

As an additional test of our peak assignment, we compare the GeO2 diffraction data to an 337 

experiment conducted on tin dioxide, SnO2 at 137(13) GPa under ramp loading using a 338 

nearly identical experimental procedure (Figure S8). GeO2 and SnO2 are both group 14 339 

dioxides, and expected to have similar phase transitions, but occurring at lower pressures 340 

in SnO2 due to its larger ionic radius. The cotunnite-type phase of SnO2 has been 341 

experimentally observed over the range from 54-203 GPa at high temperature [14,53] and 342 

is theoretically predicted to be stable up to 600 GPa [53]. Thus, cotunnite is the expected 343 

phase at 137 GPa. As shown in Fig S8, we observe three diffraction lines from SnO2 at this 344 
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stress which have similar relative positions to the three peaks observed in our GeO2 data 345 

above 498 GPa, suggesting the two materials are adopting the same structure. The three 346 

peaks from SnO2 can also be indexed to the (120), (211), and (004)/(020) reflections from 347 

the cotunnite-type structure as found for GeO2. The calculated density for this experiment 348 

on ramp-compressed SnO2 is 11.4(5) g/cm3 which is within ~0.2% of that predicted from 349 

previous studies [14,53]. Thus, the diffraction data for SnO2 is consistent with the expected 350 

cotunnite structure for this material, and the similarity of the diffraction data suggests that 351 

GeO2 adopts the same phase. This supports our conclusion that the diffraction data for the 352 

post-HP-PdF2 phase of GeO2 is most consistent with the cotunnite-type structure.  353 

 354 

It should be noted that the (111) reflection of cotunnite-type GeO2, which is expected to 355 

have strong intensity (Table S5), is not observed in our experiments except the shot at 356 

507(22) GPa. The reason for the differences in this shot compared to others above 498 GPa 357 

is unknown. This reflection is also absent in ramp-compressed SnO2 at 137 GPa (Figure 358 

S8). The failure to detect this peak in these materials might be a consequence of texture 359 

development under non-hydrostatic loading on the nanosecond timescales of ramp-360 

compression experiments. The intensity of the (111) reflection of the cotunnite-type phase 361 

has been observed to be relatively weaker than expected in other oxides in static 362 

compression experiments in which transformation to the cotunnite-type structures occurs 363 

under room-temperature compression [57,58].  364 

 365 

The higher laser-drive energies used to achieve higher in situ stresses increases the ablation 366 

background resulting in a diminished signal-to-noise ratio for the diffraction pattern, which 367 
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may prevent the observation of more than a few high intensity diffraction peaks. The 368 

limited number of observed diffraction peaks makes it difficult to unambiguously identify 369 

lower symmetry phases under laser-driven ramp compression. Despite this limitation, the 370 

cotunnite-type structure best matches the observed diffraction peaks in terms of d-spacings, 371 

lattice parameters, and densities. Furthermore, the temperature under ramp loading lies 372 

between the principal Hugoniot and isentrope, indicating that ramp-compressed materials 373 

can be less dense than predicted using first principle calculation at 0 K. An estimate of 374 

lower-bound temperatures achieved in our experiments are shown in Fig. 7. 375 

 376 

In the highest stress shot at 882 GPa, the diffraction peaks from the Ta pinhole material 377 

were not observed (Figures S3 and S9). This is likely because the absorption edge of Ta 378 

(L3 = 9.881 keV) is just below the He𝛼 energy (10.249 keV) of Ge resulting in preferential 379 

absorption of the incident radiation. The two-theta values could still be estimated by using 380 

the geometric calibration parameters from the previous shot which used the same 381 

experimental configuration. The accuracy of the transferred calibration, however, was 382 

limited due to small positional variation of the placement of the X-ray source and the image 383 

plates. Hence, while the data from this shot are only semi-quantitative, they are consistent 384 

with the trend of the lower pressure data. Three diffraction lines are again observed at this 385 

pressure that can be assigned to the (120), (211), and (040)/(002) reflections of cotunnite. 386 

The d-spacings of the observed peaks are consistent with extrapolation of lower pressure 387 

data. However, the diffraction data for this shot only provides a guide for phase 388 

identification but do indicate that the phase observed above 498 GPa remains stable to as 389 

high as 882 GPa.  390 
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 391 

DISCUSSION 392 

Due to ability to achieve extreme compression without melting, laser-based ramp 393 

compression has opened new opportunities to use pulsed X-ray diffraction to examine 394 

crystal structures formed at extreme conditions, far beyond the limits of conventional static 395 

compression experiments [59]. To date, only a few studies have been performed on 396 

geological materials that are relevant to rocky exoplanetary mantles. Transformation to the 397 

B2 CsCl-type phase has been observed at multi-hundred GPa pressures in MgO and 398 

FeO [32,33]. SiC adopts the B1 NaCl structure over the range from 0.14-1.507 TPa [34]. 399 

Diamond was not observed to undergo any phase transitions up to 2 TPa [27].  400 

 401 

A recent study of laser-shocked polycrystalline stishovite revealed no phase 402 

transformations and remarkable persistence of the rutile-type structure to 336 GPa, well 403 

beyond its expected stability limit of ~60 GPa [55]. Furthermore, shock-compression 404 

studies on silicates with in situ X-ray diffraction have observed transformation to 405 

amorphous, not crystalline, phases above 80 GPa [37,39]. Shock melting occurs below 200 406 

GPa for many oxides and silicates. Thus, shock compression is restricted in its ability to 407 

synthesize and characterize high-pressure crystalline phases of silicates at extreme 408 

conditions (>100 GPa). Our work shows the advantages of ramp compression to constrain 409 

the phase transitions and atomic-level structures of geological materials from multi-410 

hundreds of GPa through TPa pressures [34]. 411 

 412 
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Previous dynamic compression data on GeO2 are limited to shock experiments on rutile-413 

type and amorphous GeO2 up to 160 GPa with evidence for a high-pressure phase transition 414 

at 70-90 GPa [19]. GeO2 glass has been the subject of extensive static high-pressure studies 415 

reaching up to 133 GPa with conflicting evidence reported for development of coordination 416 

numbers greater than six [22–24]. At higher pressures, theoretical studies predict 417 

crystalline transformations in GeO2 to a cotunnite-type structure at ~300 GP and to an 418 

Fe2P-type structure at 600 GPa [18].  419 

 420 

Our study shows that under ramp-compression of the 𝛼-quartz-type GeO2, the HP-PdF2-421 

type structure can be synthesized and persists up to 440 GPa, well above the theoretically 422 

predicted transformation pressure. This indicates that the HP-PdF2-type structure of GeO2 423 

may be a metastable phase above 300 GPa, or that theoretical studies need to be reevaluated. 424 

Recent studies on ramp-compressed silicon also reveal that higher pressure than predicted 425 

by theory is required for a phase transition [60]. This shows that ramp compression can be 426 

used to synthesize theoretically predicted stable high-pressure phases in dioxides, although 427 

over-pressurization may be needed relative to thermodynamic equilibrium phase 428 

boundaries.  429 

 430 

We further observe evidence for a post-HP-PdF2-type phase between 498 GPa and 884 431 

GPa. Our diffraction data are best explained by the formation of the cotunnite-type 432 

structure. Our results thus show that laser-based ramp compression can produce new phases 433 

with very large cation coordination increases from 4 (the 𝛼-quartz-type phase starting 434 

material) to 9 (the cotunnite-type phase).  435 
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 436 

Identifying low-symmetry phases is challenging when using pulsed X-ray diffraction at 437 

extreme pressures. The strong X-ray background produced by the drive plasma combined 438 

with the limited fluence of laser-based X-ray sources and the short integration time, make 439 

it very challenging to observe more than a few peaks. This is especially true for low atomic 440 

number materials such as silicates. In this study, we were able to consistently detect three 441 

or more diffraction peaks across a range of stress conditions up to the peak pressure. The 442 

diffraction data are consistent with the orthorhombic cotunnite-type phase and inconsistent 443 

with other possible high-pressure phases (of rhombohedral or hexagonal symmetry). This 444 

demonstrates that the detection of low-symmetry phases in low-Z compounds is feasible. 445 

As X-ray diffraction techniques under ramp-compression advance and new facilities (e.g., 446 

the NIF, Laser Megajoule) develop, the capabilities for these kinds of studies will only 447 

improve and will likely allow studies on lower Z materials such as SiO2 and other silicates. 448 

 449 

 450 

 451 

CONCLUSIONS 452 

The ultra-high-pressure phases of SiO2 are important for understanding the dynamics of 453 

the lower mantles and at the core-mantle boundaries of large-rocky planets. GeO2 is 454 

considered to be a useful analog material for SiO2 [2]. Here we have examined the crystal 455 

structure of GeO2 under ramp loading with in situ X-ray diffraction. The GeO2 𝛼-quartz 456 

starting materials has transformed to the cubic HP-PdF2-type ሺ𝑃𝑎3തሻ structure below 154 457 

GPa. This is the phase of GeO2 predicted to be thermodynamically stable from ~60 - 300 458 
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GPa, demonstrating that the lowest energy structure can be formed under ramp 459 

compression in GeO2. We observed that the HP-PdF2-type phase persists to 440 GPa, above 460 

its theoretically predicted upper stability limit (at 0 K). Above 498 GPa, a post-HP-PdF2 461 

phase is observed and assigned to the cotunnite-type phase (Pnam) based on its density and 462 

by comparison with ramp-compressed SnO2. The cotunnite-type phase persists up to 884 463 

GPa. This is consistent with theoretical predictions of the stability of this phase to at least 464 

600 GPa. The structures in this work span a wide range of cation coordination values 465 

starting from 4 (𝛼-quartz-type GeO2) and reaching 6 or 6+2 (HP-PdF2-type) and 9 466 

(cotunnite type), demonstrating that formation of highly coordinated crystalline phases is 467 

feasible from low-coordination starting materials under ~10-nanosecond ramp 468 

compression. Our work also shows that low-symmetry structures can be identified under 469 

ramp compression, which is useful in probing geological materials many of which are 470 

expected to have lower symmetry, non-cubic structures under the conditions of deep 471 

exoplanetary interiors.  472 
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 679 

 680 

FIG 1. Experimental setup and representative results from laser-driven ramp compression 681 
combined with X-ray diffraction. (a) Schematic target assembly for low-stress 682 
experiments consisting of a diamond ablator, GeO2 sample, and Al-coated LiF window 683 
attached to a metal foil with an aperture. (b) Drive laser pulse for shot #34587 (blue 684 
trace). X-rays are generated using a 2-ns square pulse (red trace). (c) The extracted 685 
interface velocity history for shot #34587 from each of two VISARs (red and orange 686 
traces) is used to determine sample stress (blue trace) during the X-ray probe period (gray 687 
dotted lines). The stress in this experiment was 321(13) GPa. (d) Projection of 688 
representative image plate data into d-spacing-ϕ coordinates, where ϕ is the azimuthal 689 
angle around the incident X-ray beam. The yellow vertical dashed lines indicate 690 
diffraction peaks from the uncompressed tungsten foil used for calibrating the image 691 
plates. The green ellipse shows single-crystal Laue diffraction from LiF which can be 692 
identified as highly textured, localized peaks in contrast to the extended lines of GeO2. 693 
The red arrows indicate the diffraction peaks from the HP-PdF2-type structure of GeO2. 694 
An integrated one-dimensional diffraction pattern is shown at the top. 695 
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 696 
 697 
FIG 2. Timing and stress determination for a representative GeO2 ramp-compression 698 
experiment (shot #34583) using a diamond window. (a) Drive laser pulse shape (blue). 699 
X-rays are generated using 1-ns square pulses (red trace). The inset shows the target 700 
assembly for high-stress experiments (>400 GPa). (b) Interferogram from the VISAR 701 
records diamond free-surface velocity (red and orange curves) that is used to determine 702 
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 721 

 722 
FIG 4. Measured d-spacings as a function of stress for GeO2. The red and blue circles 723 
represent the observed diffraction peaks assigned to HP-PdF2 structure from 154(19) to 724 
440(-17,+52) GPa or to the cotunnite-type structure above 498(29) GPa. The red lines are 725 
predicted d-spacings from the HP-PdF2-type structures based on extrapolations of lower 726 
pressure experimental data [11]. The blue lines are calculated d-spacings from the 727 
cotunnite-type structure based on our work (see the Fig. 6) compared with those from ab 728 
initio calculations (gray bands) [18]. The purple shaded region shows the range of the 729 
possible transition region. The d-spacing for the diamond (111) peak, calculated from the 730 
ramp equation of state [51] and extrapolated to pressure higher than 800 GPa, is shown as 731 
the black curve. Gray error bars represent an additional positive stress uncertainty GeO2 732 
due to uncertainty in the strength of diamond. An unindexed peak at 507 GPa is shown as 733 
yellow.  734 
  735 
 736 
 737 
 738 
 739 
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 740 
FIG 5. Density of GeO2 as a function of stress. The density of ramp-compressed GeO2 741 
was determined assuming an HP-PdF2-type (red) and cotunnite-type structure (blue). 742 
These are compared with the range of densities obtained from first principles calculations 743 
(HP-PdF2 [11] (red), cotunnite [18] (blue) and Fe2P [18] (green) shaded regions, that 744 
latter of which nearly overlaps the cotunnite region). Open symbols are static diamond 745 
anvil cell (DAC) data [11]. Previous shock compression data [19] (gray circles) are also 746 
plotted. The stress ranges of the phase transformation from the HP-PdF2-type structure to 747 
the cotunnite-type structure from theory [18] and this work, and further transition to 748 
Fe2P-type structure [18] from theory are shown as the black dashed line, purple shaded 749 
region and gray shaded region, respectively. Gray error bars represent an additional 750 
positive stress uncertainty GeO2 due to uncertainty in the strength of diamond.  751 
  752 
 753 
 754 
 755 
 756 
 757 
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 758 
FIG 6. Lattice parameters of cotunnite-type GeO2 as a function of stress (blue symbols). 759 
The open symbols are from density functional theory calculations (DFT) at 0 K [18]. The 760 
lattice parameters are constrained from the observed diffraction lines which are assigned 761 
to (120), (211), and (002) and (040) reflections of the cotunnite-type structure of GeO2. 762 
The lattice parameters assuming the peak is assigned to either (020) and (004) reflection 763 
of the cotunnite-type structure of GeO2 are shown in Figure S7. The blue curves are from 764 
fitting our ramp-compressed data to a linearized Birch-Murnaghan equation [54]. Gray 765 
error bars represent an additional positive stress uncertainty GeO2 due to uncertainty in 766 
the strength of diamond.  767 
  768 
 769 
 770 
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 777 
FIG 7. Phase diagram of GeO2 with phase boundaries [61–63], estimated Hugoniot of 778 
amorphous [64] and rutile-type GeO2, and predicted thermodynamic paths. The 779 
theoretical Hugoniot (rutile) is calculated from the thermodynamic parameters listed in 780 
Table S6. The blue curves indicate the stress and temperature paths along the principal 781 
isentrope and an initial shock (~84 GPa) followed by isentropic compression as a lower 782 
bound in this work. The blue dashed line indicates the estimated stress for the phase 783 
boundary between HP-PdF2 phase to cotunnite-type phase of GeO2 from this work. Due 784 
to the unknown strength of GeO2, the temperature conditions under ramp loading are 785 
uncertain and the shock + isentrope curve serves as a lower bound.  786 
 787 
 788 
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