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Abstract 12 

There has been considerable recent interest in the high-pressure behavior of silicon 13 

carbide, a potential major constituent of carbon-rich exoplanets. In this work, the atomic-level 14 

structure of SiC was determined through in situ X-ray diffraction under laser-driven ramp 15 

compression up to 1.5 TPa; stresses more than seven times greater than previous static and shock 16 

data. Over this stress range we confirm the persistence of the B1-type structure and constrain its 17 

equation of state (EOS). Using this data we have determined the first experimentally based mass-18 

radius curves for a hypothetical pure SiC planet. Interior structure models were constructed for 19 

planets consisting of a SiC-rich mantle and iron-rich core. Carbide planets are found to be ~10% 20 

less dense than corresponding terrestrial planets.  21 

Introduction 22 

A large number of extrasolar planets (>4000) have been discovered in recent years. The 23 

chemical compositions of their host stars are diverse, implying that these planets may exhibit a 24 

wider range of composition than found in our solar system1–3. Carbon planets are one of the 25 

possible types of exoplanets, proposed to form around host stars having a high carbon-to-oxygen 26 
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ratios4,5. High C/O ratios above 0.8 may alter the condensation sequence in protoplanetary disks 27 

and result in the formation of planets with a mantle dominated by C, SiC, and other carbides 28 

rather than silicates1,5,6. Although conflicting results have been reported in the literature, recent 29 

measurements suggest that a small number of host stars may have high C/O ratios7–11. In 30 

particular, a recent survey8 of the chemical composition of a large number of stars found that 31 

~1% had C/O > 0.8 (for comparison, the C/O ratio of the Sun is 0.5512). In view of the very large 32 

number of planets expected to exist in our galaxy, these results imply there may exist many 33 

carbon-rich planets of various sizes. Planetary formation processes could further enhance 34 

formation of carbon-rich planets even for host-star C/O ratios as low as 0.6513. Moreover, carbon 35 

planets are of special interest even if found in only a small percentage of planets as they would 36 

represent a highly exotic planetary style that would likely have a very different surface 37 

environment, tectonic style, heat flow, and potential for habitability than typical silicate 38 

planets14.  39 

Although silicon carbide (SiC) is expected to be a major constituent of this novel 40 

planetary type, its properties at the very high pressures of exoplanetary interiors are poorly 41 

constrained. Shock-wave experiments have reported a phase transition in SiC with a large 42 

volume decrease (~20 %) near 100 GPa15–17, but the data are restricted to less than 210 GPa 17. 43 

Under static compression in a diamond anvil cell (DAC), the phase transformation from B3 to 44 

B1 was reported to occur ~60-70 GPa18,19. The equation of state of B1 SiC was determined up to 45 

200 GPa18,20. However, the existing studies are in strong disagreement when the reported 46 

equations of state are extrapolated to the higher pressures relevant to exoplanets that are several 47 

times more massive than Earth. 48 
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 Dynamic ramp compression is a technique to access a low-temperature path, in which 49 

materials can be compressed in the solid state to extreme pressures, avoiding the melting that 50 

occurs under shock loading21. By combining ramp-compression experiments with in situ X-ray 51 

diffraction (XRD), the atomic-level structure of materials can be determined under extreme 52 

conditions reaching into the terapascal regime (1 TPa = 10 million atmospheres)21–25.  53 

In this study, the structure and equation of state of SiC were examined using laser-driven 54 

ramp compression and in situ XRD up to ultrahigh pressures of 1.5 TPa. We present the first 55 

direct constraints on the structure and equation of state of SiC under dynamic loading at 56 

conditions relevant to the deep interior of extrasolar planets.  57 

 58 

Results 59 

Ramp-compression experiments were conducted using the Omega-60 and Omega-EP 60 

lasers at the Laboratory for Laser Energetics (University of Rochester, NY). The high-intensity 61 

Omega lasers were used to both drive a ramp compression wave into the sample on ~6-10 62 

nanosecond timescales, and to generate a ~1 or 2-ns duration quasi-monochromatic X-ray 63 

source. The X-rays were used to record diffraction peaks from the compressed sample shown in 64 

Figs. 1 and 2, and stresses were determined from interferometric wave profile measurements 65 

shown in Figs. 3 and 4 (see “Experimental methods” for details). The experimental data are 66 

summarized in Supplementary Material Table S1.  67 

 SiC was compressed to stresses ranging from 80(4) GPa to 1507(64) GPa. Figure 5 68 

shows the observed lattice d-spacings measured by X-ray diffraction. The low-pressure 69 

zincblende-type (B3) phase was observed at 80(4) GPa, the lowest stress achieved in this work. 70 
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This measured stress is higher than the reported B3-B1 transition stress (~60−70 GPa) from 71 

laser-heated diamond cell experiments18–20 but below the transition stress observed in shock 72 

wave studies (~100 GPa)15, indicating that kinetics and/or stress heterogeneity play a role in this 73 

transformation under dynamic loading. For shots between 140(5) GPa and 371(11) GPa, two or 74 

three diffraction peaks were observed that could be indexed as the (111), (002), and (022) 75 

reflections of the rocksalt-type B1 phase of SiC (Fig. 5). Thus, the phase transformation to the 76 

B1 phase occurs between 80 GPa to 140 GPa under ramp loading. These results are comparable 77 

to previous continuum gas-gun experiments15, and in situ XRD results from laser-driven shock 78 

experiments, which observed the formation of B1 SiC at ~114 GPa17. At stresses between 79 

433(15) and 621(20) GPa, only one diffraction peak from the sample was observed which could 80 

be indexed as the B1 (002) peak, the most intense reflection for this structure. (Fig. 5). The B1 81 

(111) peak could not be observed in this stress range due to overlap with diffraction from the 82 

pinhole material (Fig. S1). At stresses above 700 GPa, 1-2 diffraction peaks are again observed 83 

and these can be indexed to B1 (111) and (002). SiC was compressed to ~9.97(34) to 10.28(20) 84 

g/cm3 at peak stress, yielding a 3-fold increase over its ambient density value (Fig. S3 and Table 85 

S2). There is no evidence for any further transformations26 or dissociation of SiC (Figs S1 and 86 

S2). At stresses above 371 GPa, the increased scatter in densities is likely due to the high X-ray 87 

background emitted by the drive plasma for higher stress experiments (Fig. 5). 88 

Ramp compression thermodynamically mimics a series of weak shocks, thereby reducing 89 

the excess heat arising from increased entropy during compression. However, irreversible work 90 

and heating as a result of dissipation and material strength occur during ramp loading, so the 91 

loading path is generally considered quasi-isentropic. We have applied to a series of correction to 92 

transform from the measured longitudinal stress to the corresponding principal isentrope and 93 
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isotherm (see “Experimental methods” for details). For our ramp-compressed B1 SiC data, the 94 

reduced isentropes and isotherms were fit to a third-order Birch-Murnaghan (BM) equation of 95 

state to place constraints on the corresponding bulk modulus, K0, and its pressure derivative, K0
′. 96 

Considering the uncertainties in the thermodynamic and strength parameters of B1 SiC, however, 97 

the differences between reduced isentropes, isotherms and ramp-compressed EOS are small. 98 

Here we have assumed a principal isentrope for B1 SiC constructed assuming a yield strength, 99 

Y=20 GPa, and a Gruneisen parameter, 𝛾𝛾0=1. The calculated energy and temperature along the 100 

Hugoniot, ramp and principal isentropic paths are shown in Figures S6 and S7. The zero-pressure 101 

volume, V0, of the B1 phase was fixed at 66.3 Å3 (Ref.18). The resultant fit parameters of the 102 

reduced isentrope are K0 = 272(16) GPa and K0
′=3.79(11). If we fit the data to a Vinet equation 103 

of state, we obtain the following fit parameters: K0 = 252(21) GPa and K0
′ = 4.3(3) (Fig. 5 and 104 

Table S3).  105 

Our results are compared with extrapolations of previous 300-K static equations of state 106 

data (black and blue lines) and first-principles calculations at 0 K for B1 SiC (Fig. 5, Table S3). 107 

The two previous static equations of state18,20 diverge when extrapolated above ~600 GPa. Our 108 

data are in good agreement with the extrapolation of the results of ref.20 but not ref.18. 109 

Theoretical calculations predict a wide range of stress-density relations for SiC26–33 (Fig. 5, Table 110 

S3), but it should be noted that our results are in good agreement with the recent theoretical 111 

calculations of ref.26. Thus, the results of this study together with those of Refs.20 and 26 show 112 

good overall consistency in the equation of state determined from dynamic experiments, static 113 

experiments, and theory at ultrahigh pressures. A summary of experimentally constrained stress, 114 

d-spacings, densities and phase assignments for ramp-compressed SiC is shown in Table S2.  115 

 116 
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Discussion 117 

Planetary accretion simulations suggest carbon-rich planets may be dominated by carbon-118 

rich phases in the mantle and Fe-Ni-Si compounds in the core1. To evaluate the possible interiors 119 

of carbon-rich exoplanets, we constructed a simplified internal structure model for an eight-120 

Earth-mass planet in which the mantle consists of SiC or a mixture of C (diamond) and SiC (1:1 121 

molar fraction) and the core consists of Fe or an Fe-Si alloy with 15 weight % Si (hereafter Fe-122 

15Si). By analogy with the Earth, the mantle is assumed to be 70% of the planet by mass and the 123 

core 30% by mass. The amount and nature of light elements in the core of a carbon planet is 124 

uncertain. Here we use ramp-compression data23 for Fe-Si up to 1300 GPa as a proxy for 125 

possible light elements and to minimize the need for extrapolation. The proportion of light 126 

element in the core will depend on the partitioning behavior of iron and light elements during 127 

planetary formation processes34,35. 128 

The interior structure was calculated using the Burnman package36 to solve coupled 129 

equations for hydrostatic equilibrium, mass conservation, and the equation of state of each layer 130 

given the fractional mass of the core and mantle. We neglect temperature effects which have 131 

been shown to have only a small effect on mass-radius relationships37,38. In contrast to previous 132 

studies, we included the B3-B1 phase transition at 70 GPa in our model which results in an 133 

increase in the planet’s radius for a given mass. The calculation used the present results from B1 134 

SiC together with previous experimental results for Fe-Si23, Fe39, and B3 SiC18. Carbon-rich 135 

planets are predicted to have a graphite-rich crust14, which is not included our model as the effect 136 

of the crust on the mass-radius relations is negligible. The surface environment and atmosphere 137 

composition of carbon-rich planets may be very different from silicate planets14,40.  138 

 139 
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The resulting 8-ME planets have radii of 1.78-1.84 RE, shown in Fig. 6, where RE and ME 140 

are the radius and mass of Earth, respectively. The pressure at the core mantle boundary is 1.0-141 

1.2 TPa and the central pressure ranges from 2.7 to 3.4 TPa (Fig. 6). The presence of a light 142 

element in the core increases the core size but substantially decreases the central pressure. This is 143 

consistent with the previous models for the silicate-dominated planets 23,38,41,42. In the mantle, the 144 

phase transition from four-coordinated SiC (B3) to six-fold coordination (B1) occurs at a shallow 145 

depth (R/RP ≃0.93, where RP is a planetary radius) and the B1-phase SiC would comprise more 146 

than 77 vol.% of the 8-ME planet’s mantle. In contrast, the mantle of an Earth-sized carbon 147 

planet would be mainly composed of the low-pressure B3 phase (~90 vol.%, R/RP ≃0.63)43. The 148 

B3-B1 transformation is accompanied by a large density increase of 15-20%15,18–20,44. Such a 149 

significant density increase combined with a negative Clapeyron slope for the transition18–20 may 150 

inhibit convection across the boundary, favoring a layered thermal convection pattern suggested 151 

by previous studies43. The large transition energy27 may also favor layered convection. The 152 

reduced mass and heat transfer between the lower and upper mantle may affect the 153 

thermochemical evolution of the planet.  154 

Incorporation of diamond into the mantle increases in the radius of planets with the same 155 

mass up to 2% (Figures 6 and 7). Furthermore, diamond is predicted to transform to the BC8 156 

phase above 1 TPa accompanied by ~3% density increase and metallization26,45, although the 157 

transformation has not yet been directly experimentally confirmed21. In our model the predicted 158 

transition occurs for planets greater than about eight Earth masses. The thickness of the BC8-159 

containing layer above the core-mantle boundary would be ~900-1200 km for the largest planet 160 

size we considered (10 ME ). The presence of a dense, metallic layer above the core may affect 161 

heat flow, thermal evolution, and magnetic field generation .  162 
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SiC is known to be a refractory material with a high melting temperature46. Melting is an 163 

important process in planetary interiors and strongly influences differentiation and the early 164 

history of a planet. Mantle viscosity is also an important factor for the internal structure and 165 

dynamics of planets. The high melting temperature and possible high strength of SiC suggest that 166 

the interior may be characterized by high viscosity and hence sluggish convection47 even for the 167 

more highly coordinated B1 phase. It should be noted that there are only limited measurements 168 

of the strength of SiC under at extreme conditions16. Additionally, SiC also has a high thermal 169 

conductivity and low thermal expansivity, which may further suppress mantle convection18,43,48. 170 

This contrasts with recent studies24,49 that have suggested that viscosity decreases at high 171 

pressure for large silicate planets due to phase transitions of MgO and the dissociation of 172 

MgSiO3. Recent numerical simulations have reported that the onset of convection in a carbon 173 

planet may be highly dependent on the activation volume and the initial temperature18. More data 174 

is needed on the properties of the B1 phase of SiC and SiC + diamond mixtures at extreme 175 

conditions to better understand the dynamic behavior of such planets 176 

Observations of the mass and radius of exoplanets provide a basis for modeling the 177 

possible range of their mineralogies and interior structures. Accurate equations of state to 178 

ultrahigh pressures are required to constrain the internal composition of exoplanets. We 179 

constructed an experimentally constrained mass-radius curves for a hypothetical pure SiC planet 180 

compared with other hypothetical single-phase planets (e.g. H2O, C, MgSiO3, Fe-15Si, Fe) for 181 

evaluating the possible compositional space of exoplanets. Our results show that a pure SiC 182 

planet is expected to be ~10% less than a MgSiO3 planet. The mass-radius curves for a pure SiC 183 

are also compared with those of (yellow region) using the previously reported B1 EOS18,20,26–33 184 

shown in Figure 7. These show a wide range of mass-radius curves due to usually long 185 
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extrapolation of low-pressure data. Our study provides experimental data on the mass-radius 186 

relationship for a pure SiC planet to reduce uncertainties from extrapolation of the equation of 187 

state. Mass-radius curves are also calculated for a planet composed of a SiC mantle or a C and 188 

SiC (1:1 molar fraction) mantle (70% by mass) and an Fe core containing up to 15 weight % Si 189 

core (30% by mass). Figure 7 shows the mass-radius relationship for such planets extending up 190 

to 10 Earth masses in size. The red and gray regions in the figure represent the range of mass-191 

radius curves depending on the core composition. Our result shows that SiC is less dense than 192 

MgSiO3
50 and hence a planet with a SiC (red region) or C and SiC (gray region) mantle would be 193 

less dense than a corresponding Earth-like planet (30 % Fe + 70 % MgSiO3) with the same 194 

radius50. For a given total mass, the radius of a planet decreases with core size (or mass) due to 195 

the high density of the metallic core42. The mass-radius relation of carbon planets of 1-10 Earth 196 

masses in size would overlap those of Earth-like planets (30% core mass) if the core mass of the 197 

carbon planet is in the range of 37-50%.  198 

Our results provide the first experimentally constrained mass-radius curves for SiC-rich 199 

bodies that do not rely on theoretical calculations or long extrapolation of low-pressure data. It 200 

should be noted that it is not possible to uniquely identify a planet’s interior compositions based 201 

on the mass-radius relationship alone. Additional constraints such as detection of atmospheric 202 

contents and/or host star composition may help reduce compositional degeneracy4. Spectroscopic 203 

measurements of exoplanetary atmospheres in future space missions may enable improved 204 

characterization of super-Earth planets and resolve the question of the existence and composition 205 

of carbon-rich planets. 206 

Our results provide experimental evidence for the stability of SiC in the B1 phase over a 207 

wide range of exoplanetary conditions that encompass expected mantle conditions of carbon-rich 208 
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exoplanets. The effect of other potential planetary constituents, if present in sufficient quantity, 209 

on phase relations and other properties has been explored only under limited conditions so 210 

far51,52. Further work is needed to better understand the mineralogy of carbon-rich rocky planets 211 

as a function of pressure, temperature, composition, and oxidation state.  212 

In sum, the atomic-level structure of SiC has been determined under dynamic ramp 213 

loading to 1.5 TPa using in situ X-ray diffraction. Our data confirm that SiC transforms to the B1 214 

structure between ~80 and 140 GPa and remains in this phase to at least 1.5 TPa without further 215 

phase transformation. The experimental data for the B1 phase are in good agreement with a 216 

recent theoretical calculation26. Our work extends the experimental constraints on this material to 217 

extreme pressures, more than seven times greater than those achieved with standard static-218 

compression techniques, and more than four times greater than the central pressure of the Earth. 219 

SiC was compressed to densities more than three times larger than its ambient value. Our results 220 

enable construction of the experimentally constrained mass-radius curves for SiC-rich planets 221 

without long extrapolation of low-pressure data. Carbide planets are found to have a lower 222 

density than Earth-like planets. Interior structure models of carbide planets have also been 223 

constructed, placing constraints on the internal pressure and density distribution, and yielding 224 

insights into the possible dynamics and thermal behavior of such bodies.   225 

 226 

Experimental methods  227 

Sample preparation and target assembly 228 

Silicon carbide powder (~1-μm mean grain size, 99.8% purity from Alfa Aesar) was used 229 

as a starting material. The phase and purity of the sample (B3-type SiC, 𝐹𝐹4�3𝑚𝑚) were confirmed 230 

by Raman spectroscopy. Sample disks of ~12−21-µm thickness were produced by compressing 231 
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the SiC powder in a diamond anvil cell to 5 GPa, thereby reducing the porosity and increasing 232 

the uniformity of the sample. The chosen sample thickness range was a balance between 233 

maximizing diffraction intensity while avoiding the formation of a shock wave in the sample. A 234 

representative compressed sample was examined by scanning electron microscopy. Identifying 235 

void space in the resulting image using the optical imaging method of ref.53 leads to an estimated 236 

porosity of ~2% (Figure S4).   237 

The sample package was mounted on the front of a detector box lined with image plates 238 

(Fig. 1A). The target assembly consisted of a SiC layer sandwiched between a [110] diamond 239 

ablator and either a [100] LiF window for low-stress experiments (<400 GPa) or a [110] 240 

diamond window for higher stresses (>400 GPa) (Fig. 1B). A thin Au layer was added in the 241 

latter case to prevent preheating and melting of the sample by X-rays emitted by the drive 242 

plasma. Epoxy layers were ~1-µm in thickness. A Ta, W or Pt pinhole (75 to 150-µm thick, 300-243 

µm-diameter hole) was centered over the back of the target package. 244 

X-ray diffraction measurements 245 

Samples were compressed using a laser drive consisting of one or more 351-nm ramp-246 

shaped laser pulses. Either a single 10-ns long pulse (Omega EP) or a composite drive 247 

comprising three to six 1-3-ns long laser pulses (Omegea-60) was used. The drive laser directly 248 

ablates the diamond at the front of the sample package to generate a rapidly expanding plasma 249 

that drives a compression wave through the SiC sample. This creates a series of reverberations 250 

which generate a uniform stress state within the SiC layer due to impedance mismatch across the 251 

boundary between SiC and LiF or diamond window (Fig. 1). The peak drive laser intensities 252 

ranged from 7×1011 to 6.0×1013 W/cm2. 253 



 
 

12 

A quasi-monochromatic He𝛼𝛼 X-ray source was produced by laser-irradiating Cu (He𝛼𝛼 = 254 

8.368 keV) or Ge (He𝛼𝛼 = 10.249 keV) foils (Fig. 1A). The foils were positioned 24 mm from the 255 

target at an angle of 22.5° (Omega-EP) or 45° (Omega-60) from target normal. At Omega-EP a 256 

single 1-2-ns duration square laser pulse was applied with an energy of 1250-1950 J/beam. At 257 

Omega-60, 16-18 beams with energies of 400-500 J/beam were applied over a 1-1.6 ns square 258 

pulse. The X-ray drive lasers were timed to produce X-rays at the predicted time of peak stress 259 

within the SiC layer. The X-rays were transmitted through the sample and collimated by the 260 

pinhole. X-ray diffraction data were recorded on five image plates attached to the detector box22. 261 

The image plates were filtered by Cu (12.5-μm thick) or Al (50- to 75-μm thick) to reduce 262 

satellite emissions such as Hα, Heβ and Heγ X-rays, and the bremsstrahlung X-ray background 263 

from the drive plasma54. Kapton filters (25-μm thick) were placed in front of the Cu or Al filters 264 

to block optical light. Diffraction from the pinhole substrate provided ambient reference lines to 265 

calibrate the diffraction geometry (see Table S1). The image plates were projected into 2θ-ϕ 266 

space (2θ is the scattering angle and ϕ is the azimuthal angle around the incident X-ray 267 

direction). In these coordinates, diffraction data are projected as straight lines of constant 2θ 268 

(Fig. 2). Interplanar d-spacings were determined from the diffraction angle using Bragg’s Law: λ 269 

= 2dsin(θ), where is λ the X-ray wavelength.  270 

For each image plate, the observed diffraction features can be assigned to one of the 271 

following components of the target assembly: (1) the pinhole substrate material, (2) compressed 272 

SiC, (3) Bragg or Laue diffraction from compressed LiF or diamond. We observed between one 273 

and four diffraction lines from SiC in these experiments. Diffraction from LiF or diamond could 274 

be distinguished based on d spacings as well as characteristic textural features. A representative 275 
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Debye-Scherrer X-ray diffraction pattern for a typical experiment is shown in Fig. 2. X-ray 276 

diffraction patterns and filtered image plates for all shots are shown in Fig. S1. 277 

Systematic corrections were applied to correct for the offset of the pinhole substrate from 278 

the pinhole center and the offset of the sample and the pinhole, as described in ref.55 The 279 

uncertainties in the interplanar d-spacings include variation in the measured value of two-theta as 280 

a function of azimuthal angle (ϕ), uncertainty in fitting the sample peak positions to Gaussian 281 

profiles, and the uncertainty in the incident X-ray wavelength (<0.01 Å)54. The resultant 282 

uncertainties in d-spacing (~1%) are given in Supple. Table S2.  283 

 284 

Stress determination  285 

A line-imaging velocity interferometry system for any reflector (VISAR)56 was used to 286 

determine the velocity at either the free surface of the rear diamond or at the interface between 287 

SiC and the LiF window. The VISAR records the change in the Doppler shift of light reflected 288 

off a moving surface (Figs. 3 and 4). Two independent VISAR channels with different velocity 289 

sensitivities were used to resolve velocity ambiguities that exceed the frequency response of the 290 

system. Example velocity profiles are shown in Figs. 3B and 4B. As the strength of SiC on ramp 291 

loading is poorly constrained, we have not made any correction for the difference between axial 292 

stress (PX) and mean pressure (P). The stress within the sample is calculated based on the full-293 

width at half-maximum of the stress histogram over the duration of the 1-2-ns X-ray 294 

measurement. 295 

For low-stress shots (<400 GPa), the SiC-LiF interface particle velocity, up(t), was 296 

recorded as a function of time (Fig. 3B, blue and red traces). A correction to the interface 297 

velocity was made using the density-dependence of the refractive index of LiF57. The stress 298 
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history within the sample was determined using the radiation hydrodynamics code HYADES58. 299 

The simulations were used to constrain the stress history within the sample using EOS 300 

descriptions of each target material and to provide an initial estimate of the delay time between 301 

the laser used for ramp compression and those used to generate the Heα emission (Fig. 3). An 302 

initial estimate of the stress is determined from a scaling law59 that relates laser intensity to 303 

diamond ablation stress: σ(GPa) = 42(±3)[I(TW/cm2)]0.71(±0.01). The actual stress history within 304 

the sample following ramp compression was determined by matching the observed VISAR 305 

profile to the hydrodynamic simulations. The SESAME EOS tables60 for LiF (#7271) and 306 

diamond (#7830) and the Livermore Equation of State (LEOS) table61 for SiC (#2130) were used 307 

in hydrocode simulations with a Steinberg-Guinan strength model62 (shear modulus of 243 GPa 308 

and yield stress of 20 GPa63).   309 

For the high-stress shots (>400 GPa), the diamond window free-surface velocity, ufs(t), 310 

was recorded as a function of time (Fig. 4B, blue and red traces) and used with a backward 311 

characteristics analysis to convert to stress using diamond ramp EOS64–66. The stress in SiC 312 

during the X-ray probe time was determined by spatially averaging over the sample layer (Fig. 313 

4C, D). The stress uncertainty includes the following sources55: [1] uncertainty in the equation of 314 

state of the window materials (3% of the total stress64,67, systematic); [2] uncertainty in 315 

determining the phase of the VISAR fringes (1% of the total stress, random); [3] uncertainty in 316 

the stress gradient over the X-ray probe timing. This is estimated as the standard deviation of the 317 

stress histogram fitted with a Gaussian function (random); [4] thickness uncertainty for each 318 

component of the target assembly (0.05% of the total stress, random); [5] uncertainty in the 319 

strength of diamond. Assuming the stress follows along the reversible isentropic path, 320 

maintaining diamond strength, leads to a systematic underestimate of the stress (systematic, +50 321 
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GPa23). Total stress uncertainties are calculated using sources [1]-[4] in quadrature. The 322 

additional +50 GPa uncertainty applies only to the shots with diamond windows [5]. The total 323 

stress uncertainties are shown in table S2. A summary of laser power, stress and sample velocity 324 

as a function of time for all shots is shown in Fig. S5.    325 

Calculation of principal isentrope and isotherm 326 

In these experiments, the longitudinal stress, Px, was measured. The longitudinal stress-327 

density, Px-𝜌𝜌, relationship was transformed to conditions of the principal isentrope by correcting 328 

for the following factors: 1) the deviation between the longitudinal stress and hydrostatic 329 

pressure, 2) the thermal pressure of the initial shock (~52 GPa) from a porous starting material 330 

(B3 phase), 3) plastic work heating resulting from the strength of SiC and 4) the energy 331 

associated with the B3 to B1 phase transition at 100 GPa15,17.  332 

1. The longitudinal stress can be described as a sum of a hydrostatic pressure, Phyd and a 333 

stress deviator term. Using the von Mises yield criterion, the longitudinal stress is defined as  334 

𝑃𝑃𝑥𝑥 = 𝑃𝑃ℎ𝑦𝑦𝑦𝑦 +
2
3
𝑌𝑌, (1) 335 

where Y is the yield strength.  336 

2. The pressure-density relationship along the Hugoniot including porosity is given by: 337 

𝑃𝑃𝐻𝐻∗ = 𝑃𝑃𝐻𝐻
1 − �𝛾𝛾2� ( 𝜌𝜌𝜌𝜌0

− 1)

1 − �𝛾𝛾2� ( 𝜌𝜌𝜌𝜌0∗
− 1)

,     (2) 338 

where r is the density, and 𝑃𝑃𝐻𝐻∗  and 𝑃𝑃𝐻𝐻 are the stress states corresponding to the porous Hugoniot 339 

and to the crystal Hugoniot, respectively. 𝜌𝜌0  and 𝜌𝜌0∗  are the initial crystal and the initial bulk 340 

density, respectively. 𝛾𝛾 is the Grüneisen parameter, assumed to be dependent only on density as 341 

given by:  342 
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𝛾𝛾 = 𝛾𝛾0 �
𝜌𝜌0
𝜌𝜌
�
𝑞𝑞

.  (3) 343 

where q is the logarithmic density dependence of 𝛾𝛾. 𝛾𝛾0 is assumed to be in the range of 0.5-2.0 344 

based on previous studies 17,18,63. The laser drive in our experiments produces an initial elastic 345 

shock wave (~81 GPa) in the diamond ablator64. This transmits a shock with lower amplitude 346 

(~52 GPa) into the SiC sample due to the impedance mismatch between diamond and SiC. The 347 

thermal pressure between the principal isentrope and the Hugoniot at the conditions of the initial 348 

shock (~ 52 GPa) was determined using the Mie-Grüneisen relation68,  349 

𝑃𝑃𝐻𝐻∗ − 𝑃𝑃𝑆𝑆 = 𝛾𝛾𝜌𝜌(𝐸𝐸𝐻𝐻∗ − 𝐸𝐸𝑆𝑆),      (4) 350 

where 𝐸𝐸H∗  is the energy along the porous Hugoniot, obtained from the Rankine-Hugoniot 351 

relationship: 352 

𝐸𝐸𝐻𝐻∗ =
𝑃𝑃𝐻𝐻∗

2
�

1
𝜌𝜌0∗

−
1
𝜌𝜌
� .    (5) 353 

The pressure-density relationship of B3 SiC along the principal isentrope up to 52 GPa, 𝑃𝑃𝑆𝑆, was 354 

determined using the Birch-Murnaghan equation of state:  355 

𝑃𝑃𝑆𝑆 = 3𝐾𝐾𝑂𝑂𝑂𝑂𝑓𝑓(1 + 2𝑓𝑓)
5
2 �1 +

3
2

[𝐾𝐾0𝑆𝑆′ − 4]𝑓𝑓� ,    (6) 356 

where f is the Eulerian strain: 357 

 358 

𝑓𝑓 =  
1
2
��
𝜌𝜌
𝜌𝜌0
�
2
3
− 1� ,    (7) 359 

and 𝐾𝐾𝑂𝑂𝑂𝑂 and 𝐾𝐾0𝑆𝑆′  are the ambient isentropic bulk modulus and its pressure derivative (at constant 360 

entropy), respectively. The internal energy along the isentrope of the B3 phase up to 52 GPa, ES, 361 

can be obtained by integration of the Birch-Murnaghan equation: 362 
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𝐸𝐸𝑆𝑆 = �
𝑃𝑃𝑆𝑆
𝜌𝜌2

1/𝜌𝜌

1 𝜌𝜌0�
𝑑𝑑𝜌𝜌 =

9
2
𝐾𝐾0𝑆𝑆
𝜌𝜌0

(𝑓𝑓2 + [𝐾𝐾𝑆𝑆′ − 4]𝑓𝑓3).     (8) 363 

3. Material strength under compression results in plastic work heating, a source of 364 

thermal pressure, which causes the hydrostatic pressure to deviate from the isentrope by 365 

𝑃𝑃ℎ𝑦𝑦𝑦𝑦 − 𝑃𝑃𝑆𝑆 = 𝛾𝛾𝛾𝛾� 𝑓𝑓𝑇𝑇𝑇𝑇𝑑𝑑𝑊𝑊𝑃𝑃

𝜖𝜖𝑥𝑥

0
,      (9) 366 

where 𝜖𝜖𝑥𝑥 is the natural strain ln 𝜌𝜌
𝜌𝜌0

, fTQ is the Taylor-Quinney factor, which describes the fraction 367 

of plastic work converted to heat69, Wp is the plastic working heating. The Taylor-Quinney factor 368 

represents the relationship between plastic work and heat generation, which is generally assumed 369 

to be 0.7< fTQ <0.9570. In this work, fTQ is assumed to be 1 indicative of 100% of plastic work 370 

converted to heat. Plastic working heating71 is defined as 371 

𝑊𝑊𝑃𝑃 =
1
𝜌𝜌0

2
3
𝑌𝑌 �𝑑𝑑𝜖𝜖𝑥𝑥 −

𝑑𝑑𝑑𝑑
2𝐺𝐺(𝜌𝜌)� ,      (10) 372 

where G(𝜌𝜌) is the shear modulus. In this work, we assume Y is fixed at a constant value ranging 373 

from 5- 20 GPa.  374 

 4. ET is the energy associated with the B3 to B1 phase transition 27. This transition has a 375 

negative Clapeyron slope18,20, indicating heat is absorbed (endothermic) which decreases the 376 

temperature across the transition.  377 

The principal isentrope is calculated from the measured longitudinal stress through 1-4 378 

given by  379 

𝑃𝑃𝑆𝑆 = 𝑃𝑃𝑥𝑥 −
2
3
𝑌𝑌 − 𝛾𝛾𝛾𝛾(𝐸𝐸𝐻𝐻∗ − 𝐸𝐸𝑆𝑆) − 𝛾𝛾𝛾𝛾� 𝛽𝛽𝛽𝛽𝑊𝑊𝑃𝑃

𝜖𝜖𝑥𝑥

0
+ 𝛾𝛾𝛾𝛾𝛾𝛾𝑇𝑇 .    (11) 380 
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 The 300-K isotherm is then determined from the principal isentrope using the Mie-381 

Grüneisen relation. The thermodynamic parameters used in the calculation are listed in the 382 

Supplemental Material, Table S4. 383 

Stress, energy, and temperature path 384 

While ramp compression reduces the extent of sample heating, irreversible work and 385 

heating as a result of dissipation and material strength occur during ramp loading. The quasi-386 

isentropic path followed in a ramp compression experiment lies between the Hugoniot and the 387 

isentrope (Figures S6 and S7). In these experiments, the measurements of Px-𝜌𝜌 provide the 388 

energy along the ramp, Er. using equation (11) and the Mie-Grüneisen relation, 389 

𝐸𝐸𝑟𝑟 = 𝐸𝐸𝑆𝑆 +
2𝑌𝑌

3𝛾𝛾𝛾𝛾
+ �𝐸𝐸𝐻𝐻∗ − 𝐸𝐸𝐻𝐻,𝑆𝑆� + � 𝛽𝛽

1
𝜌𝜌0

2
3
𝑌𝑌𝑌𝑌𝜖𝜖𝑥𝑥

𝜖𝜖𝑥𝑥

0
− (𝐸𝐸𝑇𝑇𝑇𝑇).   (12)   390 

Below the B3-B1 transition pressure transition (<100 GPa), Er is divided into two 391 

regions: 1) the energy along the B3 porous Hugoniot up to 52 GPa, and 2) the energy along the 392 

isentrope of the B3 phase from the 52-GPa Hugoniot state to 100 GPa (Figure S6). Above the 393 

B3-B1 phase transition, the estimated values of Er as a function of stress are calculated using 394 

Eqn. 12 and are shown as the light-blue band n Fig. S6. 395 

Temperature cannot be directly measured in our experiments, but can be estimated from 396 

the energy difference between the ramp path and the principal isentrope, calculated using the 397 

Debye model given by: 398 

𝐸𝐸𝑟𝑟 − 𝐸𝐸𝑆𝑆 = 9𝑛𝑛𝑛𝑛𝑛𝑛 �
𝜃𝜃𝐷𝐷(𝑉𝑉)
𝑇𝑇

�
−3

�
𝑥𝑥3

𝑒𝑒𝑥𝑥 − 1
𝑑𝑑𝑑𝑑,   (13)

𝜃𝜃𝐷𝐷(𝑉𝑉)
𝑇𝑇�

0
 399 

where 𝜃𝜃𝐷𝐷(𝑉𝑉) is the Debye temperature, n is the number of atoms per formula unit, R is the gas 400 

constant. The estimated temperature are shown as a blue curve in Figure S7 assuming Y and 𝛾𝛾0 401 

are 20 GPa and 1, respectively, corresponding to the Er shown as a black curve in Figure S6. The 402 
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estimated temperature ranges from 1180 K to 3440 K corresponding to a stress range from 100 403 

GPa to 1600 GPa, which is much lower than the expected melting curve at these conditions 404 

shown in Fig. S7.  405 
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  582 
 583 
Figure 1. Experimental set-up and target packages for laser-driven compression. (A) The 584 
drive laser (blue cone) generates a stress wave through the C/SiC/window target package (gray 585 
square). The stress rapidly equilibrates in the SiC foil following reverberation of the compression 586 
wave due to impedance mismatch with the diamond and window interfaces. A quasi-587 
monochromatic X-ray source was generated by laser irradiation (red cone) of a Cu or Ge foil 588 
(orange square). The diffracted X-rays from the target are recorded on image plates inside of a 589 
detector box. Target assemblies used for low-stress (<400 GPa) and high-stress (>400 GPa) 590 
experiments are shown in (B) and (C), respectively. The front diamond surface is illuminated by 591 
the drive laser using distributed phase plates (800-µm focal spot). The incident X-rays are 592 
collimated using a 300-µm diameter pinhole (W, Ta or Pt).  593 
 594 



 
 

27 

 595 
Figure 2. X-ray diffraction pattern for a representative experiment on SiC (shot #27430). (A) 596 
One panel of an unprocessed image plate. (B) Projection of the above image plate into d-spacing-597 
ϕ space after background subtraction. The one-dimensional X-ray diffraction pattern shown on the 598 
upper axis represents integration in ϕ over the region between the blue lines. The textured 599 
diffraction from LiF can be distinguished from the more extended features from either the W 600 
pinhole or B1 SiC.  601 
 602 
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 603 
Figure 3. Timing and stress determination for SiC ramp-compression experiment (LiF 604 
window). (A) Drive laser pulse for shot #27430 (blue trace). X-rays are generated using a 2-ns 605 
square pulse (red trace). (B) Raw interferogram from the VISAR records the SiC-LiF interface 606 
particle velocity (solid lines) which is reproduced by a hydrocode simulation (light blue curve) to 607 
determine (C) stress history in the target package. The white rectangle represents the sample stress 608 
condition during the X-ray probe period (bounded by vertical dashed lines). The horizontal dashed 609 
lines represent the material layers in Lagrangian coordinates. (D) Calculated stress history of the 610 
SiC sample as a function of time. The vertical dashed lines represent stress states over the X-ray 611 
probe period.  612 
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 613 
Figure 4. Timing and stress determination for SiC ramp-compression experiment (diamond 614 
window). (A) Drive laser pulse for shot #98955 (blue trace). X-rays are generated using a pair of 615 
1-ns square pulses (red trace). (B) Raw interferogram from VISAR records diamond free-surface 616 
velocity that is used to determine the stress history. (C) Calculated map of stress distribution within 617 
the target assembly as a function of time determined by the backward characteristics analysis (see 618 
Methods). The horizontal dashed lines represent the material layers in Lagrangian coordinates. (D) 619 
Calculated stress history of the SiC sample as a function of time. The vertical dashed lines 620 
represent stress states over the X-ray probe period. 621 
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 622 

 623 
 624 
Figure 5. Measured diffraction peak positions and densities of SiC as a function of stress. 625 
(A)The observed d-spacings of ramp-compressed SiC sample and diamond ablator/window are 626 
shown as red and gray circles, respectively. The solid lines are from static equation of state data 627 
and their extrapolation as described below. The diamond ramp equation of state64 and its 628 
extrapolation (>800 GPa) are shown as gray dashed curves. (B) Measured densities of ramp 629 
compressed SiC (red circles) and a Birch-Murnaghan (BM) equation of state fit to the reduced 630 
isentrope (red curve with assumption of Y=20 GPa and 𝛾𝛾0=1) are compared to the extrapolated 631 
EOS of diamond anvil cell experiments (blue20 and black18 curves) and the range of densities 632 
obtained from first principles calculations (orange shaded region20,26–33, see Supplementary Table 633 
S3). The gray band shows the pressure-density path along the principal isentrope calculated 634 
using the thermodynamic parameters that are listed in the Suppl. Table S4. Our EOS curve is 635 
consistent with the theoretical calculations of ref.26 (purple curve), which is only partially visible 636 
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due to the overlap with our EOS curve. Previous shock compression data (cyan17 and green 637 
circle15,16) and static diamond anvil cell data (open circles18) are also plotted. The datum at 433 638 
GPa (gray parentheses) was excluded from fitting to the EOS (See Suppl. Table S2 for details). 639 
Gray error bars represent additional +50 GPa stress uncertainty due to uncertainty in the strength 640 
of diamond. 641 
 642 

 643 
 644 
Figure 6. Interior pressure and density for an eight-Earth-mass carbide planet. The carbide 645 
planet is modeled with a 30% by mass Fe or Fe-15wt%Si (Fe-15Si) core and a 70% SiC or C and 646 
SiC (1:1 molar fraction) mantle. The addition of Si in the core decreases pressures and densities in 647 
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the core but increases core size. CMB, core-mantle boundary; TZ, transition zone (due to the B3 648 
to B1 transition in SiC).  649 
 650 
 651 

 652 
Figure 7. Calculated mass-radius relationships compared observed exoplanets. Mass-radius 653 
curves are shown for hypothetical planets composed entirely of SiC (this study), diamond26, H2-654 
O50, MgSiO3

50, Fe-15Si23, and Fe72. The mass-radius relationship for an Earth-like rocky planet 655 
is shown in green. The yellow band represents the mass-radius relationship for a SiC planet using 656 
the B1 SiC equation of state from previous studies18,20,26–33. The pink band shows the predicted 657 
mass-radius relationship for a planet consisting of pure SiC mantle and a Fe or Fe-15Si core 658 
(mass fraction of core assumed to be 30%). The gray band shows the mass-radius relationship for 659 
a planet with 50% SiC-50% diamond mantle and a Fe or Fe-15Si core (mass fraction of core 660 
assumed to be 30%). Observed exoplanets are shown as gray circles with error bars 661 
(http://exoplanetarchive.ipac.caltech.edu). RE and ME are the radius and mass of Earth, 662 
respectively.  663 
 664 
 665 
 666 
 667 
 668 
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