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PLANETARY SCIENCE

Shock compression of stishovite
and melting of silica at planetary
interior conditions
M. Millot,1,2* N. Dubrovinskaia,3 A. Černok,4 S. Blaha,4 L. Dubrovinsky,4 D. G. Braun,1

P. M. Celliers,1 G. W. Collins,1 J. H. Eggert,1 R. Jeanloz2

Deep inside planets, extreme density, pressure, and temperature strongly modify the

properties of the constituent materials. In particular, how much heat solids can sustain

before melting under pressure is key to determining a planet’s internal structure and

evolution. We report laser-driven shock experiments on fused silica, a-quartz, and

stishovite yielding equation-of-state and electronic conductivity data at unprecedented

conditions and showing that the melting temperature of SiO2 rises to 8300 K at a pressure

of 500 gigapascals, comparable to the core-mantle boundary conditions for a 5–Earth

mass super-Earth. We show that mantle silicates and core metal have comparable melting

temperatures above 500 to 700 gigapascals, which could favor long-lived magma oceans

for large terrestrial planets with implications for planetary magnetic-field generation in

silicate magma layers deep inside such planets.

U
nderstanding the structure, formation, and

evolution of giant planets and extrasolar

terrestrial planets (super-Earths) discovered

to date requires knowledge of the prop-

erties of basic constituents such as iron,

magnesium oxide, and silica at the relevant ex-

treme conditions, including pressures of 100s

to 1000s of GPa. Melting is arguably the most

important process determining the physical and

chemical evolution of planetary interiors, as dif-

ferentiation of a terrestrial planet into a dense

metallic core surrounded by rocky mantle and

atmosphere proceeds by gravitational separation

of a liquid phase (1). Moreover, giant impacts dur-

ing the terminal stages of planetary formation

can cause large-scale melting and generate a

magma ocean encompassingmuch of the planet’s

rocky constituents (2, 3). As mantle viscosity typ-

ically increases by more than 10 to 15 orders of

magnitude upon solidification (4), the poten-

tial freezing of this magma ocean would greatly

influence the planet’s subsequent thermal evo-

lution, geochemistry, and magnetic field.

We used shock compression of fused silica,

a-quartz, and stishovite to document the pressure-

density-temperature equation-of-state and opti-

cal properties (hence, electronic conductivity) of

SiO2. Stishovite’s high initial density allowed us

to access unprecedented high densities, which

extended the experimental melting line of SiO2

to more than 500 GPa. In combination with

melting data for other oxides and iron, the high-

pressure measurements provide constraints on

the thermal structure and evolution of rocky plan-

ets and provide a benchmark for future theoret-

ical (e.g., first-principles molecular dynamics), as

well as experimental studies.

We used a TW-power laser pulse to send a

strong, but decaying, shock through a planar tar-

get assembly (Fig. 1, A and B) (5). Nanosecond

streaked optical pyrometry (SOP) and Doppler

velocity interferometry (VISAR) recorded the

shock-front velocity, reflectivity, and thermal emis-

sion as a function of time (Fig. 1, C and D). We

applied impedance matching to obtain pressure-

density data up to 2.5 TPa along the locus of

shock (Hugoniot) states of stishovite (Fig. 2A and

fig. S7). Then, following the decay of the com-

pression wave as it traveled through the target,

we obtained continuous measurements of the

temperature T and reflectivity R as a function of

the shock velocity US along the Hugoniot for

three different starting materials: stishovite,

a-quartz, and fused silica (initial densities of

4.29, 2.65, and 2.20 g/cm
3
) (Fig. 2, B and C).

Using pressure-density Hugoniot data to associ-

ate shock velocities with pressure, density, and

internal energy, we can then relate themeasured

shock temperatures along the three Hugoniots

with their respective pressure, density, and in-

ternal energy.

Shock temperature rises with increasing pres-

sure to accommodate the increase of internal

energy in excess of the compression work, in the

absence of phase transitions or chemical reaction:

Kinks in the temperature versus pressure are due

to latent heat associated with phase changes. Our

data for fused-silica and a-quartz (figs. S8 and S9

and Fig. 3A) match well with previous observa-

tions of temperature reversals (6–9) and sound

speed discontinuities upon melting near 70 and

120 GPa (10). In addition, we observed a shock

temperature plateau at 8300 T 300 K and 500 T

30GPa along the stishoviteHugoniot (Figs. 2B and

3A) that we interpret as melting: an interpretation

supported by previous shock data (6, 7, 9, 11),

static compression experiments at lower pressure

(12, 13), as well as qualitative velocimetry signa-

tures that differentiate shock breakouts from

solid and liquid silica (fig. S10). We fit the dynamic

compression data and the coesite-stishovite–

liquid silica triple point from static compres-

sion (14) (Fig. 3A), using Simon’s equation (5)

obtaining the temperature (Tm) (in Kelvins) as a

function of the melting pressure (Pm) (in GPa),

Tm = 1968.5 + 307.8 Pm
0.485

.

The onset of optical reflectivity when silica is

shock compressed above ~10,000 K along the

stishovite Hugoniot (Fig. 2C) reveals the transi-

tion to an electrically conducting state. Electronic

conductivities estimated with a Drude model and

assuming a strong-scattering regime (Ioffe-Regel
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Fig. 1. Experimental concept and ultrafast op-

tical diagnostic data. (A) A large transparent

stishovite single crystal synthesized at 13.5 GPa

and 1800 K (5). (B) An intense laser pulse im-

pinging on the ablator sends a strong unsupported

shockwave through the planar package (18) (not

shown to scale). (C) VISAR line-imaging velocity

record and inferred shock velocity (green curve,

scale on right). (D) Corresponding raw SOP image

and lineout (right). After arriving in the quartz at

1 ns, the shock travels through the stishovite be-

fore breaking out at 27.5 ns.VISAR fringes vanish

at ~15 ns, marking changes in optical properties

associated with the threshold in electrical conductivity. Melting is evident from a thermal anomaly

attributed to latent heat and seen here as a change in the decay of the Hugoniot temperature and the

recovery of VISAR fringes upon breakout into vacuum (5).
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limit) increase with temperature to ~5 × 10
5
S/m

and approach predicted values for liquid iron at

TPa pressures ~10
6
S/m (15) (fig. S12). Such high

values of electrical conductivity imply that liquid

silicates could contribute to dynamo generation

of magnetic fields inside large planets (16).

Dense liquid silica is also found to have an

anomalously high specific heat right above the

melting point (fig. S13). The shock temperature

along the stishovite Hugoniot increases at a

slower rate than predicted by the ANEOSmodel,

which is based on the classical Dulong-Petit limit

for the specific heat: CV = 3nTkB, where n is

the number of ions and kB is the Boltzmann

constant (9, 17, 18). This reveals additional

degrees of freedom in the fluid, possibly includ-

ing both configurational and electronic contri-

butions. The emergence of a complex, polymeric

fluid right above the melting temperature may

offer one explanation (9, 18).

In combination with other recent measure-

ments (19), we therefore conclude that silica and

magnesium oxide are solid in the deep interior

of icy giants like Uranus and Neptune, as well

as—with extrapolation—in the rocky core of

Saturn and Jupiter (Fig. 3B). This is particularly

interesting as silicates are expected to dissociate
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Fig. 3. Melting line of silica at

planetary interior conditions

determined by shock compres-

sion experiments. (A) The shock

temperature plateau at 500 GPa

reveals the crossing of the stish-

ovite Hugoniot (blue) with the

silica melting line.The data for

a-quartz (red) and fused silica

(gray) reproduce the strong

temperature reversal upon

melting observed with gas-gun

experiments (6, 7) (squares and

triangles). A Simon fit of the shock

and static compression data

(12, 14) (diamond, dots) provides a

melting line up to TPa pressure

(green line and shaded 1 s uncer-

tainty).Thick gray lines are known

and predicted solid-phase boundaries (27). Dotted blue, red, and black lines are

calculated Hugoniot curves below melting for stishovite (5), quartz (8), and

fused silica (24). Predicted fluid properties are shown as the Hugoniot calcu-

lated from the ANEOS model (17) (blue dash-dotted) and the classical mo-

lecular dynamics melting line (28) (dotted green). (B) New experimental SiO2

melting line and coremantle boundaries (gray circles) for Earth (E), Uranus (U)

(29), Neptune (N) (29), Saturn (S) (21), and Jupiter (J) (21); melting lines of

MgO, MgSiO3, and Fe (dashed when extrapolated) (5) are shown for com-

parison. Top scale relates the pressure at the core-mantle boundary to the

mass of Earth-like large exoplanets (30). (Inset) Discovered super-Earths and

mass-radius relation for pure iron,water, or Earth-like structure that allow us to

identify potentially rocky exoplanets (5).
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Fig. 2. Shock compression of stishovite. (A) Pressure-density experimen-

tal data for stishovite and simple piecewise fit are in good agreement with

previous gas-gun data (23) and a theoretical model (24). Fused silica (24)

and a-quartz (25, 26) are plotted for comparison. (B) Shock temperature

versus shock velocity (US) for stishovite, the plateau at 8300 T 300 K de-

fining the thermal anomaly attributed to melting. Colors refer to four dif-

ferent experiments with single crystals. (C) Shock front reflectivity at 532 nm

versusUS.The rapid rise above 18 km/s reveals that SiO2 becomes electrically

conducting. The expected level of reflectivity if SiO2 stayed a transparent

insulator is shown for comparison (5) (black dash-dotted line).



into MgO and SiO2 at TPa pressures (20). Solid

cores in these planets would not participate in

magnetic field generation and may be more re-

sistant to erosion by the surrounding fluids (21).

Because rocky super-Earths are probably mol-

ten at the end of their accretion and many of

them are expected to have high surface temper-

ature, melting of silicates can regulate planetary

evolution through control of internal heat flow.

In particular, several mechanisms may tend to

pin the core-mantle boundary temperature to

the silicate melting line (4). If we overlook alloy-

ing effects and solidus-liquidus differences, our

high-pressuremeasurements can thus be used to

compare the melting behavior of silicates and

iron alloys up to the terapascal range (Fig. 3 and

fig. S14). As ironmelts at lower temperature than

silica up to ~0.6 TPa, an Earth-like structure with

an iron-rich liquid outer core surrounded by a

solid silicate mantle could subsist in a super-Earth

up to ~5 Earth masses (ME), such as exoplanets

Kepler 102-d, Kepler 10 b, and Corot 7b (inset in

Fig. 3B). In contrast, larger rocky exoplanets, like

Kepler 20-b or 55 Cnc e, would likely have an

extended basal magma ocean in the lower mantle

that could affect their magnetic field and rein-

force tidal response (22).

We find that molten silicate deep within large

planetary mantles, in general, can contribute to

magnetic field generation like the iron-rich liq-

uid in the planetary cores. Magnetic fields pro-

vide information about the interior dynamics

of planets and are potentially observable for

exoplanets. Our discovery of conductive liquid

silica at high pressures suggests a need to in-

vestigate planetary structuremodels that include

multiple layers of conductive fluids.
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MAGNETIC MATERIALS

Tilt engineering of spontaneous
polarization and magnetization above
300 K in a bulk layered perovskite
Michael J. Pitcher,1 Pranab Mandal,1 Matthew S. Dyer,1 Jonathan Alaria,2 Pavel Borisov,1*

Hongjun Niu,1 John B. Claridge,1† Matthew J. Rosseinsky1†

Crystalline materials that combine electrical polarization and magnetization could be

advantageous in applications such as information storage, but these properties are usually

considered to have incompatible chemical bonding and electronic requirements. Recent

theoretical work on perovskite materials suggested a route for combining both properties.

We used crystal chemistry to engineer specific atomic displacements in a layered perovskite,

(CaySr1–y)1.15Tb1.85Fe2O7, that change its symmetry and simultaneously generate electrical

polarization and magnetization above room temperature. The two resulting properties are

magnetoelectrically coupled as they arise from the same displacements.

F
or many technical applications, crystalline

solidsmust combine distinct properties. For

example, in thermoelectrics, thermal and

electronic conductivity need to be optimized

simultaneously (1). This level of structure-

property-composition control is particularly dif-

ficult when the properties have antagonistic

chemical requirements. For example, the synthe-

sis of a single phase combining electrical po-

larization P and spontaneous magnetization M

is challenging to achieve because of the distinct

electronic structure requirements for the main

mechanisms producing each property (2); for

example, the closed-shell d
0
Ti

4+
and s

2
Pb

2+
cat-

ions, which produce polarization in the ferro-

electric perovskite oxide PbZr1–xTixO3, do not have

the unpaired electrons needed formagnetization

(3). Efficiently combining these two long-range

orders could be useful for multiferroic or mag-

netoelectric (ME) information storage,which could

overcome the drawbacks of ferroelectricmemory

(slowwriting) andmagnetic random accessmem-

ory (high power density) and open the possibility

of four-state memory (4, 5) with reduced energy

consumption. It is possible to combine these

ground states by making composites over a range

of length scales between phases that individually

have the chemistry and, thus, properties required

(6, 7) or by lowering spatial symmetry through the

onset of magnetic order at low temperatures (8).

We use chemical control of the crystal structure of

a single-phasematerial to generate atomicdisplace-

ments that produce both properties simultaneously

in a coupledmanner above room temperature (RT).

The chemical incompatibility between P and

M arises when the ferroelectricity is driven by a

classical gamma point instability (9). Recent

theoretical work (10, 11) has identified that spe-

cific zone-boundary octahedral tilts in an ABO3
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