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Experimental evidence for a phase transition in
magnesium oxide at exoplanet pressures
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Magnesium oxide is an important component of the Earth’s
mantle and has been extensively studied at pressures and
temperatures relevant to Earth1. However, much less is known
about the behaviour of this oxide under conditions likely to
occur in extrasolar planets with masses up to 10 times that
of Earth, termed super-Earths, where pressures can exceed
1,000GPa (10 million atmospheres). Magnesium oxide is
expected to change from a rocksalt crystal structure (B1) to
a caesium chloride (B2) structure at pressures of about 400–
600GPa (refs 2,3). Whereas no structural transformation was
observed in static compression experiments up to 250GPa
(ref. 4), evidence for a solid–solid phase transition was
obtained in shockwave experiments above 400GPa and
9,000K (ref. 5), albeit no structural measurements were
made. As a result, the properties and the structure of MgO
under conditions relevant to super-Earths and large planets
are unknown. Here we present dynamic X-ray diffraction
measurements of ramp-compressed magnesium oxide. We
show that a solid–solid phase transition, consistent with a
transformation to the B2 structure, occurs near 600GPa.
On further compression, this structure remains stable to
900GPa. Our results provide an experimental benchmark to
the equations of state and transition pressure of magnesium
oxide, and may help constrain mantle viscosity and convection
in the deepmantle of extrasolar super-Earths.

Modelling the interior structure and dynamics of super-Earths
(dense extrasolar planets with masses up to 10 times that of Earth)
requires knowledge regarding phase transitions, metallization and
dissociation of the appropriate materials6–9. The silicates that
dominate the Earth’s mantle probably dissociate into oxides
at the extreme pressures (1,000GPa) and temperatures (5,000–
10,000K) existing in super-Earth mantles10,11. Experimental study
of structures and transitions of the constituent materials under
such conditions is only just beginning. Our work on the phase
diagram of magnesium oxide (MgO; periclase), an endmember
of the ferropericlase solid solution (Mg,Fe)O prominent in the
Earth’s mantle, illustrates that new experimental techniques are
now available to achieve and probe pressure and temperature
conditions previously accessible only to theoretical simulations.

At ambient conditions MgO assumes the rocksalt structure
(NaCl-type, B1) and this phase shows an extensive stability range
both in pressure and temperature1,4,12. A phase transition from the
six-fold coordinated B1 to the eight-fold coordinated CsCl-type
(B2) structure has been predicted by theoretical simulations in
the 400–600GPa range2,3,13–15. However, theoretical predictions of
crystal structures using density functional theory involve approx-
imations and have not previously been testable by experiments at
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these high pressures. Although a temperature anomaly on shocked
MgO at about 400GPa was recently interpreted as the B1–B2
transformation5, no direct structuralmeasurements exist.

This report describes a new approach to study matter in
the solid state at conditions previously inaccessible in laboratory
experiments. We used laser-driven ramp loading technique to
compress MgO to 900GPa and in situ X-ray diffraction to
determine its structure at densities as high as 8.6 g cm−3, a
compression of 2.4 (ρ0 = 3.58 g cm−3). These data reveal a
solid–solid phase transition at 600GPa and the structure of the
new polymorph is consistent with the B2 phase. Simultaneous
velocimetry and diffraction data are used to determine the stress–
density response of MgO to 900GPa.

Experiments were performed at the OMEGA Laser Facility16
(University of Rochester). Targets consist of 10-µm-thick MgO
powder pressed between two diamonds. The diamond/MgO
sandwich is placed on a 300-µm-diameter pinhole sitting on the
front face of a diffraction diagnostic (Fig. 1a)17. The surface of the
first diamond is ablated using laser beams with intensity increasing
over ∼4.5 ns, producing a ramped pressure wave (Fig. 1b). Ramp
loading has been shown to produce a compression path significantly
cooler than shock compression, albeit hotter than isentropic
compression (Supplementary Information S4). The pressure wave
ultimately reaches the rear surface of the back diamond, accelerating
it into free space. A velocity interferometer (VISAR)18 records the
free-surface velocity versus time,Ufs(t ). The equation of state (EOS)
of diamond19 and the measured Ufs(t ) provide the stress history
in MgO (refs 17,20,21 and Fig. 1c). Sandwiching MgO between
diamonds ensures that diffraction samples a uniform stress state.
A Cu foil is irradiated using additional lasers with a 1 ns pulse
length (Fig. 1a,b) to produce quasi-monochromatic He-α radiation
(1.48 Å) incident at 45◦ (ref. 17). Diffracted X-rays are recorded
in transmission geometry by image plates lining the inner walls of
the diagnostic box. Diffraction peaks from the edges of the pinhole
allow calibration of the diffraction geometry17.

Our experiments provide the first direct structural evidence
for the occurrence of a solid–solid phase transition in MgO. Two
representative diffraction images collected at 309(10) GPa and
757(63) GPa are shown in Fig. 2, together with the respective
partially integrated one-dimensional patterns. The raw data
from the image plates (Fig. 2a,b) are background-subtracted and
projected into 2θ–φ space (where 2θ is the scattering angle and
φ is the azimuthal angle around the incident X-ray direction,
Fig. 2c,d)17. Two peaks from compressed MgO are visible at
309(10)GPa (highlighted by arrows), as well as reflections from
the pinhole reference material (Pt) and diamond (Supplementary
Information S1). The MgO diffraction peaks are consistent with
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Figure 1 | Experimental set-up for X-ray diffraction and
ramp-compression at the OMEGA Laser Facility. a, Diagnostic box
containing image plates and target assembly sitting in the front plate.
X-rays (generated by laser illumination of a Cu foil) hit the bottom plate
and the diffracted signal is recorded on the other panels (red lines indicate
example diffraction at 2θ = 55◦). Additional lasers compress the target.
VISAR measurements allow pressure determination. b, Ramped (red) and
flat-top (black) pulses used to drive the target and the X-ray source. c, Time
evolution of free-surface velocity (black) and stress in the MgO (red).

the (200) and the (220) lines of the B1 structure. The (200)
reflection of B1–MgO (the most intense for this structure, Fig. 2e)
is observed in all of the shots between ambient pressure and
563(10)GPa. The (111) and (220) reflections are sometimes
observed, supporting the assignment of the MgO structure to
the expected B1 phase. The measured d-spacings versus stress
are reported in Fig. 3a (Supplementary Table S1) and compared
with previous experimental (B1) and theoretical (B2) data. In the
low-pressure phase they are in good agreement with the (111),
(200) and (220) reflections obtained fromextrapolation of diamond
anvil cell data1,12. A small discontinuity in the d-spacing of the
(200) reflection is observed around 420GPa (Fig. 3a). This may
be due to a distortion of the B1 unit cell or a subtle, unexpected
phase transition. The change in d-spacing is not consistent with
the B8 phase (NiAs structure) that has been proposed as a

possible polymorph of MgO (refs 22,23). Non-hydrostaticity and
uniaxial compression can cause lattice distortions yielding higher d-
spacings than those measured under quasi-hydrostatic conditions,
as observed in diamond anvil cell experiments employing similar
scattering geometry (black and red curves in Fig. 3a)1,12. A major
discontinuity in d-spacing is observed above 570GPa and the
corresponding diffraction patterns are significantly different, as
shown in Fig. 2b,d at 757(63)GPa. Aside from the peaks due to
diamond and the Ta reference, a new line near 2θ = 63◦ (blue
arrow) is observed. The corresponding d-spacing, assuming a cubic
structure, is consistent with the expected location of the most
intense line (110) of the B2 phase of MgO at this pressure (Fig. 3a).
The new pattern has been observed up to 900GPa (Supplementary
Information S2) and the assignment of the new phase to the B2
structure provides stress–density values consistent with theory2,14,24.
Confidence in this structural identification is enhanced by the fact
that the (110) peak is the most intense reflection for B2–MgO
(Fig. 2e). Other structures have been tested but they do not provide
a good fit to our data (Supplementary Information S3).

The density of crystalline MgO up to 900GPa is determined
by assigning the measured d-spacings to either the B1 or
the B2 structure (red and blue dots respectively in Fig. 3b).
Previous experimental density measurements are limited to
pressures of ∼200–250GPa for the solid phase (gas gun shock
experiments23,25–27 and static X-ray diffraction1,4,12). Our data set
considerably extends the explored pressure range, reaching 2.4-fold
compression for solid MgO. Fitting our data below 420GPa to
a third-order EOS, with fixed initial density and bulk modulus
(ρ0 = 3.58 g cm−3 and K0 = 162.5GPa; ref. 27), we obtain K ′0 =
4.1±0.2 (Supplementary Information S5 and Table S2), consistent
with previous determinations of theMgO EOS. Above 563(10) GPa
the data points for the B2 phase are tentatively fitted to the same
functional forms, where the initial density was fixed to the average
value reported for the B2 structure (ρ0 = 3.71 g cm−3) and the
bulk modulus was constrained to a range of predicted values
(K0 = 152.6–169.8GPa), yielding K ′0 = 4.6± 0.4 (Supplementary
Information S5 and Table S2). We have excluded the data between
420 and 563GPa (open circles in Fig. 3b) from the fit of the
B1 EOS, owing to the possibility of a lattice distortion. On the
basis of our experimental data we cannot determine the nature
of the distortion, so the density has tentatively been calculated
assuming the B1 structure.

Recent shock experiments have shown that MgO melts on the
Hugoniot at about 700GPa (ref. 5).Our observation of solid diffrac-
tion at 900GPa clearly demonstrates that the temperature under
ramp compression is lower than under shock compression. As the
diamond is opaque above 100GPa, we cannot directly measure the
MgO temperature by pyrometry. The B1–B2 phase transformation
is predicted to exhibit a negative Clapeyron slope for its coexistence
curve28. Assuming ∂P/∂T =−3.9±3.0×10−4 TPaK−1 (refs 3,5),
we estimate the temperature of the B1–B2 transition at 600GPa
to be less than 4,000K, about 9,000K lower than the temperature
generated by shock compression to 600GPa (Supplementary
Information S4). These pressures and temperatures are expected to
find physical realization in super-Earth planets with masses greater
than five times themass of the Earth7. The experimental observation
of the B2 phase of MgO and the confirmation of a negative slope
for the B1–B2 coexistence line provide a benchmark for theories
modelling planetary interior structure and evolution.

A variety of terrestrial planetary compositions are expected to
occur in extrasolar planets29. For an Earth-like planet, (Mg,Fe)O
will be an important mantle component and may be the dominant
constituent in the deep interiors of larger planets for which
silicate dissociation occurs above 1,000GPa (refs 6,11). For systems
enriched in Mg/Si relative to Earth, MgO will be even more
abundant. Mineralogical changes in the interior of a planet affect
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Figure 2 | X-ray diffraction patterns of compressed MgO. a,b, Raw data for B1–MgO at 309(10) GPa and B2–MgO at 757(63) GPa. Reflections from MgO
(red and blue arrows), diamond (C), reference Pt (crosses) and Ta (triangles) are visible. c,d, Raw data converted into 2θ–φ space and integrated intensity
(integration performed on the portion of the image highlighted by dashed regions). Expected reflections of B1 and B2 MgO are indicated. Arrows and
coloured peaks highlight the observed peaks. e, Relative intensity for the diffraction peaks of B1 (309 GPa) and B2 (757 GPa) MgO.

the pressure–density relationship and alter key physical properties.
Phase transitions with a negative Clapeyron slope as in MgO
can induce layered convection in the interior30. In contrast to
the conventional view that viscosity will increase with depth,
it has been proposed that the formation of abundant B2 MgO
in the deep mantle of super-Earths may reduce the viscosity
owing to the low creep strength of B2 oxides6. Viscosity and
mantle convection control the thermal evolution of planets and
also influence tidal heating, orbital evolution and magnetic field

generation6. Knowledge of phase transition behaviour of MgO is
thus fundamental to understanding super-Earth interiors.

We have reported direct experimental evidence for a solid–solid
phase transition in MgO, consistent with the B1–B2 transition.
This has important implications for planetary science, because these
conditions are expected to exist in the deep interiors of planets over
five times more massive than the Earth7,8. Our work also reports
direct measurements of a solid–solid phase transition at these high
pressures (600GPa) and short timescales (a few nanoseconds). This
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opens the possibility to explore solid-state behaviour in materials at
conditions previously inaccessible to experimental study.
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