Melting of magnesium oxide to 2 terapascals using double-shock compression
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2

Magnesium oxide is a major constituent of gaseous and rocky planets. Constraining its melting
behavior at extreme conditions is key to understanding planetary interior evolution. Using a doubleshock technique, we extended the MgO melt curve to 2 TPa; this is twice the pressure achieved by
previous melting experiments on any material. A temperature plateau was observed between 1218
and 1950 GPa in the second shock states due to latent heat. At 1950 GPa, the measured melting
temperature is 17,600 K, 17% lower than recent theoretical predictions. The melting curve is steeper
than that of MgSiO3 , indicating that MgO is unlikely to exist in liquid form in the interior of solar
gas giants and extra-solar super-Earths.

The melt curve of MgO has been studied up to 40 GPa
using laser- and resistance-heated multi- and diamondanvil cells [9–12], and up to 550 GPa on the principal
Hugoniot (locus of states attainable with a single shock
wave) with decaying shock experiments [13, 14]. Single
shock waves can be used to study melting of a material to
the pressure at which the principal Hugoniot crosses the
melt curve; however, different experimental techniques
are necessary to probe melting at higher pressures. For
example, the melt curve of SiO2 has been experimentally probed beyond the principal Hugoniot of common
polymorphs fused silica and quartz using single shocks in
the high-density polymorph stishovite [18]. MgO has no
stable high-density polymorphs; the NaCl-type B1 phase
of ambient MgO has been observed to be stable to hundreds of GPa in static-compression experiments [19]. A
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Magnesium oxide (MgO, periclase) is an end-member
of the (Mg, Fe) O magnesiowüstite mineral, a major constituent of the Earth’s lower mantle [1, 2]. It is likely
present in the deep interiors of gas giants such as Jupiter
and Saturn and in rocky extra-solar planets known as
super-Earths [3, 4]. As an abundant component in planets, the physical properties of MgO can influence planetary structure and evolution. The B2 phase (CsCl-type)
of MgO is expected to be abundant in the mantles of
super-Earths and in the rocky cores of gas giants due to
the dissociation of MgSiO3 -perovskite [4]. The melting of
MgO could therefore be an important driver of thermal
and chemical exchange in the mantles and the coremantle
boundaries regions of these planets [5, 6]. Recent works
have invoked MgO exsolution from the cores of Earth and
other large rocky planets as a mechanism capable of powering a planetary magnetic dynamo [7, 8]. Quantifying
the melting behavior of MgO to the high pressures and
temperatures of planetary interiors is therefore relevant
to investigating a number of topical issues in planetary
science.
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FIG. 1: (a) Left: The laser pulse on shot 28954. Right: A
schematic of the target design. (b) A Lagrangian x–t diagram
displaying pressure contours from a hydrodynamic simulation
of the laser pulse and target in (a). (c) The raw pyrometer
image from shot 28954 with the intensity over-plotted in blue.
(d) The raw velocimeter image from shot 28954 with the extracted velocity over-plotted in red. The enumerated events
in (b), (c), and (d) are described in the text.

different experimental technique was required in order to
study the high-pressure melting behavior of MgO. While
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the double-shock tecnique using anvils has been used for
decades, the double-shock self-impedance matching technique was first described in Ref. [20] and was used to
study off-Hugoniot fluid states of SiO2 [21]. In this work,
we apply the double-shock technique to measure the melt
curve of MgO to 2 TPa, the highest pressure any material’s melt curve has been studied experimentally.
These experiments were performed on the OMEGA EP
Laser System at the Laboratory for Laser Energetics in
Rochester, NY [22]. Targets consisted of a 20-µm-thick
CH polystyrene ablator, a 50-µm-thick α-quartz pusher,
and a 100- or 200-µm-thick single-crystal < 100 > MgO
sample. All pieces were laterally 3-mm squares. The
target components were held together with 1–3 µm of
low-viscosity epoxy. The quartz pusher served to produce steady shocks in the MgO sample and as a temperature/reflectivity reference [23, 24]. Two successive
shock waves were launched into the sample with a dual
laser pulse through ablation of the CH. A laser pulse
from an experiment and a schematic of the target stack
are depicted in Fig. 1 (a). The first shock was produced
with 400 J in a single laser beam with a 6- or 4-ns flattop
pulse (0.067 TW or 0.1 TW); the second shock was produced with a net 1500 to 6400 J in one to three beams
with a 2-ns flattop pulse (0.75 to 3.2 TW). Distributed
phase plates were used to create a spatially uniform irradiance profile with a 95% encircled energy spot diameter
of 1100 µm.
The time-resolved diagnostics included an SOP
(streaked optical pyrometer) [25] and a dual-channel lineimaging VISAR (velocity interferometer system for any
reflector) [26]. The SOP measured self-emission throughout the experiment in the range of 590 to 750 nm with a
peak system response at 609 nm. The VISAR measured
the velocity of reflecting interfaces or shock fronts with
a 532-nm probe beam; the amplitude of the VISAR signal was used to determine reflectivity at 532 nm. Both
VISAR and SOP have a field of view of 1-mm. Figure 1 (b) is a Lagrangian x–t diagram with pressure
contours from a LILAC hydrodynamic simulation of an
experiment [27]. Figure 1 (c) is an SOP image from
an experiment with the raw intensity versus time overplotted in blue; Fig. 1 (d) is the corresponding streaked
VISAR image for that experiment with the extracted
velocity versus time profile throughout the experiment
over-plotted in red.
A sequence of events was observed in a single experiment, as enumerated in Figs. 1 (b)–(d). In region (0), the
first laser pulse is launched, inducing the first shock in
CH. A drop in the reflectivity is observed in VISAR, and
emission from the CH ablator is measured with SOP. In
region (1), the first shock enters the quartz pusher; shock
velocity and emission from the shock front in quartz are
measured.
In region (2), the first shock has been transmitted
into the MgO sample. When the shock passes from
the quartz into the higher-impedance MgO, a reshock

is launched back into the quartz [28]. The emission from
the reshocked quartz is absorbed by the shocked glue
layer between the quartz and the MgO. The emission of
the first shock in MgO is too low to observe with SOP;
low signal of approximatly 50 analog-to-digital units measured with SOP in region (2) is attributed to the shocked
glue [29]. The quartz–MgO interface velocity is measured behind the optically transparent first shock front
with VISAR; the refractive index correction and possible
effects of first-shock absorption are discussed in the Supplemental Materials [29]. The first shocks in the present
work range from 157 to 253 GPa. The B1 phase of MgO
is experimentally shown to be stable to at least 360 GPa
on the principal Hugoniot [13], which is consistent with
recent theory [30]. Additionally, above 97 GPa, the elastic precursor of MgO is overdriven [31]. Therefore, the
first shocks in this work exhibit no multi-wave structure.
Because the first shock in the MgO is temporally
steady, the measured quartz–MgO interface velocity is
equal to the particle velocity (Up1 ) of the MgO behind
the first shock front. The first shock lies on the principal Hugoniot. The pressure, density, and temperature
of the B1-phase principal Hugoniot have been measured
previously [31–36]. The first shock velocity was determined from Up1 with the optimized linear shock velocity
versus particle velocity fit in Ref. [36], and the pressure,
density, and internal energy of the first shock were inferred from the Rankine–Hugoniot conditions for conservation of mass, momentum, and energy across a shock
front [37]. The first shock temperature was taken from
the measured first shock pressure and the density functional theory pressure-temperature Hugoniot in Ref. [36],
which shows excellent agreement with existing MgO B1
Hugoniot temperature data [32].
In region (3), the second shock has entered the MgO
sample. Transit time measurements were used to determine the average velocity of the second shock wave
because the second shock was not reflective enough to
be directly measured with VISAR, as seen in Fig. 1 (d),
region (3). The second shock pressure, density, and internal energy are obtained by self-impedance matching
at the point of shock coalescence [20, 29]. The in-flight
emission from the second shock in MgO is measured with
SOP through the transparent first shock [Fig. 1 (c), region (3)]. A brightness temperature was inferred from
this measured emission by referencing to the temperature
in the quartz, which has been studied previously [23, 24].
The brightness temperature was corrected for the reflectivity of the second shock in a grey-body model. The reflectivity of the coalesced shock served as an upper bound
for the reflectivity of the second shocks [29]; this is reflected in the error bars of the temperature.
In region (4), the two shocks coalesce into a single decaying shock moving through ambient MgO. This coalesced shock wave resides on the principal Hugoniot in
the liquid regime of MgO, which has been previously
measured [13, 14, 36, 38, 39]. The velocity of the co-
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alesced shock wave was measured with VISAR and corrected for the refractive index of ambient MgO at 532 nm,
n = 1.743 [40]. The corresponding particle velocity was
determined from the linear shock velocity versus particle velocity fit in Ref. [38]. The pressure, density, and
internal energy are inferred from the Rankine–Hugoniot
conservation relations [37]. The reflectivity of the coalesced shock is measured with VISAR and referenced
to the known quartz Hugoniot reflectivity [23, 24, 29].
The temperature of the coalesced shock is determined
from the measured SOP emission and VISAR reflectivity,
and referenced to the known quartz Hugoniot temperature [23, 24, 29]. At event (5), the coalesced shock wave
breaks out of the MgO into vacuum.
Coalesced shock pressures in the present work range
from 1080 to 1989 GPa; corresponding second shock
pressures determined from self-impedance matching are
7 to 11% higher than the coalesced shocks, ranging from
1170 to 2109 GPa. An uncertainty of 4–6% in the second
shock velocity resulting from transit time measurements,
propagated with a 100,000 trial Monte Carlo method, led
to uncertainties in the second shock density reaching 14%
but only 5% in pressure; this comes directly from the
Rankine–Hugoniot conservation relations for mass and
momentum. The coalesced shock reflectivity and temperature measured in this work [29] are consistent with
previous results [13, 14, 38], lending confidence to this
analysis.
The measured first (black cirlces) and second (red cirlces) shock pressure and temperature results are plotted
in Fig. 2. At a phase boundary, a material’s Hugoniot
is often marked by a plateau or reversal in temperature
with increasing pressure as thermal energy contributes to
a phase transition [42, 43]. This behavior has been observed in shock experiments on diamond [44], SiO2 [24],
and the principal Hugoniot of MgO [13, 14]. A temperature increase in the second shock results of only 3,000 K is
observed from 1.2 to 2 TPa; above this pressure, temperature rises rapidly. The three central second shock data
points are interpreted to lie on the melt curve of MgO
because they demonstrate a lack of heating across a large
increase in shock pressure, which is attributed to the latent heat of MgO melting. Liquid MgO at 2109 GPa
and 26.2 kK must have a reflectivity of less than a few
percent, because a reflecting second shock front was not
measured, indicating that MgO may melt into an insulating state. These experiments did not determine the
structure of solid MgO, and no structural data exist at
these pressures. It is assumed that the MgO melts from
B2 in these experiments because no other solid phases
are predicted above the B1-B2 transition.
As demonstrated in Fig. 2, there is discrepancy in
where the principal Hugoniot of MgO crosses the B1B2 transition and the melt curve. A large temperature
reversal at 470 (40) GPa observed in decaying shock experiments in Ref. [14] was attributed to MgO melting
(blue circle). In nearly identical decaying shock exper-
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FIG. 2: The phase diagram of MgO. Black circles represent
the first shock B1 states in the present work; pressure is measured, and temperature is known from previous work [36].
Red cirlces are the second shock states; both pressure and
temperature are measured.The three central second shock
states are interpreted to be on the melting curve of MgO due
to a lack of heating across a large increase in pressure. Melting data from previous experiments are plotted with small
circles cirlces [9–14], and B1-B2 transition data are plotted
with x’s [13, 41]. Dotted-dashed curves are previously predicted phase boundaries [13, 15, 30, 36]. Dashed lines are
predictions for the principal Hugoniot and secondary Hugoniots from 165 and 245 GPa first shocks [30, 46–48]. The
core–mantle boundary conditions are plotted for Saturn [16]
and 1–, 7.5–, and 15–Earth-mass (ME ) super-Earths [17]. The
solid black curve is Simon-Glatzel fit (Eq. 1) to the melting
data in this work and the melting data from Refs. [10, 12],
with grey shading representing the uncertainty in the fit parameters.

iments in Ref. [13], the observed temperature reversal
at 440 (80) GPa was attributed to the B1-B2 transition
(light blue x), while a small slope change in the Hugoniot
at 650 (50) GPa was attributed to melting (green cirlce).
Density functional theory and quantum Monte Carlo theoretical methods (red dotted-dashed curves) predict a
steep melting curve [36] consistent with the interpretation of melt from Ref. [13], but the location of the B1-B2
transition in Ref. [36] is not consistent with that from
Ref. [13]. First principles molecular dynamics studies
from Ref. [15] (pink dotted-dashed curve) predict a gentle melt slope consistent with the melting interpretation
from Ref. [14]. Recent density functional molecular dynamic calculations predict a melting curve that sits in
between the interpretations of the experiments from both
Ref. [14] and [13]. Furthermore, x-ray diffraction experiments on ramp compressed MgO measure the B1-B2
phase transition at 600 GPa [41] (gold x); this is higher
pressure than predicted by any models for the B1-B2
transition.
To capture the shape of the high pressure melt curve,
we performed a fit to our data and lower pressure melting
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data from Refs. [10, 12] with a Simon–Glatzel equation
of the form:
1/b
 P [GPa]
m
+1
a

(1)

where Tm and Pm are the temperature and pressure of
the melt curve, and 3098 K is the melting temperature
of MgO at atmospheric pressure [10]. This emperical relation has been used to describe the melting behavior of
other oxides including SiO2 [18] and MgSiO3 [45]. The
best fit parameters are given by a = 9.15 ± 2.23 GPa and
b = 3.14 ± 0.19 with a covariance of -0.39, determined
from a non-linear least squares analysis. The decaying
shock melting data [13, 14] were not included in this fit
because of the disagreement in interpretation of experiments as discussed above. The fit in Eq. 1 does not allow
for a change in slope at the B1-B2-liquid triple point;
the pressure and temperautre of the triple point have
not been measured, and theoretical approaches disagree
on its location. Fits based on different interpretations of
the melting data in Refs. [13, 14], and on different predicted locations of the triple point, are discussed in the
Supplemental Materials [29].
The melt curve in Eq. 1 is plotted in Fig. 2 (solid
black) and shows strong agreement with recent density
functional theory [30] (dotted-dashed green curve) up to
650 GPa before the curves diverge. Reference [30] overestimates the measured melting temperature at 1950 GPa
by 17%. The discrepancy between experiment and theory on the melt curve could have profound origins, due
to the complex elastic and plastic responses of MgO during the shock/re-shock and phase transformation processes, which have complicated the measurements but
not been taken into account in the first principles calculations. This calls for larger-scale non-equilibrium simulations and crystallographic diagnostics to better understand problems as such. A previously published melting
curve of MgO [18] based on extrapolation of data from
Refs. [10, 11, 13] overestimates the melting temperature
at 1950 GPa by 27%.
The highest-pressure second shock equation-of-state
point in this work is in the liquid regime of the 173 GPa
secondary Hugoniot of MgO and shows general agreement with First-Principles Equation of State simulations
of secondary Hugoniots from similar initial shock conditions [46–48]; the slope of the secondary Hugoniot defined
by the two highest-pressure second shock points in this
work does appear steeper than theoretical predictions,
but is consistent with theory given the error bars. The
low-pressure second-shock data in this work demonstrate
that the double-shock technique is a valuable method for
probing the behavior of MgO in the solid phase at the
temperatures and pressures directly relevant to the core–
mantle boundary of gas giants similar in size and composition to Saturn [16] and super-Earths in the 7.5 to
15–Earth-mass range [17].
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FIG. 3: A comparison of melt curves of planetary materials.
Diamond: experiment (solid purple [44]). SiO2 : experiment
and extrapolation (solid and dotted green [18]). MgSiO3 : experiment (solid blue [45]), theory (dotted-dashed blue [49]),
and extrapolations (dotted blue). Fe: experiment (solid orange [50]) and theory (dotted-dashed orange [51]). H2 O superionic melt: experiment (solid pink [52]) and theory (dotteddashed pink [53]). The present experimental work on MgO
(solid black, extrapolated with dotted black) represents the
highest pressure to which a melt curve has ever been measured. The core–mantle boundary conditions are plotted for
Saturn [16] and 1–, 7.5–, and 15–Earth-mass (ME ) superEarths [17].

The melt curve of MgO measured in this work is presented in Fig. 3 along with those of other abundant planetary materials including SiO2 [18], MgSiO3 [45, 49],
diamond [44], Fe [50, 51], and H2 O [52, 53]. MgO remains solid at a higher temperature than all other planetary materials up to 2 TPa; above this pressure, the
MgO melt curve may cross that of iron. MgO has a
steeper melt curve than MgSiO3 above 150 GPa, suggesting that pressure-induced dissociation of liquid MgSiO3
at 10,000 K and 1 TPa [4] inside super-Earths or gas giants may result in a solid MgO layer. If MgO is present in
multicomponent systems (e.g., MgO-FeO-SiO2), eutectic
melting could lower the melting temperature [55]. However, the rocky core of Saturn most likely supports solid
MgO and SiO2 . Because solid B2-phase MgO is only
weakly soluble in fluid hydrogen, the protocore of Saturn
likely remained stable throughout its evolution [54].
Dissolution of Mg into the Fe core of super-Earths
during planetary formation could have important consequence for planetary structure and interior processes.
One possible scenario includes MgO exsolution from the
core, which could potentially provide enough energy to
power a geodynamo and generate a planetary magnetic
field [7, 8]. Depending on the quantity of material exsolved, a layer of MgO could precipitate at the planet’s
core–mantle boundary. Metallic behavior of MgO [13] at
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this depth could strongly influence further core-mantle
interactions and magnetic field generation. Alternatively,
if metallic MgO were to remain dissolved in an Fe core, a
layered core structure could result [56]. Further measurements of melting behaviors of other major planet forming oxides are necessary for further investigating these
deep planetary processes which could be important in
the search for Earth-like planets.
In summary, the present work utilizes a double-shock
technique to probe the melt curve of MgO to unprecedented pressures. A plateau in temperature from 1.2 to
2 TPa suggests a large solid/liquid coexistence region
similar to that seen in decaying single-shock experiments
on diamond [44]. MgO remains solid at TPa pressures
to higher temperatures than all other planetary materials and is therefore unlikely to exist a liquid state in the
cores or mantles of known giant planets. This work is a
new benchmark for measuring the properties of planetary
materials at extreme pressures and temperatures. The
results will be useful for investigating planetary structure models and the processes in deep planetary interiors for a range of planet sizes including gas giants and
super-Earths. Additionally, the technique presented in
this work will lead to new advances in probing phase
transitions of transparent materials up to TPa pressures
and will significantly advance the scientific community’s
understanding of the behavior of warm dense matter at
extreme conditions.
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