Melting of magnesium oxide to 2 terapascals using double-shock compression
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Constraining the melting behavior of magnesium oxide, a major constituent of gaseous and rocky
planets, is key to benchmarking their evolutionary models. Using a double-shock technique, we
extended the MgO melt curve measurements to 2 TPa; this is twice the pressure achieved by
previous melting experiments on any material. A temperature plateau is observed between 1218
and 1950 GPa in the second shock states, which is attributed to latent heat of melting. 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 MgSiOs, indicating that MgO is likely solid in the interior
of Saturn-sized gas giants and extra-solar super-Earth planets.

1. INTRODUCTION

Magnesium oxide (MgO, periclase) is an end-member
of the (Mg, Fe)O magnesiowiistite mineral, a major con-
stituent of the Earth’s lower mantle!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®*. As an abundant component in planets, the
physical properties of MgO can influence planetary struc-
ture 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 dissocia-
tion of MgSiOs-perovskite*. The melting of MgO could
therefore be an important driver of thermal and chemical
exchange in the mantles and the core-mantle boundary
regions of these planets®®. Recent works have invoked
MgO exsolution from the cores of Earth and other large
rocky planets as a mechanism capable of powering a plan-
etary magnetic dynamo”®. Quantifying the melting be-
havior of MgO to the high pressures and temperatures of
planetary interiors is therefore relevant to investigating
a number of topical issues in planetary science.

The melt curve of MgO has been studied up to 40 GPa
using laser- and resistance-heated multi- and diamond-
anvil cells” 12, and up to 550 GPa on the principal Hugo-
niot (locus of states attainable with a single shock wave)
with decaying shock experiments'®'4.  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 SiO5 has been experimentally
probed beyond the principal Hugoniot of common poly-
morphs fused silica and quartz using single shocks in the
high-density polymorph stishovite!®. MgO has no stable
high-density polymorphs; the NaCl-type B1 phase of am-
bient MgO has been observed to be stable to hundreds
of GPa in static-compression experiments!'®. A different
experimental technique was required in order to study

the high-pressure melting behavior of MgO. In this work,
we apply the double-shock self-impedance match tech-
nique'”!'® to measure the melt curve of MgO to 2 TPa,
the highest pressure to which any material’s melt curve
has been studied experimentally.

2. EXPERIMENTAL METHODS

These experiments were performed on the OMEGA
EP Laser System at the Laboratory for Laser Energetics
in Rochester, NY'?. Targets consisted of a 20-pum-thick
CH polystyrene ablator, a 50-pum-thick a-quartz pusher,
and a 100- or 200-pm-thick single-crystal < 100 > MgO
sample. All pieces were laterally 3-mm squares. The
target components were held together with 1-3 pm of
low-viscosity epoxy. The quartz pusher served to pro-
duce steady shocks in the MgO sample and as a temper-
ature/reflectivity reference?®?!. 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 de-
picted 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 pro-
duced 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 irra-
diance profile with a 95% encircled energy spot diameter
of 1100 pm.

The time-resolved diagnostics included an SOP
(streaked optical pyrometer)?223 and a dual-channel line-
imaging VISAR (velocity interferometer system for any
reflector)?*. 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
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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
using the laser pulse and target in (a). (c) The raw pyrome-
ter 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), (¢), and (d) are described in the text.

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?°.
Figure 1 (c) is an SOP image from an experiment with the
raw intensity versus time over-plotted in blue; Fig. 1 (d)
is the corresponding streaked VISAR image for that ex-
periment with the extracted velocity versus time profile
throughout the experiment over-plotted in red.

A sequence of events was observed in a single experi-
ment, 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?S. 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 ap-
proximatly 50 analog-to-digital units measured with SOP
in region (2) is attributed to the shocked glue?”. 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 Ma-
terials?”. 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 princi-
pal Hugoniot!'3, which is consistent with recent theory3®.
Additionally, above 97 GPa, the elastic precursor of MgO
is overdriven®?. 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 (Upi) of the MgO behind
the first shock front. The first shock lies on the prin-
cipal Hugoniot. The pressure, density, and temperature
of the Bl-phase principal Hugoniot have been measured
previously?® 44, The first shock velocity was determined
from Uy, with a previously-measured optimized linear
shock velocity versus particle velocity fit*4, and the pres-
sure, density, and internal energy of the first shock were
inferred from the Rankine-Hugoniot conditions for con-
servation of mass, momentum, and energy across a shock
front*>. The first shock temperature was taken from the
measured first shock pressure and the density functional
theory pressure-temperature Hugoniot*4, which shows
excellent agreement with existing MgO B1 Hugoniot tem-
perature data®’.

In region (3), the second shock has entered the MgO
sample. Transit time measurements were used to de-
termine 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 in-
ternal energy are obtained by self-impedance matching
at the point of shock coalescence!”2”. The in-flight emis-
sion from the second shock in MgO is measured with SOP
through the transparent first shock [Fig. 1 (¢), region (3)].
A brightness temperature was inferred from this mea-
sured emission by referencing to the temperature in the
quartz, which has been studied previously?®:21:27. The
brightness temperature was corrected for the reflectivity
of the second shock in a grey-body model. The reflectiv-
ity of the coalesced shock served as an upper bound for
the reflectivity of the second shocks?”; this is reflected in
the error bars of the temperature.

In region (4), the two shocks coalesce into a single de-
caying shock moving through ambient MgO. This coa-
lesced shock wave resides on the principal Hugoniot in the
liquid regime of MgO, which has been previously mea-
sured!314:44:46.47  The velocity of the coalesced shock
wave was measured with VISAR and corrected for the
refractive index of ambient MgO at 532 nm, n = 1.743%8.
The corresponding particle velocity was determined from
the linear shock velocity versus particle velocity fit for
fluid MgO*S. The pressure, density, and internal energy



are inferred from the Rankine-Hugoniot conservation re-
lations?®. The reflectivity of the coalesced shock is mea-
sured with VISAR and referenced to the known quartz
Hugoniot reflectivity??:21:27. The temperature of the coa-
lesced shock is determined from the measured SOP emis-
sion and VISAR reflectivity, and referenced to the known
quartz Hugoniot temperature??:21:27. At event (5), the
coalesced shock wave breaks out of the MgO into vac-
uum.

3. RESULTS

A summary of the equation-of-state results for the
present work is given in Tab. I. Coalesced shock pres-
sures 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 result-
ing 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 co-
alesced shock reflectivity and temperature measured in
this work?” are consistent with previous results!3:14:46,
lending confidence to this analysis.

The measured first (black open circles) and second (red
open and closed circles) 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 re-
versal in temperature with increasing pressure as ther-
mal energy contributes to a phase transition?°9. This
behavior has been observed in shock experiments on dia-
mond®!, SiO52!, and the principal Hugoniot of MgO3:14.
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 (closed red circles) are inter-
preted 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. 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.

A reflecting second shock was not measured in any of
the experiments in this work, implying that solid and
fluid MgO reaching 2109 GPa and 26.2 kK is a poor
conductor with a reflectivity below approximately 5%.
Below this threshold, the VISAR signal is expected to
be dominated by ghost reflections® originating at the
motionless MgO-vacuum interface, which have an inten-
sity of 7% based on the refractive index of MgO. On the
principal Hugoniot of MgO at 26.2 kK (968 GPa), the re-
flectivity has been previously measured to be 8%2. We
would expect to be able to measure a reflectivity at the
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FIG. 2: The phase diagram of MgO. Black open circles rep-
resent the first shock B1 states in the present work; pres-
sure is measured, and temperature is known from previous
work?®. Red open and closed circles are the second shock
states; both pressure and temperature are measured. The
three central second shock states (closed red circles) are in-
terpreted 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 closed cir-
cles circles (green'®, blue'*, pink®, purple'!, brown'?), and
B1-B2 transition data are plotted with x’s (green'®, orange®®).
Dotted-dashed curves are previously predicted phase bound-
aries (red44, orange®?, purple®®, green®). The solid blue
curve is a prediction for the principal Hugoniot3®°%°¢ and
the solid red curve (interpolated with dashed red) is a predic-
tion for the second shock Hugoniot from 275 GPa?738:55757
The core-mantle boundary conditions are plotted for Saturn®®
and 1-, 7.5-, and 15-Earth-mass (Mg) super-Earths®®. The
solid black curve is Simon-Glatzel fit (Eq. 1) to the melting
data in this work and lower-pressure anvil cell melt data'®!2,
with grey shading representing the uncertainty in the fit pa-
rameters.

8% level. Further experiments on the conductivity of
fluid MgO on the second shock Hugoniot are necessary
to resolve this open question.

There currently exists significant discrepancy in where
the principal Hugoniot of MgO crosses the B1-B2 transi-
tion and the melt curve. A large temperature reversal at
470 (40) GPa observed in decaying shock experiments!?
was attributed to MgO melting (blue circle). In earlier,
and nearly identical, decaying shock experiments'®, the
observed temperature reversal at 440 (80) GPa was at-
tributed to the B1-B2 transition (green x), while a small
slope change in the Hugoniot at 650 (50) GPa was at-
tributed to melting (green circle). Density functional the-
ory (DFT) methods (red dotted-dashed curves) predict a
steep melting curve** consistent with the interpretation
of melt at 650 GPa'3. However, the principal Hugoniot
of MgO crosses that DFT predicted B1-B2 transition at
300 GPa, while the experimentally observed temperature
reversal occurs closer to 450 GPa. Older first principles
molecular dynamics studies®? (pink dotted-dashed curve)



Shot  Upi(km/s) P, (GPa) Usc(km/s) Pc(GPa) Usa(km/s) P2 (GPa) p2(g/cm?) T2(1000 K)
29751 512 (0.12) 247 (7)  23.18 (0.14) 1080 (20)  27.15 (0.8) 1170 (41)  8.65 (0.3) 12.9 (1.2)
29749 4.98 (0.12)  237(7)  23.72 (0.14) 1142 (21) 2658 (1.1) 1218 (39)  9.13 (0.4) 14.7 (1.3)
28954 5.21 (0.12) 253 (7)  25.39 (0.14) 1344 (23)  28.38 (0.7) 1449 (37)  9.53 (0.3) 15.1 (1.2)
30307  3.76 (0.12) 157 (6)  28.47 (0.14) 1761 (28)  31.01 (L.7) 1950 (87)  9.94 (1.0) 17.6 (1.7)
30306 4.02 (0.12) 173 (6)  30.01 (0.14) 1989 (31)  30.00 (1.5) 2109 (74)  11.84 (1.2)  26.2 (3.4)

TABLE I: Equation-of-state results for double-shocked MgO. Uy, is the steady first shock particle velocity. Us2 and Usc are
the second shock velocity and coalesced shock velocity at the self-impedance match'” point (the point of shock coalescence).

The first shock pressure P1 and coalesced shock pressure Pc are determined from previous results

44’46, and the second shock

pressure P2 and density p2 are obtained by self-impedance matching. The second shock temperature is measured with an

optical pyrometer. All velocities are given in the lab frame.

predict a gentle melt slope consistent with the melt-
ing interpretation at 470 GPa'4. The most recent den-
sity functional molecular dynamic calculations®® (purple
dotted-dashed curves) predict that the principal Hugo-
niot crosses the melt curve at 550 GPa—this is between
the interpretation of melting pressure from both decay-
ing shock experiments'3'4. Furthermore, x-ray diffrac-
tion experiments on ramp compressed MgO measure the
B1-B2 phase transition at 582 (10) GPa’ (orange x);
this is higher pressure than predicted by any model for
the B1-B2 transition.

To capture the shape of the high pressure melt curve,
we performed a fit to our data combined select lower-
pressure anvil cell melting data'®'2 with a Simon—Glatzel
equation of the form:

Tw[K] = 3098 (1)

(Pm[GPa] n 1) 1/b

a

where T, and P,, are the temperature and pressure
of the melt curve, and 3098 K is the melting tempera-
ture of MgO at atmospheric pressure'®. This empirical
relation has been used to describe the melting behav-
ior of other oxides including SiO5'® and MgSiO3°4. 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. A previously
published melting curve of MgO'® based on extrapola-
tion of anvil cell and decaying shock melting data!®11:13
overestimates the melting temperature at 1950 GPa by
27%. The fit in Eq. 1 does not allow for a change in slope
at the B1-B2-liquid triple point; the pressure and tem-
perature of the triple point have not been measured, and
theoretical approaches disagree on its location. The de-
caying shock melting data'®'* were not included in this
fit because of the disagreement in interpretation of ex-
periments as discussed above. This simple fit was chosen
based on the discrepancy in the melting temperature of
MgO on the principal Hugoniot. Fits based on different
interpretations of the previous decaying shock work!314,
and on different predicted locations of the triple point,
are discussed in the Supplemental Materials?”.

The melt curve in Eq. 1 is plotted in Fig. 2 (solid
black) and shows strong agreement with recent density
functional theory3® (dotted-dashed purple curve) up to

650 GPa before the curves diverge. Reference® overes-

timates the measured melting temperature at 1950 GPa
by 17%. 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 simu-
lations of secondary Hugoniots from similar initial shock
conditions®®°7; the slope of the secondary Hugoniot de-
fined by the two highest-pressure second shock points in
this work does appear steeper than theoretical predic-
tions. The discrepancy between experiment and theory
on the melt curve could originate from the complex elas-
tic and plastic responses of MgO during the shock/re-
shock and phase transformation processes, which have
not been taken into account in the first principles calcu-
lations. This calls for larger-scale non-equilibrium sim-
ulations and crystallographic diagnostics to better un-
derstand problems as such. The low-pressure second-
shock data in this work demonstrate that the double-
shock technique is a valuable method for probing the be-
havior 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®®
and super-Earths in the 7.5 to 15-Earth-mass range®®.

4. IMPLICATIONS

A key implication of our results is that pure MgO
could exist as a solid at the pressure-temperature con-
ditions inside a Saturn-sized gas giant. As shown in
Fig. 3, MgO has a steeper melting curve than other abun-
dant planetary materials including SiO5!'%, MgSiQ3%40,
diamond®!, Fef1:62, FeQ%365 and H,0%:57. However,
mixing with other materials (e.g., MgO-FeO-SiO2) could
depress the melting temperature and result in liquid
MgO mixtures inside planets®®. MgO has a steeper melt
curve than MgSiO3 above 150 GPa, indicating that the
pressure-induced dissociation of liquid MgSiO3 predicted
to occur at 10,000 K and 1 TPa* would likely result in a
solid MgO layer inside Saturn-sized gas giants. Since the
solid B2-phase MgO is only weakly soluble in fluid hydro-
gen, Saturn’s core could have remained stable throughout
its evolution, i.e. not eroded, as is thought to be the case
for larger gas giants such as Jupiter®”.
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FIG. 3: A comparison of melt curves of planetary materials.
Diamond: experiment (solid purple®). SiOs: experiment
and extrapolation (solid and dotted green'®). MgSiOs: ex-
periment (solid blue®®), theory (dotted-dashed blue®®), and
extrapolations (dotted blue). Fe: experiment (solid or-
ange®) and theory (dotted-dashed orange®®). FeO: exper-
iment (solid yellow®®), extrapolation (dotted yellow*), and
theory (dotted-dashed yellow®®). H2O superionic melt: ex-
periment (solid pink®®) and theory (dotted-dashed pink®").
The present experimental work on MgO (solid black, extrap-
olated 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®® and 1-, 7.5-,
and 15-Earth-mass (Mg) super-Earths®®.

The results of the current study are also relevant to
rocky planet formation and evolution processes. The ex-
treme pressures and temperatures generated by giant im-
pacts during terrestrial planet formation can cause sig-
nificant melting and mixing of MgO with metallic Fe .
Dissolution of Mg into Fe could have planet-scale con-
sequences if transported to the cores of terrestrial plan-
ets. MgO could exsolve from cores upon cooling, po-
tentially providing enough energy to power a geodynamo
and generate a planetary magnetic field”®. Alternatively,
if metallic, MgO could remain dissolved in Fe cores re-
sulting in a layered core structure”!.

To fully understand the diversity of planetary struc-
tures and processes, it is imperative to further quantify
the melting behavior of oxides and oxide mixtures to
the extreme conditions of the current study. An MgO-
rich layer could strongly influence thermal convection in
both gas giants or super-Earths through enhancement of
thermal conductivities™?. MgO is known to exist as a
binary solution with FeO at conditions of Earth’s inte-
rior'?73. The results of recent laser-driven compression
experiments suggest that ferropericlase (a solid solution
composed of MgO and FeO) could exist as a stable B2
structure above 530 GPa™. However, the melting behav-
iors of ferropericlase and FeO have been experimentally
quantified only up to 120 GPa™ and 77 GPa® respec-

tively. Future experiments on MgO and FeO mixtures
will help elucidate the importance of these materials on
melting, rheological, and transport properties in the in-
teriors of super-Earths and gas giants.

5. CONCLUSION

In summary, laser-driven double-shock compression is
a valuable method for probing the behavior of MgO in the
solid phase at extreme conditions. The present work uses
this technique to extend the melting curve of MgO up to
2 TPa and 20,000 K, the highest pressures and tempera-
tures to which any material’s melt curve has been probed
experimentally. These measurements allowed us to ex-
plore the state of the deep interiors of Saturn-sized gas
giants and super-Earths. The technique can be used to
further quantify the melting behavior of other planetary
materials to further investigate the diversity of planetary
structures. Additionally, the technique presented in this
work will lead to new advances in probing phase transi-
tions of transparent materials up to TPa pressures and
significantly advance warm dense matter physics.
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