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Detection of thin film phase transformations at
high-pressure and high-temperature in a diamond
anvil cell
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Dongzhou Zhang 1,4, Vitali Prakapenka 4, Stella Chariton 4, Bin Chen 1, Jie Li 2 &

Jason D. Nicholas 3,5✉

Quantifying how grain size and/or deviatoric stress impact (Mg,Fe)2SiO4 phase stability is

critical for advancing our understanding of subduction processes and deep-focus earth-

quakes. Here, we demonstrate that well-resolved X-ray diffraction patterns can be obtained

on nano-grained thin films within laser-heated diamond anvil cells (DACs) at hydrostatic

pressures up to 24 GPa and temperatures up to 2300 K. Combined with well-established

literature processes for tuning thin film grain size, biaxial stress, and substrate identity, these

results suggest that DAC-loaded thin films can be useful for determining how grain size,

deviatoric stress, and/or the coexistence of other phases influence high-pressure phase

stability. As such, this novel DAC-loaded thin film approach may find use in a variety of earth

science, planetary science, solid-state physics, and materials science applications.
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W ith increasing depth, the olivine-structured α-
(Mg,Fe)2SiO4 within the Earth’s mantle transition
zone (MTZ) transforms into spinelloid-structured

β-(Mg,Fe)2SiO4, which then transforms into spinel-structured
γ-(Mg,Fe)2SiO4

1–3. However, the spatial distributions over which
these mantle transition zone phase transformations occur in
subducting oceanic crust, and whether they cause deep-focus
earthquakes, has remained controversial4–12. Some of this con-
troversy has focused on subducting slab water contents and the
impact that water has on (Mg,Fe)2SiO4 phase stability, transfor-
mation kinetics, and transformation mechanisms13–16. Unfortu-
nately, less attention has been paid to how extremely small grain
size and/or extremely large deviatoric stress impact (Mg,Fe)2SiO4

phase stability. Specifically, past experimental studies on micro-
grained samples under low-to-moderate levels of deviatoric stress
have shown that conversion between the three Mg2SiO4 poly-
morphs (α (forsterite), β (wadsleyite), and γ (ringwoodite))
occurs via either (1) a second-phase nucleation and growth
mechanism, or via (2) displacive shear transformations that occur
either directly between phases or proceed through an inter-
mediate poirierite (ε*) phase16–18. This first “inter-crystalline”
mechanism (so named because the phase transformation starts
“between the grains” due to the lower nucleation barrier for
second-phase nucleation at the grain boundaries compared to the
grain interior) is favored at high temperatures, small reactant
grain sizes, and/or small deviatoric stress19–23. The opposite is
true for the “intra-crystalline” shear mechanism19–23. These
temperature, grain size, and deviatoric stress dependencies have
been justified by arguments that (a) higher temperatures are
needed to enable the bulk diffusion required in the inter-
crystalline mechanism20, (b) nucleation and growth on grain
boundaries is fast enough to consume small grains before the
intra-crystalline transformation dominates19, and (c) deviatoric
stress promotes the intra-crystalline mechanism by increasing the
dislocation density22. However, despite much work showing how
grain size and/or deviatoric stress impact Mg2SiO4 phase trans-
formation reaction pathways and kinetics16–23, little to no
attention has been paid to how nano-grain sizes and/or large
deviatoric stress impact Mg2SiO4 polymorph thermodynamic
stability.

This is problematic because large deviatoric stresses up to
~1 GPa have been predicted to exist within subduction
zones24–26, and nano-grained rocks (mylonites) are known to
occur in high-shear zones due to deformation and/or shear-
induced recrystallization27. In addition, past studies have shown
that (Mg,Fe)2SiO4 phase transformations can cause grain size
reductions28–30. In particular, Rosa et al.28 reported that “both the
α!β and β!γ transformation induce significant reductions of
the mean sample grain size of up to 90%.” Further, Ohuchi et al.31

found that (Mg,Fe)2SiO4 samples made up of ~15 μm diameter
olivine grains formed pockets of 20–1000 nm diameter olivine
and wadsleyite grains under mantle transition zone pressure-
temperature (P-T) conditions that facilitated throughgoing
faulting capable of producing “intense acoustic emissions”.
Hence, it seems possible that, despite the tendency of nano-
grained systems to coarsen over geologic timescales, shear-
induced and/or phase-transformation-induced grain size reduc-
tions are able to generate, regenerate, and/or otherwise maintain
nano-grained (Mg,Fe)2SiO4 in actively subducting slabs at MTZ
depths.

There are several reasons to suspect that nano-sized and/or
deviatorically-stressed (Mg,Fe)2SiO4 grains might have different
polymorph P-T stability limits than the large, “hydrostatically-
stressed” (Mg,Fe)2SiO4 grains found in most other parts of the
Earth’s mantle. First, there are many examples of grain size
impacting phase stability in other material systems. For instance,

in TiO2 it has been shown that small grain sizes can thermo-
dynamically stabilize the photo-catalytically active anatase poly-
morph, instead of the rutile polymorph found in larger grains at
identical surrounding pressure/temperature conditions32–34.
Similarly, by forcing BaTiO3 into a cubic, instead of a tetragonal
crystal structure, grain size reductions can eliminate the BaTiO3

ferroelectric behavior used for capacitor, actuator, and sensor
applications35–37.

Second, past thermodynamic derivations demonstrate how
grain size reductions can shift phase boundaries38. Specifically,
the impact of grain size on thermodynamic stability can be
approximated via the Young-LaPlace equation:

ΔP ¼ 2Γ=r ð1Þ
which shows that, on account of the surface energy ðΓÞ, spherical
particles of a given radius ðrÞ (even those outside a DAC or thin
film) experience an additional pressure ðΔPÞ compared to that
experienced by infinitely large particles under the same sur-
rounding pressure and temperature conditions38–40. For instance,
according to Eq. (1), a spherical, 30-nm-diameter forsterite grain
with a (101) surface tension of 1.8 J/m2 that is assumed to
represent the average surface tension of all the grain’s exposed
surfaces41 would be under a very modest ΔP of 0.2 GPa that is
within the pressure determination accuracy of most high-pressure
diamond anvil cell (DAC) experiments42. In contrast, a spherical,
7-nm-diameter forsterite grain with an assumed Γ=1.8 J/m2

would be under a ΔP of 1.0 GPa that might be enough to
meaningfully shift the surrounding pressures and/or temperatures
at which phase transformations occur. Hence, given that 20-nm-
diameter (Mg,Fe)2SiO4 grains have already been observed to form
in laboratory experiments31, its seems likely that grain sizes small
enough to impact (Mg,Fe)2SiO4 phase stability may occur in
some portions of actively subducting slabs.

Third, in addition to grain size, it is well known that deviatoric
stress can alter polymorph thermodynamic stability. This is
commonly observed in epitaxial thin films where, to save the
energy of a film-substrate grain boundary, it is energetically
favorable for a thin film’s lattice planes to biaxially strain so that
they completely align (or if that is too difficult by introducing the
occasional edge dislocation to mostly align) with those of the
underlying substrate43. This leads to an epitaxial film stress that
can be up to several gigapascals in magnitude44 and can stabilize
polymorphs different than those predicted by the equilibrium
bulk phase diagram45–47. Similarly, the multi-GPa48,49 biaxial
stresses that can be generated in non-epitaxial thin films via
mechanisms such as grain impingement during film growth50,
post-deposition thin film crystallization51, film-substrate coeffi-
cient of thermal expansion mismatch of thin films deposited at
one temperature and tested at another50, and/or film-substrate
compressibility mismatch of thin films deposited at one pressure
and tested at another52, may also meaningfully impact thermo-
dynamic phase stability.

Hence, the objective of the present work was to evaluate the
viability of a new “DAC-loaded thin film” mineral physics
approach to quantify how grain size, deviatoric stress, and/or the
coexistence of other phases impact high-pressure phase stability.
Although thin films have been used previously to probe the
ambient, high-temperature, and/or high-pressure behavior of
bulk materials53,54, they have never been considered as repre-
sentative of deep-Earth materials. This seems like a missed
opportunity because, as detailed previously, nano-grained and/or
deviatoric stresses materials may occur in subducting slabs. In
addition, it should be possible to (1) use the well-known thin film
mean grain size modulation techniques found in the literature
(alteration of the thin deposition temperature55, the thin
film deposition atmosphere56, the post-deposition annealing
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schedule57, etc.) to produce thin films with ~1–1000 nm mean
grain sizes similar to those possible in subducting slabs, and (2)
use the aforementioned thin film biaxial stress modulation
techniques50–52 to subject DAC-loaded thin films to well-
controlled complex (i.e., deviatoric + hydrostatic) stress states
similar to those in subducting slabs. Further, the film composition
and substrate flexibility offered by the pulsed laser deposition
(PLD)43 thin film deposition technique utilized here should allow
facile examinations of how sample stoichiometry, substrate
composition, and/or substrate orientation alter phase stability.
Lastly, the ability to examine the phase stability of thin films
(which can support either tensile or compressive deviatoric
stresses up to several GPa in magnitude)44,48,49,58 in diamond
anvil cells (which have been shown capable of producing “quasi-
hydrostatic” stresses up to several terra-pascals in magnitude)59

would also allow materials to be studied under complex stress
states previously-unachievable in the laboratory (such as under
large deviatoric stresses above the ~100 GPa hydrostatic pressure
limits of existing D-DIA multi-anvils60, etc.).

Unfortunately, the small sample volumes and crystallographic
preferred orientation commonly exhibited by thin films43 make it
difficult to use X-ray diffraction (XRD) to perform phase stability
studies on DAC-loaded thin films. Hence, the present work
evaluated the hypothesis that well-resolved DAC-loaded thin film
XRD signals could be obtained as a function of temperature and/
or pressure using third-generation synchrotron X-ray sources and
large area XRD detectors.

Results and discussion
The high-pressure XRD measurements performed here captured
distinct, well-resolved DAC-loaded thin film XRD patterns for
forsterite, wadsleyite, ringwoodite, akimotoite, and/or bridgma-
nite at hydrostatic pressures ranging from 0.1 to 24 GPa and
temperatures ranging from 298 to 2300 K. Specifically, Fig. 1
shows select room-temperature and high-temperature 2D XRD
patterns collected within pressurized DACs on ~400 nm thick,
non-epitaxial Mg2SiO4 films made up of ~30 nm sized grains atop
MgO single-crystal substrates (see Section 4 for details on the
sample fabrication and testing procedures). Multiple thin film
XRD peaks were discernible at each pressure, and the different
angular and radial positions of the thin film XRD peaks made it
clear that five different thin film phases (forsterite, wadsleyite,
ringwoodite, akimotoite, and bridgmanite) were observed. The
radially-integrated two-theta XRD plots (obtained from 2D XRD
patterns like those in Fig. 1) are shown in Fig. 2. In addition,
Fig. 2 also contains insets of portions of the 2D XRD patterns
taken at the same pressure as the two-theta XRD pattern in each
row (to illustrate how resolved certain phase-identifying peaks
were). In Fig. 3a, the identified phases as a function of pressure
and temperature are reported, and in Fig. 3b they are compared
to literature reports of the phase boundaries of bulk Mg2SiO4 at
low deviatoric stress.

At ambient temperature, the Mg2SiO4 thin films retained their
forsterite structure up to 26.5 GPa. In contrast and perhaps not
surprising due to the fast kinetics enabled by a small ~30 nm
mean grain size providing many nucleation sites, upon heating to
~1000 K at each of the high pressures analyzed here, the forsterite
films adopted the equilibrium phases indicated by the simulated
bulk phase diagram of Hernandez et al.61 (denoted by the solid
lines in Fig. 3). When quenched from high temperature, the thin
films retained the last structure observed at high temperature at a
given pressure.

Figures 2 and 3 show that from ~8 to 14 GPa, the thin film
Mg2SiO4 phase behavior from ~1000 to 2000 K was largely
consistent with that reported previously in the literature for

conventional samples (i.e., micro-grained samples under nom-
inally low amounts of deviatoric stress). Specifically, with addi-
tional heating above 1000 K at 9.3 and 11.5 GPa, the thin films
retained their forsterite structure, in agreement with previous
literature reports. Furthermore, at 13.7 GPa, the wadsleyite that
had formed from the original forsterite at this pressure trans-
formed back into forsterite at ~1300 K. As shown by comparing
the Fig. 2 forsterite peak intensities with those for a randomly
oriented polycrystal indicated by the percentage numbers in
Figure S1 of Supplementary Materials, this regenerated forsterite
exhibited crystallographic preferred orientation that was different
from the original forsterite film. As shown in Fig. 3, the observed
thin film wadsleyite-to-forsterite phase transformation pressure
and temperature were similar to some previous reports62–65, but
different from others61,66,67. It is possible that some of the dis-
crepancies that exist between the various literature reports may be
related to uncertainty in the high-temperature pressure scale used
in previous literature measurements, and the associated P-T error
bars. Curiously, the pressure and temperature of the wadsleyite-
to-forsterite transition reported in the previous literature does not
correlate with the characterization approach used in those studies.

In contrast to the behavior at lower pressure, Figs. 2, 3 and S2
show that at ~18 GPa the thin film Mg2SiO4 phase behavior was
dramatically different than that reported previously for conven-
tional samples. In agreement with the literature, with heating to
~1000 K at ~18 GPa, the originally-forsterite-structured Mg2SiO4

thin films transformed into ringwoodite. However, it took until
~1900 K for this thin film ringwoodite to transform into wad-
sleyite. This transformation is clearly shown by the disappearance
of the ringwoodite 220 peak, and the appearance of the wadsleyite
080 and 112 peaks at ~1900 K in Figs. 2 and S2. At ~18 GPa, this
ringwoodite-to-wadsleyite phase transformation occurred at
~1900 K, which is ~500 K higher than the previously reported
experimental values62,64,68,69, and ~300 K lower than
temperature-uncorrected Density Functional Theory results61.

Figures 2 and 3 show that at ~19 GPa the thin film Mg2SiO4

phase behavior between ~1000 K and 2000 K was similar to that
reported in the literature for conventional samples. Specifically, at
~19.5 GPa and ~20 GPa, the thin film Mg2SiO4 contained ring-
woodite over all tested temperatures from ~1000 to 2000 K,
consistent with the conventional Mg2SiO4 phase diagram.

Figures 2 and 3 also show that at ~23 GPa and ~1000 K the
sample exhibited (1) MgSiO3 akimotoite XRD peaks and (2) MgO
XRD peaks that were likely from both the substrate and from the
chemical breakdown of the thin film Mg2SiO4. This behavior
agreed with Hernandez et al.’s Mg2SiO4 simulations61, as did
conversion of the akimotoite into bridgmanite observed here at
~1454 K and ~23 GPa. However, the observation of akimotoite +
periclase from ~1000 to 1454 K at 23 GPa disagreed with past
experimental studies which have either directly-observed70 or
assumed62,71,72 that ringwoodite is stable at these P-T conditions.
The results here, along with possible discrepancies in previous
studies resulting from the use of Au versus Pt versus MgO
pressure sensors72, the observation of a metastable akimotoite +
periclase assemblage near the edges of Hernandez et al.’s aki-
motoite + periclase stability window73, past suggestions that the
akimotoite to bridgmanite transition is seismically relevant74, the
possibility of slow kinetics resulting from the larger grain
sizes used in previous studies70, and the removal of the
MgO nucleation barrier here caused by the use of a MgO sub-
strate, suggest that a previously-unconfirmed, Earth-relevant
akimotoite + periclase phase field may exist in the Mg2SiO4 phase
diagram. However, additional thin film + DAC experiments
performed as a function of grain size, deviatoric-stress, substrate-
identity, and water content are needed before firm conclusions
can be drawn.
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It is important to note that the water content in the films
analyzed here was not controlled, or analyzed, even though tens
of ppm’s of water have been shown to impact (Mg,Fe)2SiO4 phase
stability13,14. Further, a reduction in the synchrotron XRD thin
film signal intensity that occurred over the five months between
Run #1 and #2 suggests that the samples may have changed their
water content between synchrotron analyses. These unknown/
uncontrolled water contents may lead some readers to question
whether the phase boundary shifts observed here were instead
caused by water impurities. However, this seems unlikely since
the water-enhanced transformation rates shown in previous
literature13,14 imply that water impurities should have pushed

both the forsterite-to-wadsleyite and the ringwoodite-to-
wadsleyite phase transformations to lower temperatures at a
given pressure, not the higher temperatures at a given pressure
observed here.

Similarly, while thermal expansion is inherently accounted for
by the high-temperature equation of state of platinum, the con-
sideration of thermal pressure through the fitting of an equation
of state to each phase was not incorporated into this work. The
primary focus of this study was the detection of thin film phases
(and the transitions between them) not collection of the multiple
XRD patterns required for an accurate equation of state. It should
be noted that the behavior of the thermal pressure in forsterite is

Fig. 1 Representative 2D XRD patterns from DAC-loaded Mg2SiO4 | MgO samples. a Forsterite (green squares) at 11.5 GPa and 300 K after LH (Laser
Heating), b wadsleyite (light blue squares) at 18.1 GPa and 300 K after LH, c ringwoodite (orange squares) at 19.7 GPa and 300 K after LH, d akimotoite
(red squares) at 23.3 GPa and 1436 K, and e bridgmanite (dark blue squares) at 23.7 GPa and 1705 K. The black circular region at the center of each 2D
pattern corresponds to the X-ray beam stop. Images (d) and (e) were taken during LH which required a larger X-ray beam stop to adsorb scattering from
the laser heating mirror. The Forsterite peaks were identified from those reported in Smyth and Hazen (1973)82, the wadsleyite peaks from those in Hazen
et al. (2000)83, the ringwoodite peaks from those in Sasaki et al. (1982)84, the akimotoite peaks from those in Horiuchi et al. (1982)85, and the bridgmanite
peaks from those in Sugahara et al. (2006)86.
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reported to increase linearly at high temperatures and decrease
with pressure75. If wadsleyite behaves similarly, then observation
of the wadsleyite-to-ringwoodite phase transformation occurring
at higher temperatures than past reports might be partially
explained by thermal pressure. However, the large magnitude of
the observed wadsleyite-to-ringwoodite phase transformation
temperature shift (~500 K at ~18 GPa), and the fact that any
thermal pressure present did not dramatically shift the other thin
film Mg2SiO4 phase transformations, suggests that thermal
pressure may not be the sole cause of the dramatic shift in the
wadsleyite-to-ringwoodite phase transformation. Although future

work is needed to confirm the present results and identify the
active mechanisms, the phase boundary shifts observed here are
consistent with thin film forsterite and wadsleyite having their
chemical potentials by a similar, large amount (relative to the
other phases found in the Mg2SiO4 system).

Conclusions
This work demonstrated, for the first time, that (1) well-resolved
XRD signals could be obtained on thin films within pressurized,
laser-heated diamond anvil cells, and (2) high-pressure phase
transformations could be successfully monitored in situ within a
DAC. Specifically, the thin film Mg2SiO4 forsterite-to-wadsleyite
transformation was observed at P-T conditions similar to those
reported previously for micro-sized Mg2SiO4 under low-to-
moderate amounts of deviatoric stress. The P-T conditions of
the thin film Mg2SiO4 (akimotoite+periclase)-to-(bridgmanite
+periclase) phase transformation, and the thin film Mg2SiO4

(akimotoite+periclase) phase stability field, agreed with past
simulation results, but disagreed with past experimental results.
The P-T conditions of the thin film Mg2SiO4 wadsleyite-to-
ringwoodite transformation occurred ~300 K lower at ~18 GPa
(~1 GPa lower at 1900 K) than previous simulation results, but
~500 K higher at ~18 GPa (~2.5 GPa lower at 1900 K) than
previous experimental reports. Future work is needed to confirm
the thin film observations, identify the source of any dis-
crepancies between bulk and thin film behavior, and explore their
geological significance.

The present results also demonstrate the viability of future
DAC-loaded thin film experiments aimed at understanding how
grain size, deviatoric stress, and/or the coexistence of other phases
alter high-pressure phase stability. It is expected that the DAC-
loaded thin film approach outlined here will be useful for a variety
of earth science, planetary science, solid-state physics, and
materials science applications.

Methods
The non-epitaxial Mg2SiO4 thin films used here were produced via
pulsed laser deposition (PLD) onto one-side polished, 25mm
diameter, ~200-micron-thick, (100)-oriented MgO single-crystal
substrates (Crystec, Berlin, Germany) heated to 850 K in 9 mTorr
of O2 and placed 70mm from a Mg2SiO4 target irradiated with a
248 nm KrF excimer laser pulsed 54,000 times for 20 ns every 0.1 s
with a nominal 270 mJ/pulse laser energy that, after 55% of optical
loss and focusing down to 2.0 mm2, produced a fluence of 6.1 J/cm2

on the Mg2SiO4 target. The Mg2SiO4 target used for PLD was
produced by pressing ~9.5 g of Mg2SiO4 powder (Alfa Aesar; Ward
Hill, MA, USA) to ~12MPa in a 38mm stainless steel die and firing
the resulting powder pellet at 1673 K in air for 4 h, using nominal
5 °C/min heating and cooling rates. As this yielded an insufficient
target relative density of only ~63%, the target was fired again to
1773 K in air for 4 h, using nominal 5 °C/min heating and cooling
rates. Unfortunately, since this only increased the pellet relative
density to 73%, the target was heated a final time to 1873 K for 8 h
in air, using nominal 5 °C/min heating and cooling rates, to pro-
duce an 89% dense Mg2SiO4 target. The target was then ground
down to a thickness of 2.4mm and a diameter of 25.2 mm with
down to P4000 SiC sandpaper, and bonded to a ~3.5 mm thick,
25.4 mm diameter Cu backing plate.

After thin film deposition, the Mg2SiO4 | MgO samples were
heated to 1473 K for 1 h in air, with nominal 3 °C/min heating
and cooling rates, to crystallize the Mg2SiO4 and re-equilibrate its
oxygen content with air. These air-annealed samples were used
for all subsequent analyses.

The crystal structure of the Mg2SiO4 thin films were char-
acterized via grazing angle X-ray diffraction collected using a

Fig. 2 XRD measurements of thin film Mg2SiO4 on MgO at high pressure
and temperature. Strong, phase-identifying peaks are shown to the right of
the corresponding XRD pattern. The platinum peaks are compared to those
from Wyckoff (1963)87, the neon peaks to those from de Smedt et al.
(1930)88, and the periclase peaks to those from Hazen (1976)89. The
temperature range listed in each XRD pattern refers to the range over
which the XRD patterns were summed to amplify the thin film signal
intensity. These XRD measurements were collected using a wavelength of
0.3344 Å.
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SmartLab X-Ray Diffractometer (Rigaku Americas Corp., The
Woodlands, TX, USA) operated with a constant 2° angle of
incidence, a 2.59°/min scan speed, and Cu Kα radiation
(λ= 1.5406 Å). Figure S1 shows that Mg2SiO4 films produced
with the approach described here were comprised of phase-pure,
highly crystalline forsterite. As highlighted by the difference in
the Figure S1 XRD peak intensity ratios observed here compared
to those observed for random polycrystals in JCPDS PDF# 00-
004-0768, the forsterite thin films produced here exhibited crys-
tallographic preferred orientation, a common occurrence in thin
films43,55,76. Thankfully, even with this crystallographic preferred
orientation, the position and high number of XRD peaks (>7)
definitively indicated that forsterite was the only crystalline phase
present in the thin films produced here. Room-temperature
instrument-corrected peak broadening analyses performed using
the Figure S1 grazing angle XRD results (and those obtained at
the synchrotron) indicated that the average forsterite grain size
was ~30 nm and the 300 K forsterite biaxial film stress was
≤0.1 GPa. Unfortunately, elevated temperature in-DAC XRD-
based determinations of the thin film grain size and/or thin film
biaxial stress levels were not possible due to (1) the weak elevated-
temperature thin film XRD signals, and (2) the difficulty in
sampling an in-plane thin film strain with an out-of-plane XRD
geometry.

To determine the film thickness, Mg2SiO4 | MgO sample
fragments were prepared for focused ion beam-scanning electron
microscopy (FIB-SEM) analysis by embedding them in Epofix
epoxy (Buehler Inc., Lake Bluff, IL, USA) and consecutively
grinding them with 240, 400, 800, and finally 1200-grit SiC

sandpaper. The FIB-SEM sample was then polished with 9 μm,
3 μm, and finally 1 μm polycrystalline diamond polishing agent.
FIB-SEM images were acquired using an Auriga cross-beam
workstation dual column FIB-SEM (Carl Zeiss Microscopy,
White Plains, NY, USA), with an initial trenching beam of 30 kV
and 4 nA, and a final polishing beam of 30 kV and 50 pA. Figure 4
shows that the fabrication procedures used here resulted in high-
density, laterally-uniform, well-adhered, crack-free, ~400 nm
thick Mg2SiO4 films. The samples contained isolated, occasional
pores ~65 nm in diameter intermittently distributed at the
Mg2SiO4–MgO interface, but those were neither expected, nor
observed, to impact the experiments.

Figure S3 shows Raman spectra of the Mg2SiO4 | MgO samples.
Like the grazing angle XRD measurements of Figure S1, these
Raman results confirmed that the PLD deposition conditions
used here produced phase-pure, highly crystalline forsterite films.

In preparation for DAC loading, a ~3 mm × 4mm fragment of
a Mg2SiO4 | MgO sample was thinned to ~18 microns in thick-
ness. As shown in Figure S4, during this thinning process, the
Mg2SiO4 films were protected from water contamination by
placing the Mg2SiO4 side of the sample against a stainless-steel
piston that was subsequently used with a stainless-steel die to
planarize the sample via wet hand polishing on P1200 grit SiC
sandpaper. Before planarization, Crystalbond (Ted Pella; Red-
ding, CA, USA) was used to bond all edges of the Mg2SiO4 | MgO
fragments, but not their centers, to the stainless-steel piston. Once
the desired sample thickness was achieved, tweezers were used to
fracture the samples and remove portions that had not been in
contact with the Crystalbond. After polishing, the Mg2SiO4 | MgO

Fig. 3 Thin film Mg2SiO4 phase stability summary and literature comparison. Thin film Mg2SiO4 phase stability (a) observed here during Runs #1 (13.5
and 23.5 GPa vs. temperature), #2 (9.5, 11.5, 18, and 19.5 GPa vs. temperature), and #3 (8.3 to 26.5 GPa at 300 K), and b compared with literature studies:
A70, B*61, C62, D66, E90, F91, G63, H*64, I92, J67, K68, L71, M72, N93, O94, P*65, Q69, R*95, and S*96. The * citation notations in the previous sentence and the
solid phase boundary lines in the phase diagram denote simulated results. The mantle, hot slab and cold slab temperature profiles, in addition to the
pressures expected at 410, 520, and 660 km64,97, are displayed for comparison. The green lines correspond to the breakdown of forsterite, the light blue
lines to that of wadsleyite, the orange lines to that of ringwoodite, the red lines to that of akimotoite, the gray lines to the onset of melting, and the short
purple lines (in the lower right corner) to the transition of stishovite + periclase to bridgmanite + periclase. The pressure uncertainty bars are due to
uncertainty in the volume of platinum. The temperature uncertainty bars are due to the deviation between the temperatures recorded during LH on each
side of the sample, and temporal variations in the local temperature measurements.
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fragments were stored in non-hermetic plastic containers. Sample
fragments were then loaded into a standard DAC equipped with
300 μm culet diamonds, as shown schematically in Fig. 5. The Re
DAC gaskets used here were pre-indented to ~30 μm and laser-
drilled to provide a 150-μm-sized sample chamber. During
loading, Pt foil was placed between two opposing Mg2SiO4 | MgO
samples pieces, such that the films side of each fragment faced the
Pt foil, which enabled laser heating from both sides of the DAC.
Laser heated lasted between 15–20 min, depending on the highest
temperature reached and number of measurements taken at each
pressure point. The Pt also served as a pressure marker at high
temperatures. A ruby fragment placed near the sample served as a
pressure marker at room temperature. To enable pressure
transmission, the DAC was loaded with Ne gas.

In situ synchrotron XRD measurements on the DAC-loaded
thin film samples were then performed up to 26.5 GPa and
2300 K at the 13-IDD and 13-BMC beamlines of the Advanced
Photon Source (APS). At the 13-BMC beamline, a monochro-
matic X-ray beam (28.6 keV, λ= 0.434 Å) was focused down to
12 (H) × 18 (V) µm2. At the 13-IDD beamline, a monochromatic
X-ray beam (37 keV, λ= 0.3344 Å) was focused on a spot of 4 (H)
× 3 (V) µm2 while a double-sided laser heating beam (100W,
λ= 1064 nm) was focused to a ~10 µm diameter spot on the
sample77. In the first APS analysis session, labeled Run #1 and

conducted in October of 2022 at 13-IDD, pressure was first
increased to 13.5 GPa and XRD measurements were taken before,
during, and after laser heating the sample. This procedure was
repeated, on a different portion of the sample, after the pressure
was increased to 23.5 GPa. In the second APS analysis session,
labeled Run #2 and conducted in March 2023 at 13-IDD,
temperature-dependent XRD measurements were taken at 9.5,
11.5, 18.0, and 19.5 GPa using the same procedures as in Run #1.
In the third APS analysis session, labeled Run #3 and performed
in April 2023 at 13-BMC, XRD measurements were taken at
300 K up to 26.5 GPa without laser heating. Due to a weaker thin
film signal intensity observed in the Run #2 sample compared to
the Run #1 sample, as shown in Fig. 2 the elevated temperature
two-theta XRD patterns were stacked over certain temperature
ranges to improve the signal-to-noise ratio. Unfortunately, low
film XRD signal-to-noise ratios, the low angular openings of the
DACs used here, and the non-spherical diamond anvils used here
prevented reliable and complete XRD characterization of the
in situ anisotropic film strain, anisotropic film stress, and film
crystallographic orientation distribution. Figure S5 shows the
DAC loadings and synchrotron XRD point scan locations used
here. The elevated temperature XRD analyzes were only per-
formed in locations where the Mg2SiO4 | MgO sample overlapped
the Pt laser absorber. All synchrotron-collected XRD data was

Fig. 4 Focused ion beam-scanning electron microscopy (FIB-SEM) cross sections. These cross sections in a secondary electron mode, and b, c back-
scattered electron mode were performed on a fragment of the same 1473 K annealed Mg2SiO4 | MgO PLD sample that was used to produce all the DAC-
loaded Mg2SiO4 | MgO fragments reported here. EDS point scans confirmed the compositions listed in the figure.
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processed with Dioptas78 and the diffraction patterns were
indexed with PDIndexer, allowing for the Pt volume to be
determined. Figure S6 shows (1) calibration of the ruby fluores-
cence peak position used for room temperature pressure mea-
surement, and (2) calibration of the Pt volume used for room
temperature and elevated temperature pressure measurement.
The ruby fluorescence method relied on comparing the shift in
the fluorescence wavelength to a calibration curve79 that related
the wavelength shift to the pressure. The pressure-volume-
temperature equation of state of Pt80 was solved to determine the
DAC pressure according to the measured volume of the sample at
a given temperature.

Data availability
The dataset used to generate Figs. 2 and 3 can be found at https://doi.org/10.5061/dryad.
66t1g1k7x81.
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