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In situ observation of a phase transition in silicon carbide under shock compression using pulsed
x-ray diffraction
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The behavior of silicon carbide (SiC) under shock compression is of interest due to its applications as a
high-strength ceramic and for general understanding of shock-induced polymorphism. Here we use the Matter
in Extreme Conditions beamline of the Linac Coherent Light Source to carry out a series of time-resolved
pump-probe x-ray diffraction measurements on SiC laser-shocked to as high as 206 GPa. Experiments on single
crystals and polycrystals of different polytypes show a transformation from a low-pressure tetrahedral phase to
the high-pressure rocksalt-type (B1) structure. We directly observe coexistence of the low- and high-pressure
phases in a mixed-phase region and complete transformation to the B1 phase above 200 GPa. The densities
measured by x-ray diffraction are in agreement with both continuum gas-gun studies and a theoretical B1
Hugoniot derived from static-compression data. Time-resolved measurements during shock loading and release
reveal a large hysteresis upon unloading, with the B1 phase retained to as low as 5 GPa. The sample eventually
reverts to a mixture of polytypes of the low-pressure phase at late times. Our study demonstrates that x-ray
diffraction is an effective means to characterize the time-dependent structural response of materials undergoing

shock-induced phase transformations at megabar pressures.
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I. INTRODUCTION

Silicon carbide (SiC) is an important technological ma-
terial with widespread mechanical, electronic, and optical
applications [1]. In particular, SiC plays a major role as a
high-strength ceramic used in armoring and impact coatings
[2,3]. Characterization of the dynamic response of SiC is
a long-sought-after goal to improve the design and perfor-
mance of impact shielding. Under ballistic impact conditions
(<20 GPa), SiC provides a rigid barrier to effectively break
projectiles. However, at high stress, SiC is observed to lose
strength and undergo a phase transition [4,5]. SiC is also
found naturally in meteorites, impact sites, diamond inclu-
sions, and various terrestrial rock types [6,7]. As a result,
there has been long-standing interest in its behavior under
dynamic loading [4,5,8—11]. SiC has also been studied ex-
tensively under static high pressures and temperatures [12,13]
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and is often used as a model system for understanding the
B3 (zincblende)-to—B1 (rocksalt) phase transition under com-
pression [14].

Under ambient conditions, the crystal structure of SiC is
a derivative of the diamond structure, with Si and C atoms
linked in an sp? bonding network. The structure can be viewed
as a framework of covalently bonded corner-linked tetrahedra.
SiC exhibits a large number (>250) of polytypes based on
different stacking sequences of Si-C bilayers. Major polytypes
are designated 3C, 2H, 4H, and 6H. The cubic 3C polytype
(F43m) adopts the B3 or zincblende structure and is known
as B-SiC. The hexagonal polytypes include 2H (wurtzite) and
4H and 6H polytypes (all P63mc) and are collectively known
as «-SiC. In addition, SiC readily incorporates defects and
impurities [15].

Early x-ray diffraction (XRD) experiments identified a
phase change under 300 K static compression to a rocksalt-
type (B1) structure (space group Fm3m) near 100 GPa [16].
This structural transformation involves a change from four-
fold to sixfold coordination and is accompanied by large-
volume collapse (~16-20%) [16—19]. Gas-gun shock-wave
experiments on 6H SiC showed evidence of a similar phase
transition near 100 GPa, with a mixed-phase region extending
up to ~140 GPa [4,5]. By analogy with static experiments,
the high-pressure phase was assumed to correspond to the
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B1 structure, but lattice-level structural information was not
obtained. Density functional theory calculations predict that
this phase transition occurs at lower pressures, around 60—
70 GPa, and 0 K [20-22]. In addition to equilibrium structure
calculations, the transformation pathway from the ambient
zincblende- and wurtzite-type structures to the high-pressure
rocksalt phase has been extensively investigated theoretically,
with multiple proposed mechanisms and transformation path-
ways [14,23,24].

Recently, new attention has been focused on SiC at high
pressures due to its potential presence in extrasolar carbon-
rich planets [25-27]. Using a laser-heated diamond anvil
cell, the B3-B1 transformation was found to occur near 60—
74 GPa and ~2000 K with a negative Clausius-Clapeyron
slope [17,18]. The equation of state (EOS) of the B1 phase
was also determined up to 200 GPa in static diamond anvil
cell experiments [18,19]. Additionally, evidence of the de-
composition of SiC at high pressure and temperature has been
reported [28].

Crystallographic phase transitions occur over a finite time
scale, dictated by the transformation mechanism. Due to the
nanosecond time scales of laser-driven shock experiments,
kinetic effects can be important. In cases where the duration
of the experiment approaches this time scale, a transition may
not be observed or may require significant overpressure. As
a result, there has been debate regarding the conditions under
which reconstructive phase transitions involving coordination
changes can be inhibited on shock time scales [29-31]. In
static experiments, the B3—B1 transition in SiC is observed to
be reversible, exhibiting a pronounced hysteresis, with the on-
set of the back transformation not occurring until 35 GPa upon
pressure release [16]. This hysteresis on back transformation
and the overpressure required to achieve the transition in gas-
gun studies indicate that both the low- and the high-pressure
phases can persist outside of their equilibrium stability field
for some time. Coupling laser-drive compression with the sub-
nanosecond time resolution an x-ray free electron laser probe
provides a new opportunity to characterize time-dependent
metastability.

In this study, the structural behavior of SiC was exam-
ined using laser-driven shock compression and in situ XRD.
Through a series of pump-probe experiments on both single
crystals and polycrystals, we explore the behavior of SiC near
and above the B1 phase transition. Our study provides the first
direct information on the SiC structure under dynamic loading
and release. Our results are compared to previous shock-wave
and static compression data to provide insights into the phase
stability and kinetics in this fundamental material. More gen-
erally, our work also demonstrates the utility of laser-based
shock compression combined with in situ XRD for structural
studies of materials at megabar pressures.

II. EXPERIMENTAL PROCEDURE

Laser-driven shock compression experiments were carried
out at the Matter in Extreme Conditions (MEC) end station
of the Linac Coherent Light Source (LCLS) [38]. Samples
consisted of polycrystalline SiC in the cubic 3C form (Mitsui
Corp.) and «-SiC (0001) single crystals of polytype 4H (MTI
Corp). Both materials were grown by metal organic chemical
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FIG. 1. Schematic of the experimental setup. Samples were
mounted in a translatable cassette. The x-ray beam (XFEL) was
incident at 15° relative to target normal and the two nanosecond laser
arms were oriented at 6° and 25°. Diffracted x rays were recorded
on CSPAD detectors. The target package, illustrated on the right,
shows the CH ablator, SiC sample, and LiF window. The VISAR
was oriented normal to the sample, focused on the LiF-SiC interface.

vapor deposition. Samples were characterized under ambient
conditions by XRD and Raman spectroscopy and the results
were consistent with literature values (Supplementary Mate-
rial, Figs. S1- S3 [32]).

The target package design is illustrated schematically in
Fig. 1. Samples were cut and polished to a thickness of 40-60
pm and glued to polyimide (CH) ablators (~75 wum thick)
with an approximately 1-pum-thick epoxy layer. A subset of
samples was prepared with 100-pm-thick LiF (100) windows
glued to the rear surface of the SiC. A 0.1-um-thick Al
coating was deposited on the ablation side of the CH, the
CH-SiC interface, and the SiC-LiF interface. The samples
were mounted on target plates with a common orientation for
the single crystals.

Target packages were dynamically compressed using 30-J
pulses from a 527-nm Nd:glass laser system [39] focused to a
diameter of 200-250 um (Fig. 1). The lasers were incident
at 6° and 15° from target normal and overlapped on the
polyimide surface to generate ablation-driven compression
waves that propagated through the target package. The laser
pulses were 12—15 ns long and the pulse shape (quasi-flat-top)
had a modest upward ramp to maintain a steady shock in the
sample as the ablation plasma expanded. Stress was controlled
by tuning the laser spot size (200-250 wm). Experiments
were performed both with and without phase plates. The
reproducibility of the drive for a given laser energy and spot
size was monitored by comparing measured pulse shapes
(Supplemental Material, Fig. S4 [32]).

A line-imaging VISAR (velocity interferometer system for
any reflector) was used to monitor the free surface or SiC-LiF
interface velocity history of the sample [35]. The VISAR
had a 300-um field of view and a 20-ns sweep duration.
For a given drive condition (laser power, focal spot size), the
VISAR data from a shot using a target with a LiF window
was used to determine the peak sample stress using the known
equations of state of SiC and LiF (Supplemental Material,
Table S1 [32]) and standard impedance matching techniques
[40]. The VISAR also provided information on x-ray timing
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FIG. 2. Representative VISAR wave profile collected using drive
conditions of the ~114-GPa polycrystalline time series. The time
axis is relative to shock entering SiC. The plateau associated with the
phase transformation is at a SiC-LiF particle velocity of ~3.1 km/s,
consistent with SiC stress of ~100 GPa. Inset: Schematic wave
diagram illustrating the elastic wave (red line) arrival along with a
second elastic reverberation due to an interaction between the elastic
release from the LiF window and the oncoming plastic wave (black
line).

and positioning as well as identifying any nonplanarity of the
load. A representative VISAR trace is shown in Fig. 2. This
VISAR trace was collected using the drive conditions for the
114-GPa polycrystalline time series shown in Fig. 3(b).
The elastic precursor is evident and the plateau associated
with the phase transformation is at a SiC-LiF particle velocity
of ~3.1 km/s, consistent with SiC stress of ~100 GPa.
The feature at ~1.6 km/s is associated with a reverberation
interaction between the elastic release from the LiF window
and the oncoming plastic wave.

For the polycrystalline starting material, in situ XRD
data were collected for two Hugoniot states, at ~114 and
~206 GPa, as determined from shots with LiF windows.
For the single-crystal starting material, a Hugoniot state at
~175 GPa was examined. For each compression state, a time
series was collected by carrying out a sequence of shots on
nominally identical samples (without LiF windows) using the
same drive conditions as for the LiF-containing target and
collecting XRD patterns at different probe times after the
shock entered the sample. Data were recorded up to 40 ns after
release from the free surface. The sample was probed with
8.5-keV free electron x rays focused to a 30-um-diameter
spot size near the center of the laser spot. The self-amplified
spontaneous emission—mode x rays were quasimonochro-
matic (1% AE/E) and consisted of 80-fs pulses containing
~10'? photons. These short pulses enable snapshots of the

compressed material, allowing for the exploration of kinetic
effects.

The x-ray free electron laser beam makes an angle of 15°
with the sample normal (Fig. 1). Diffraction is carried out
in transmission geometry and scattered x rays are recorded
on six Cornell-SLAC pixel array detectors (CSPADs) [41]
positioned for wide angular coverage. We used three large-
format (90-mm?) and three small-format (43-mm?) CSPAD
detectors at distances ranging from 90 to 190 mm from the
sample, allowing us to cover an approximately 15°-90° 20
range (Supplementary Material, Fig. S8 [32]). The CSPAD
data were projected to a common reference plane and inte-
grated azimuthally to obtain one-dimensional XRD profiles.
The CSPADs were calibrated using CeO,, LaB¢, and SizNy
standards.

Time series were collected by varying the time delay
between the laser pulse and the probe x rays. The time at
which the shock enters the SiC can be identified by a drop
in reflectivity, as seen in the VISAR data (Supplemental
Material, Fig. S6 [32]). This is designated t = 0 ns. Owing
to the transmission geometry of the experiment, at times
before the shock wave reaches the SiC free surface the x
rays sample both the compressed material and the remaining
uncompressed material ahead of the shock. A Hugoniot elastic
limit of ~26-29 GPa is determined from the measured wave
profiles in Figs. 2 and S5 (Supplemental Material [32]). The
elastic state is constrained to lie on the elastic Hugoniot of
Vogler et al. [4]. We assume that the partial release at the SiC-
LiF interface follows the elastic Hugoniot. By comparison, the
reported Hugoniot elastic limit from gas-gun studies ranges
from 11.5 to 18.9 GPa [5,9,10,42]. This enhancement of
the elastic limit is consistent with reports of elevated elastic
precursors in high-strain-rate laser-drive experiments in other
materials [43,44].

The elastic precursor is not overdriven, and as a result,
data recorded before shock breakout include evidence of
elastically compressed material. At times after the shock wave
has broken out at the SiC free surface, the x rays sample
both compressed material and partially released material. The
measured shock-wave transit times range from ~3 to 5 ns,
consistent with sample thicknesses of 40-60 um and shock
velocities determined by impedance matching. Experimental
details for each shot are reported in the Supplemental Mate-
rial, Tables S3 and S4 [32].

III. RESULTS

Figure 3 shows a time series of x-ray diffraction pat-
terns for the polycrystalline starting material. The diffraction
patterns shown are a sum of the six azimuthally integrated
CSPAD images, where the intensity of each pattern has been
rescaled in order to correct for background differences be-
tween detectors. XRD data were collected at variable probe
times after the shock entered the SiC. The ambient 3C peaks
are indexed in the preshot pattern.

Figure 3(a) shows a time series collected using drive
conditions that produced a peak stress state of ~206 GPa.
At this stress, the shock transit time for the 40-um SiC
was ~3 ns. Three patterns were recorded between 1.0 and
2.6 ns after the shock entered the sample and hence during
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FIG. 3. (a) Integrated x-ray diffraction patterns for time series collected at a peak stress of ~206 GPa for polycrystalline 3C starting
material. X-ray probe times after the shock enters SiC are listed at the right. B1 peaks are marked with asterisks. Ambient 3C peaks are
indexed in the preshot pattern. The feature marked with an inverted triangle at 2.66 A arises due to stacking fault disorder (Supplemental
Material, Fig. S1 [32]). Peaks from the back-transformed 3C phase are indexed in the top pattern. (b) Integrated diffraction patterns for time
series collected for a peak stress of ~114 GPa. B1 peaks and compressed 3C peaks are marked with asterisks and vertical lines, respectively.

X-ray probe times after shock enters SiC are listed at the right.

the compression phase before the shock breakout. As a result,
these patterns sample a uniform 206-GPa stress state along the
Hugoniot. Peaks of the high-pressure B1 phase were observed
at 1.0 ns after the shock entered the sample, the shortest delay
time measured. This indicates that the 3C-B1 phase transition
occurs rapidly under shock compression at this stress. We did
not observe any evidence of peaks from the compressed 3C
phase, indicating complete transformation to the B1 phase
behind the shock front.

Figure 3(a) also shows four patterns recorded after break-
out, at times ranging from 3.2 to 14.4 ns. As opposed to
the patterns collected prior to breakout, the stress state upon
release is heterogeneous, evidenced by both peak splitting and
broadened peak profiles. The effects include both longitudinal
release from the free surface and release waves from the
lateral edges of the sample, giving rise to complex wave-wave
interactions and resulting in a heterogeneous stress state in the
region of the sample probed by the x-ray free electron laser.

Figure 3(b) shows a second time series of XRD patterns
collected for the polycrystalline starting material at the lower
peak stress of ~114 GPa. The wave profile shown in Fig. 2
was collected using the drive conditions used for this series.
The shock transit time for this series was ~5 ns. Peaks from
the transformed B1 phase as well as compressed 3C starting
material are observed prior to breakout, indicating that the
material is being shocked into a mixed-phase state. During this
scan, four patterns were collected upon compression. After
breakout, an additional three patterns were collected upon
release. The B1 phase is retained for ~2 ns after release and

by 9 ns back transformation to the ambient 3C phase appears
complete.

Figure 4 shows the results from a time series collected with
a peak stress of ~175 GPa for the single-crystal «-SiC starting
material. Similar to the polycrystalline samples, the single
crystal rapidly transforms to a B1 structure upon loading. The
samples were oriented such that there were no single-crystal
diffraction spots from the ambient «-SiC starting material
recorded on the CSPAD detectors. As a result, no ambient
diffraction is recorded during the compression phase for these
shots. Here the transit time was ~3 ns and the majority of
the diffraction data were collected after breakout. Similar
to the polycrystalline starting material, a large hysteresis is
observed upon back transformation, where the B1 phase is
retained for nearly 10 ns after release. Upon release the pattern
can be indexed as a combination of ambient 3C and 4H
phases. A profile refinement was carried out for the pattern
collected at the latest probe time (43.1 ns) using the GSAS
package [45,46]. The refinement indicates that the sample
released to ambient conditions consists of 48% 3C and 52%
4H polymorphs (Supplemental Material, Fig. S7 [32]).

IV. DISCUSSION

Figure 5 summarizes the evolution of d spacings as a
function of the probe time, determined from fits to diffraction
patterns for the time series shown in Fig. 3(a). Figure 5 also
reports results from additional shots not shown in Fig. 3(a).
Results for all shots are included in the Supplemental
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FIG. 4. Integrated diffraction patterns for time series collected at
a peak stress of ~175 GPa for single-crystal o-SiC starting material
(4H). X-ray probe times after the shock enters SiC are listed at the
right. B1 peaks are marked with asterisks. For the latest probe time
(43.1 ns), the pattern can be indexed with a combination of 3C (red)
and 4H (blue) peaks, indicated by tick marks above the pattern.

Material, Table S3 [32]. In Fig. 5, The B1 (111) and (200)
peaks appear at the earliest measured probe time (1 ns). The
position of the B1 (220) peak cannot be determined prior to
breakout as a result of its relatively low intensity and overlap
with the uncompressed (311) 3C peak. The d spacings for
the transformed B1 phase remain unchanged up to the shock
breakout time at 3 ns, after which the peaks shift to a higher
d spacing as the pressure in the sample decreases. At these
later times, the diffraction peaks exhibit both peak splitting
and pronounced profile broadening [Fig. 3(a)]. This reflects a
stress distribution in the sample as a dispersive release wave
propagates back from the free surface. In Fig. 5, the fan of
d spacings between 3 and 7 ns captures the range of peak
positions spanned by the broadened B1 lines.

In addition to probing phases on the Hugoniot, the time
resolution of our measurements allows us to directly observe
a large hysteresis in the back transformation to the ambient
four-coordinated structure(s). The B1 phase is retained for
more than 5 ns after release before reversion to the ambient 3C
phase. In Fig 5, at ~7-8 ns, the B1 peaks resharpen, indicating
that the material has returned to a homogeneous stress state.
This suggests that the B1 phase is retained to near-ambient
pressure. At 8.6 ns, only a small trace of the high-pressure
phase remains, and by 14.4 ns back transformation is complete
[Fig. 3(a)].

Polycrystal 206 GPa 5 (1)
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B1 (111) B
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FIG. 5. The d spacings for polycrystalline SiC determined from
fits to x-ray diffraction patterns for the time scan shown in Fig. 3(a) as
a function of the time after the shock has entered the SiC. The trends
are the result of a linear extrapolation between the discrete probe
times (hash marks). Shaded regions indicate the uncertainties in d
spacings and encompass the range of d spacings that arise from
sampling a nonhomogenous stress state after breakout. The gray
area contains results from shots collected on compression, prior to
breakout. Ambient 3C peak positions are shown by black triangles at
the left.

Figure 6 shows the densities determined by XRD un-
der shock loading along with reported densities from previ-
ous gas-gun [4,5] and diamond-anvil-cell studies at 300 K
[16-19]. For the three time series discussed above (Figs. 3
and 4), the XRD densities (Fig. 6) were determined from
data recorded prior to breakout and thus represent material
compressed to a uniform stress state on the Hugoniot. Owing
to the uniaxial compression geometry in our experiments, we
measured longitudinal stress. Figure 6 also shows a 300 K
EOS for the 3C and B1 phases, determined from diamond-
anvil-cell data [19,47].

Figure 6 includes a theoretical Bl Hugoniot calculated
using a Mie-Griineisen EOS (Supplemental Material, Fig.
S3 [32]). A comparison of the calculated Hugoniot to the
densities determined from XRD demonstrates that our results
are consistent with the expected properties of the B1 phase
along the Hugoniot. The thermodynamic parameters used to
calculate the B1 Hugoniot in Fig. 6 are listed in the Supple-
mental Material, Table S2 [32]. The calculation incorporates a
3C-BI transition energy from density functional theory calcu-
lations [20] along with the set of thermodynamic parameters
determined from a fit to diamond-anvil-cell results [19]. As
the Griineisen parameter (yy) is not well constrained experi-
mentally, the Hugoniot was calculated for the range 3y = 0.5
to yp = 2, giving rise to the gray field in Fig. 6. The stresses
shown for the two time series collected above 150 GPa in
Fig. 6 were determined assuming an extrapolation of the gas-
gun Hugoniot data of Vogler et al. [4]. Further experimental
studies are needed to better constrain the Hugoniot above
1 Mbar.

For the time series at 206 and 175 GPa, the B1 densities
from XRD are consistent with the calculated Hugoniot. For
the polycrystalline time series at 114 GPa, we observed the
coexistence of the compressed 3C phase and transformed B1
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FIG. 6. The present results (red and blue symbols) compared
to continuum gas-gun results (purple symbols) [4,5]. Static 300 K
studies are shown as open green symbols; results of Yoshida et al.
[16], Daviau et al. [17], Miozzi et al. [19], and Kidokuro et al.
[18] are represented by circles, squares, diamonds, and triangles,
respectively. The present Hugoniot data are more consistent with
the gas-gun results of Vogler et al. [4] than of Sekine et al. [5] and
lie close to the calculated theoretical Hugoniot (gray shaded region).
The densities of the two components of the mixed-phase region lie
close to the 3C Hugoniot curve and the calculated B1 Hugoniot. The
300 K B1 equation of state (EOS) and the 3C EOS calculated from
static compression data [19] are shown as dashed black curves.

phase. The densities of these phases fall on the measured
3C Hugoniot and the theoretical B1 Hugoniot, respectively.
The densities for the coexisting phases observed during com-
pression suggest a volume collapse of 16%, consistent with
previous diamond-anvil-cell studies [13,16,17]. In Fig. 6, the
coexisting compressed 3C and transformed Bl phase are
both plotted at the peak stress of 114 GPa despite ambiguity
as to whether the XRD samples a metastable mixed-phase
assemblage or a multiwave structure.

Figure 6 shows Bl densities from data collected upon
release (open symbols), corresponding to the last shot in a
given time series for which the B1 phase was observed (i.e.,
the lowest-density B1 phase observed). The release densities
have been placed on the B1 300 K EOS [19]. While the release
pressure-temperature state is not well constrained experimen-
tally, the relatively low thermal expansion of SiC [26] makes
the 300 K isotherm a reasonable first-order approximation.

A comparison of these release densities to the theoretical
ambient volume of the B1 phase suggests that the B1 phase
is retained to pressures as low as 5 GPa. This requires a
substantial volume expansion of the B1 unit cell to occur
within nanoseconds. For the highest-stress shot, we observed
a 38% volume expansion of the B1 phase relative to its
Hugoniot density upon unloading prior to reversion to the
ambient structure.

Under shock loading and release we observe a direct trans-
formation to the B1 crystal structure followed by a reversion
to the ambient phase on the nanosecond time scales of our
measurements, with no evidence of the formation of any inter-
mediate phases. Our results suggest that the pathway through
any transient structures must proceed on a subnanosecond
time scale. This interpretation is consistent with ab initio
molecular dynamics simulations indicating that the transition
to the B1 phase occurs as quickly as 0.1 ps [48]. Accordingly,
experiments targeted at probing intermediate structures exper-
imentally require femtosecond x-ray diffraction techniques.

Our XRD measurements provide crystallographic evidence
of the phase transition from the four-coordinated 3C and
4H structures to the Bl phase under shock compression.
Our results are consistent with the transition inferred from
continuum gas-gun data, despite largely different time scales
(nanosecond versus hundreds of nanoseconds). The densities
determined from XRD are in reasonable agreement with con-
tinuum measurements and/or the theoretical Hugoniot derived
from static measurements. Our study represents a significant
extension of previous gas-gun and diamond-anvil-cell results,
reaching stress states in excess of 2 Mbar while providing
new details of the hysteresis in the BI transformation upon
unloading.
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