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Recovery of a high-pressure phase formed under laser-driven compression
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The recovery of metastable structures formed at high pressure has been a long-standing goal in the field
of condensed matter physics. While laser-driven compression has been used as a method to generate novel
structures at high pressure, to date no high-pressure phases have been quenched to ambient conditions. Here
we demonstrate, using in sifu x-ray diffraction and recovery methods, the successful quench of a high-pressure
phase which was formed under laser-driven shock compression. We show that tailoring the pressure release path
from a shock-compressed state to eliminate sample spall, and therefore excess heating, increases the recovery
yield of the high-pressure w phase of zirconium from 0% to 48%. Our results have important implications
for the quenchability of novel phases of matter demonstrated to occur at extreme pressures using nanosecond

laser-driven compression.
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I. INTRODUCTION

High-pressure synthesis is a versatile tool for the creation
of novel phases of matter with unique chemical and physical
properties [1]. Such high-pressure materials have potential
for revolutionary technological advances if they can be re-
covered to ambient conditions. The ability to synthesize bulk
quantities of the diamond structure of carbon is perhaps the
best example of how a metastable phase can be recovered
to ambient pressure and have tremendous utility in industry
[2]. Indeed, the recovery of metastable phases formed at high
pressure has been demonstrated with great success in static
compression experiments [3—-6] as well as dynamic com-
pression experiments which used gas gun drivers [7,8] and,
more recently, laser-induced microexplosions [9]. Theoretical
predictions now show that many novel forms of materials
exist at ultrahigh pressures [10-12], with some predicted to
be quenchable to ambient conditions, such as the BC8 phase
of carbon, which is predicted to form at 10 million atm and
be stronger than diamond [13]. Such extreme conditions of
pressure are beyond the limits that can be achieved through
static compression methods or dynamic compression using
gas guns but can be readily achieved through laser-driven
compression (LDC) [14].
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Laser drivers therefore represent the best prospect for
recovering exotic forms of matter now predicted to exist at
ultrahigh pressures. In addition, LDC is advantageous for
synthesizing novel phases, as the rapid compression rates
achievable can facilitate access to nonequilibrium states at
high pressures and temperatures [15,16]. In many cases,
phase transformations observed in LDC experiments show
large hysteresis, particularly when the time scale of pressure
release is comparable to the kinetic time scales associated
with the transition [17]. Indeed, several recent LDC studies
have observed the existence of high-pressure phases at zero
pressure for tens of nanoseconds on shock release [16,18—
20], but to date there have been no reported cases where
recovery was achieved. Here we report x-ray diffraction mea-
surements of elemental zirconium (Zr) on shock release from
22 GPa which demonstrate the successful quenching of a
high-pressure phase after LDC. We identified that tailoring the
sample release path to minimize spall, and therefore excess
heating, was key to successfully recovering a high-pressure
omega (w) phase of Zr. Our results herald the possibility of
recovering novel phases of matter formed at ultrahigh pressure
using LDC.

Zirconium has been studied extensively both theoretically
[21-23] and experimentally [24-26] as a model system
for understanding phase transformation kinetics. Under
ambient conditions, Zr exists in the hexagonally close-packed
alpha (o) phase (space-group symmetry P 63/mmc, Z = 2).

©2020 American Physical Society
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Under quasistatic compression at room temperature, a
transformation to the hexagonal @ phase (space-group
symmetry P 6/mmm, Z = 3) occurs at 3 GPa, before a further
transformation to a body-centered cubic, beta (8) phase
(space-group symmetry Im-3m, Z = 2) at 30 GPa [26]. The
o — o transformation has been shown to exhibit strong
hysteresis, as the  phase has been recovered to ambient
conditions in previous static and gas gun experiments
[7,24,27]. The strong phase transformation kinetics are due to
the reconstructive nature of the w — « transformation, which
occurs through a shuffle and shear mechanism [28,29]. The w
phase of Zr is therefore the ideal candidate to demonstrate the
feasibility of recovering a metastable phase using LDC.

II. EXPERIMENTAL DETAILS

To study the w — « transformation on shock release,
we performed LDC experiments at the Matter in Extreme
Conditions (MEC) end station at the Linac Coherent Light
Source (LCLS). In each experiment, a 500-um-diameter
laser spot ablatively drove a shock wave into the Zr sample
using a 10-ns flat-top laser pulse. The sample was subse-
quently probed after a predetermined time delay using the
50-fs LCLS x-ray beam. When the laser drive turns off, a
forward-propagating pressure release wave transits the target
assembly [30]. A schematic of the experimental setup and
target design is shown in Fig. 1(a). The target consisted of
a 50-um polyimide-corrundum ablator bonded to a 25-um
polycrystalline Zr foil. The velocity history of each target was
measured by the line-imaging Velocity Interferometry System
for Any Reflector (VISAR) [31] at MEC. Typical raw VISAR
data and the corresponding velocity line-out obtained at MEC
are shown in Fig. 1(b). The high-brilliance LCLS x-ray beam
delivered up to ~10'2 11.2-keV photons over 50 fs with
AE/E = 0.5%, and diffraction was collected by Cornell-
Stanford Pixel Array Detectors (CSPADs), positioned behind
the sample. Raw two-dimensional (2D) diffraction data from
each CSPAD were integrated azimuthally to produce a 1D
intensity line-out as shown in Fig. 1(c).

III. IN SITU X-RAY DIFFRACTION EXPERIMENTS
AT MEC

A series of Zr samples was shock-compressed to a peak
pressure of 22 GPa, using identical laser conditions in each
experiment, which were sufficient to ensure complete trans-
formation to the high-pressure @ phase. After shock transit
through the Zr sample and arrival at the free surface, strong
pressure release waves propagate back into the sample [30].
The time delay of the x-ray probe relative to shock breakout
was increased with each subsequent experiment so as to cap-
ture the phase behavior of Zr as the pressure conditions rapidly
reverted from the w to the « stability fields. A diffraction
snapshot taken 1 ns after shock breakout showed diffraction
from the high-pressure w phase with volumetric compression
% = 0.838, which is consistent with a shock pressure of
22 GPa [22]. The refined lattice parameters were a = 4.783 A
and ¢ =2.958 A. Diffraction from the o phase was very
weak, indicating that much of the sample remained in the peak
pressure state soon after breakout [Fig. 2(a), i]. Additional
diffraction peaks were observed due to the presence of Al,O3
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FIG. 1. (a) Experimental setup at MEC. An intense laser pulse
drove an ablatively driven shock wave into the target package, which
consisted of a polyimide ablator bonded to a polycrystalline Zr foil.
The sample was probed by the collimated LCLS x-ray beam and
scattered diffraction data were collected in a transmission geometry.
The Zr free surface velocity history was recorded by the velocity
interferometry (VISAR) diagnostic. (b) Typical raw VISAR data
with the analyzed velocity profile overlaid. (c) Typical 2D diffraction
data, with diffraction maxima warped into lines of constant 26,
with the corresponding, azimuthally integrated 1D diffraction profile
overlaid. Shading under the peaks refers to the identified phase (see
Fig. 2).

dispersed in the polyimide ablator. The diffraction patterns
show a clear shifting of w diffraction peaks to lower 26
the w lattice had expanded on decompression. In addition,
the intensity of diffraction peaks of the o phase increased
relative to the w peaks as the sample underwent the reverse
transformation. After 30 ns, pressure had been completely
released in the sample yet diffraction from both the « and
the w phases was still observed. Diffraction from the @ phase
at this time indicated that the w lattice had expanded ~17%
(VLO = 1.005) relative to the peak pressure state.

The sample volumes of w-Zr and «a-Zr (VKOO‘ = 1.021)
and corrundum (%A1203 = 1.015) at this time all indicated
thermal expansion due to the samples’ existing at an elevated
temperature and zero pressure. The determined sample vol-
umes remained approximately constant with increasing XFEL
delay [Fig. 2(a), iv—vi], indicating that the w phase persisted at
ambient pressure and elevated temperature until at least 150 ns
after breakout before complete reversion to the o phase was
observed at 250 ns [Fig. 2(a), vii].
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FIG. 2. (a) Waterfall plot of diffraction data collected at MEC
after shock breakout and subsequent rapid pressure release from
22 GPa. The time in each case indicates the XFEL delay time relative
to shock breakout at the Zr free surface. Specific diffraction peaks
from the « phase (blue), @ phase (red), and corrundum phase from
the ablator (green) are labeled. (b) Relative volume fraction of the
a (blue symbols) and w (red symbols) phases as a function of the
time after shock breakout. When releasing from a free surface, the
Zr sample, initially in the w phase, undergoes full reversion to the
o phase within 250 ns. The transformation rate is fit well with an
exponential decay/growth (solid lines). (c) Volume expansion of the
sample as a function of the time after shock breakout (symbols)
and corresponding deduced temperature (solid lines). The Zr sample
temperature is determined to exceed 2000 K on release, significantly
hotter than the corundum ablator, due to the occurrence of spall and
fracture of the Zr sample.

We performed Rietveld analysis of the diffraction data,
which allowed for quantitative determination of the « and
o volume fractions as a function of the shock breakout
[Fig. 2(b)]. The data show that the volume fraction of the
high-pressure w followed an exponential decay, with the final
10% converting back to a-Zr in ~100 ns. As well as the
volume fraction in situ, we also deduced quantitative sample
temperatures as a function of the shock breakout from
the measured thermal expansion of the sample [Fig. 2(c)].
Indeed, the Mie-Gruneisen-Debye equation of states con-
structed for corundum [32] and «a-Zr [27] showed that the
corundum/ablator (volume expansion, ~2%) existed at tem-
peratures of ~1100 K on average for 250 ns after breakout,
while the Zr sample (volume expansion of a-Zr, ~3%) existed
at temperatures exceeding 2000 K on average. The metastable
o phase is well known to become highly unfavorable rela-
tive to the stable o phase at elevated temperatures, which
explains why complete reversion was observed in our MEC
experiments [28,33-35]. While it has recently been reported
that the early stages of rapid release from high pressure at a
free surface can be highly nonisentropic due to plastic work
heating induced by material strength [36], the level of sample
heating in our experiments [Fig. 2(c)] was unexpected [37]
and indicated an additional source of heating, which inhibited
the recovery of the high-pressure w phase.

To investigate, we modeled the hydrodynamic flow of pres-
sure waves in the sample by matching 1D Lagrangian simu-
lations to the MEC experimental conditions. Our simulations
showed that the release of sample pressure after shock com-
pression occurs via the interaction of forward- and backward-
propagating release waves (see Supplemental Movie 1 [30])
which coalesce within the Zr sample. Such interactions led
to negative stresses in the sample which exceeded the spall
strength [37]. Spallation has been shown in various metals
to generate significant, irreversible sample heating due to
viscoplastic deformation of the sample [38—40]. We therefore
hypothesized that spallation had occurred during our MEC
experiments and caused heating of the Zr samples to temper-
atures sufficient to ensure full reversion to the « phase.

In order to eliminate this unwanted source of heating, the
interaction of sample release waves would have to be altered
to eliminate the occurrence of spallation. Our hydrocode mod-
eling showed that a tamper of similar impedance to Zr, such
as LiF, would greatly reduce the amplitude of the backward-
propagating release wave and, therefore, virtually eliminate
negative stresses experienced by the sample (see Supplemen-
tal Movie 2 [30]). These findings suggested that Zr samples
with a high-impedance tamper would undergo a more isen-
tropic release path and exist at temperatures which may be low
enough to prevent full phase reversion. Indeed the release path
temperature, assuming purely isentropic release from 22 GPa,
is estimated to be ~450 K [22], significantly lower than the
sample temperatures deduced from our MEC experiments.

IV. RECOVERY EXPERIMENTS AT THE JUPITER LASER
FACILITY

To confirm these hypotheses, we performed additional
experiments at the Jupiter Laser Facility which tested the
free surface and LiF target designs under drive conditions
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FIG. 3. (a) Target design for recovery experiments at the Jupiter
Laser Facility. The dashed line indicates that in some cases a
high-impedance LiF tamper was used. (b) Photograph of recovered
Zr material which had been collected in the sample recovery gel.
Multiple spall events resulted in an average Zr particle size of
~10 pwm. Postshot diffraction measurements of this material showed
only diffraction from the «-Zr phase, consistent with the MEC
experiments. Raw 2D diffraction data are shown with the azimuthally
integrated profile overlaid. (c) Postshot photograph of the recovered
Zr material which released into a LiF window. Profilometry mea-
surements of the intact foil show that the shocked region was 1 mm
in diameter and had a depth of 40 um. Raw 2D diffraction data are
shown with the azimuthally integrated profile overlaid. A two-phase
Reitveld refinement of these diffraction data showed that the volume
fractions of the w-Zr (red shading) and «-Zr (blue shading) phases
were 47.6% and 52.4%, respectively.

similar to those at MEC. The aim of these experiments
was to collect the released target material in each case and
perform x-ray diffraction measurements ex situ. A detailed
discussion of the experimental setup can be found in [41]. A
transparent recovery gel was placed along the VISAR optical
axis in close proximity to the rear of the target to collect
forward-propagating debris [Fig. 3(a)]. Recovered material
demonstrated that the Zr sample, when releasing from a
free surface, broke up through multiple fracture events into
particles of order 10 um [Fig. 3(b)]. These findings indicated
that spallation and fracture had occurred in our MEC exper-
iments as predicted by our hydrocode simulations. The x-ray
diffraction measurements on these samples confirmed that full
reversion to the o phase occurred, consistent with our in situ
measurements from MEC [Fig. 3(b)].

In contrast, when releasing into a LiF tamper we observed
that the Zr sample remained intact [Fig. 3(c)], confirming

predictions that spallation can be eliminated by tailoring the
pressure release path of the sample. The shocked region of
the Zr foil is identified by a 1-mm circular depression of
the surface of ~40 pum [Fig. 3(c)]. Remarkably, Rietveld
analysis of x-ray diffraction measurements of the recovered
sample indicated that 48% of the high-pressure w phase had
been successfully recovered. The absence of spall within the
LiF sample and the associated heating due to viscoplastic
deformation are shown to dramatically reduce the w — «
reversion rate.

V. DISCUSSION

The kinetics of phase transformations have often been
modeled using simple phenomenological rate equations such
as the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model
[42—44]. Such models have been used successfully to describe
the recrystallization of materials from melt [45,46] but have
also been applied to solid-solid phase transformations [47].
The volume fraction of material which has transformed after a
certain time is governed by a rate constant k, which is assumed
to follow simple Arrhenius behavior of the form

E
k:Aexp(——k/;>, (D
B

where A is a constant, Ey4 is the activation energy (in eV), kg
is the Boltzmann constant (in eV /K) and T is the temperature
(in K). Applying this simple model to our data reveals that the
rate of transformation k in the free surface experiments, where
T ~ 2000 K, compared with the LiF experiments, where T ~
500 K, is calculated to be 12 orders of magnitude higher (E4
of the w — « transition taken to be ~1.5 eV [28]).

Recent LDC experiments have observed the temporary
existence of metastable polymorphs under ambient conditions
in Bi, Sb, and SiC [16,19,20]. Crucially, all samples in these
experiments underwent free surface release, suggesting that
the metastable phases observed may be readily recovered with
more judicious tailoring of the sample release path as demon-
strated in our experiments. The impedance of the tamper layer
can be altered to better match that of the sample to minimize
the amplitude of the rear surface release waves entering
the sample, which would eliminate the occurrence of spall.
Ab initio simulations can now predict novel forms of matter
which crystallize far away from equilibrium under extreme
conditions of pressure and temperature [9-11] and guide
experiments towards the candidates which could be recovered
to ambient conditions [13]. The BC8 phase of carbon is
predicted to form at 1000 GPa and be metastable on pressure
release to ambient conditions [13]. Such pressures are now
routinely achievable at the highest-power laser facilities. By
designing both the laser pulse and the target to control the
sample pressure release so as to avoid excessive heating (and
perhaps melting), such a metastable phase may be able to be
recovered for the first time.

While only around 1 g of metastable material is recovered
in each of the current experiments, next-generation laser facil-
ities have the capability to perform experiments at 10 Hz [48],
which will vastly increase the volume of material that can be
recovered. The recovered material could also potentially be
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used as a seed material to synthesize larger quantities using
established techniques [49].

VI. CONCLUSION

We report the successful recovery of a metastable phase of
matter which was formed under LDC. In situ x-ray diffraction
techniques coupled with diffraction measurements of recov-
ered samples demonstrated that the high-pressure w phase of
Zr underwent complete reversion to the stable o phase on
release from a free surface but was recovered (48% w:52%
o) when a high-impedance LiF tamper was used. Wave
reverberations in the free surface experiments caused the
sample to undergo spallation and fracture, which caused sig-
nificant sample heating as deduced by the measured thermal
expansions and ultimately aided the reverse transformation
to the o phase. These results demonstrate the feasibility of
high-pressure recovery with laser compression and show how
this method can complement existing high-pressure methods
in their search for revolutionary functional materials. Cru-
cially, our results pave the way for unprecedented efforts
to recover novel materials at pressures above 10 million
atm.
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