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ABSTRACT: The study of nonequilibrium transition dynamics on structural trans-  High-pressure nonequilibrium dynamics
formation from the second to microsecond regime, a time scale between static and shock TRXRD
compression, is an emerging field of high-pressure research. There are ample opportunities 2PAC e

| o L . . : ) Synchrotron X-ray -
to uncover novel physical phenomena within this time regime. Herein, we briefly review —’—E@ s

the development and application of a dynamic compression technique based on a diamond
anvil cell (DAC) and time-resolved X-ray diffraction (TRXRD) for the study of time-,
pressure-, and temperature-dependent structural dynamics. Applications of the techniques >
are illustrated with our recent investigations on the mechanisms of the interconversions
between different high-pressure ice polymorphs. These examples demonstrate that a =
combination of dynamic compression and TRXRD is a versatile approach capable of
providing information on the kinetics and thermodynamic nature associated with
structural transformations. Future improvement of rapid compression and TRXRD
techniques and potentially interesting research topics in this area are suggested.

Structural evolution of ice with P(t)

ressure is an important thermodynamic variable for intercalated between the atomic layers throughout the entire

driving chemical and physical changes in materials. crystal structure.’ Orbital hybridization is critical to structural
Compared to temperature, pressure can be generated in a transformation and the associated change in physical and
broad range conveniently in the laboratory, from ultralow electronic properties. Early research in high-pressure science
vacuum (or even negative pressure by tension) to hundreds of focused on investigating equilibrium thermodynamics, measur-
GPa (eg, in opposing diamond anvils), spreading over 20 ing the physical and electrical properties, and identifying the
orders of magnitude." External compression forces the atoms structure of the transformed phases.
in the materials closer together and modifies the chemical There were several important break}hr?ghs in instrumen-
bonds. This may be explained simplistically with the particle- tation in the late 1970s and 1980s.""~'" The first is the
in-a-box model.” The reduction of the linear dimensions of the significant improvement in the design of the diamond anwil cell

(DAC) and the development of auxiliary spectroscopic
characterization techniques.'”'* The diamond anvil cell is a
simple device where pressure can be generated by confining a
small amount of materials in a gasket sandwiched between two
opposing diamonds with flattened faces. Second, the advance-
ments and general availability of collimated, tunable, and
intense synchrotron radiation has improved."””~"' The
combination of both has led to a revolution in high-pressure
science." X-ray diffraction studies that emerged in the late
1990s and early 2000s have revealed the richness of (new)
structural types and the complexity of high-pressure poly-

confinement potential raises the energy level. This leads to the
mixing of occupied valence orbitals with often spatially
extended and unoccupied orbitals for an atom. On the one
hand, orbital rehybridization alleviates the Pauli repulsion
between electrons and provides orbital flexibility for chemical
bonding. The change in the nature of chemical interactions
often leads to structural transformation. An early example is
the pressure-induced transformation of face-centered cubic
(fec) elemental cesium at around 4 GPa,” later suggested as a
result of a s — d transition.* Chemically, this is equivalent to
the hybridization of the Cs valence 6s with the empty Sd
orbitals. Overlaps between the diffuse Sd orbitals help to
delocalize the electrons and resulted in a sequence of structural Received: May 22, 2021
changes. Within a small pressure interval, the structure Accepted:  August 10, 2021
changed from face-centered cubic (fcc) to a complex

orthorhombic (C222,), and then, to a body-center phase

tetragonal (I4,/amd) structure.” In the latter, the valence

electron distribution was found to be sinusoid wave-like and
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Figure 1. Schematic of the time regimes relevant to pressure-induced phase transitions with different loading methods. Images reprinted with

permission from refs 1, 24, and 25.

morphs of simple elements.”'* To this day, mechanisms for
some of the phase transformations are still unknown, and it
remains a topic of active research. Structural changes will lead
to new physical and electronic properties. Augmented by the
availability of accurate electronic structure and structural
prediction software in recent years, many peculiar properties
were predicted and found.'> A topical example is the recent
synthesis of polyhydrides with superconducting behavior close
to room temperature,'®"'® albeit at very high pressures. On a
more practical note, the high-pressure state has recently been
exploited as a synthetic tool for novel metastable materials."’
Therefore, the subject of structures, structural transformations,
and mechanisms are related and highly relevant.

Phase transition can be classified as displacive or
reconstructive.”””" Displacive transition involves the cooper-
ative motion of a relatively large number of atoms, each being
displaced by only a small distance relative to its neighbors. A
reconstructive transition involves substantial reconstruction of
the crystal and rearrangement of the atoms. This will involve
the breaking and formation of chemical bonds associated with
an energy barrier for the transformation. Furthermore, there is
no topological and group—subgroup relationship in the
crystallogra})hic orientation between the product and the
precursor.”’ In either mechanism, the atom movements often
follow the minimum-energy path to the product in response to
compression. Under this condition, there is no guarantee that
the product is in the thermodynamic ground state. Heating
may help to overcome the activation energy leading to a more
stable structure. Nevertheless, structural transformation is
associated with the displacement and rearrangement of
atoms. The minimum time for a structural change to occur
is expected within picoseconds to femtoseconds, correspond-
ing to the time scale of translational vibrations in a solid.
Displacive transformations usually have low activation energies
and are relatively rapid. A reconstructive transformation is
often associated with large activation energy and is generally
sluggish. In a dynamic shock wave experiment, the structural
phase transition is generally in the order of nanosecond or
shorter (Figure 1). In comparison, static compression is
diffusion-limited, and the time scale is millisecond to
microsecond, or sometimes even from minutes to days,
depending on the loading (strain rate) and the activation
barrier. It is not unusual to observe different products from the
same material by static and dynamic shock waves. This is
because the transformation is not necessarily a thermodynamic
process. It is governed by kinetics involving nonequilibrium
(transient or metastable) intermediate state. Many factors,
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including the strain rate, temperature, pressure, nucleation,
defect formation, will contribute to the transformation rate.
These effects are significant in the intermediate time scale
regime from microsecond to a second (or minute). The
experimental techniques to promote and to access information
on phase transitions at different times can be roughly divided
into three regimes (Figure 1). For time under a microsecond,
shockwaves produced by high kinetic energy impact or laser
shock can be probed by a short X-ray pulse from a free-
electron laser.”> Conventional static compression (e.g., large
volume press, LVP, and DAC) and detection methods can be
used to study processes longer than seconds. The intermediate
time regime, between microsecond to second, can now be
accessed with rapid pressure loading, as described below. This
Perspective focuses on recent studies on the rate-dependent
transformation kinetics with different pressure (dynamic)
loading rates. The purpose is to investigate the nature of the
nonequilibrium state of materials upon rapid compression/
decompression processes in the intermediate time regime.””*

Instrumentation. Overcoming the two technical challenges of
controlling rapid compression and detecting X-ray patterns
quickly is essential for studying the structural evolution of
material phase transitions in intermediate time (Figure 1). The
first problem was resolved with the improved desi%n and
automation of the dynamic diamond anvil cell (dDAC). 42628
The availability of noise-free hybrid photon counting (HPC)
large-area detectors allows accurate determination of the
scattering angles and diffraction intensities over a large
dynamic range at frame rates of kilo-hertz (up to 4000
patterns per second) or less.”>*” The introduction of the HPC
detector has radically transformed X-ray diffraction experi-
ments at the synchrotron. Recently, the dDAC experiments
have become possible in the X-ray free-electron laser with
MHz detector, which offers more opportunities to explore the
high-pressure nonequilibrium dynamic nature on the micro-
second time scale.”

The dynamic compression technique was designed to study
the kinetics of phase transitions and metastable phases by
applying a programmable and repetitive time-dependent
loading/unloading pressure profile to the DAC.>**” At present,
there are two main approaches to varying the pressure
rapidly.”**® The first one is the use of a pneumatic diaphragm
(membrane) compressed with inert gas, such as helium and
argon. The second method is by a piezoelectric actuator.
According to experimental requirements, these two methods
can be used in combination to provide loading rates at
different time scales. The membrane drive consists of two

https://doi.org/10.1021/acs.jpclett.1c01623
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Figure 2. (a) Programmed pressure—time profile on the compression of ice Ih with the direct and push—pull modes using a double membrane-
driven DAC with one pneumatic membrane on one side for compression (push) and the other for decompression (pull). (b) Pressure
measurements in direct compression and push—pull compression modes at 100 K. The sample pressure was determined from the fluorescence
spectra of two ruby spheres with one placed in the center (R1) of the sample chamber and the other situated close to the edge (R2) of the gasket
(insert of Figure 2c). (c) The measured pressure differences in direct compression and push—pull compression modes. The push—pull compression

data was adapted from ref 49.

identical thin steel sheets that can be plastically and elastically
expanded by adjusting the gas pressure applied to the
pneumatic diaphragms.”* Pressure loading to the DAC is
achieved by expanding/contracting the membranes for the
compression/decompression process, which can be controlled
at a specific rate. A piezoelectric actuator is used for pressure
modulation. It loads/unloads pressure to a DAC by increasing
the voltage to the actuator controlled by a dedicated power
supply, thus elongating the ceramic.”® The voltage for driving
the ceramic is in the range of 0—1000 V for the reported
piezoelectric actuator. Two different designs have been used,
either on a 1-piezo-driven or a 3-piezo-driven DAC. A newly
developed 1-piezo (or 3-piezo)-driven DAC can provide a
loading rate up to 160 TPa/s repeatedly over a 100 GPa
pressure range.”” Since the piezo-driven DAC was first used in
early 2000 to study time-dependent phenomena under high
pressure, it is commonly known as dynamic diamond anvil cell
(dDAC).*®

Since the inception of the first dDAC, there have been many
modifications and improvements to suit different purposes,
such as high-temperature operation and increasing the
compression rate.””’' In the past decade, the dynamic
compression in the intermediate time scales has been used
to investigate time-dependent high-pressure nonequilibrium
dynamics, observing diverse physical phenomena. These
include compression-rate kinetics,””*>* formation of meta-
stable phases,M_42 crystal growth,43’_46 chemical reaction,*’
and strain and stress.** Relevant to the experiments that will be
discussed below (vide supra) is the use of the double-
membrane so the pressure can be systematically applied and
reduced to control the compression and decompression
processes at different rates.”* Apart from the convenience of
pressure adjustment under cryogenic conditions in an
enclosure, the additional diaphragm provides the flexibility of
fine pressure tuning to mimic a quasi-hydrostatic condition
when operated in the “push-pull” mode.”” In the example
shown in Figure 2, the ice sample in a DAC was first
compressed in a small pressure increment of ~0.04 GPa and
then reduced by ~0.02 GPa. The repetitive back-and-forth
motion of the diaphragms effectively reduced the deviatoric
stress on the sample, as demonstrated by the minimal pressure
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difference between the ruby ball located at the center of the
DAC and ruby ball near the edge of the gasket hole.”” A
comparison between push—pull compression and direct
compression shows the former can provide a better hydrostatic
environment (Figure 2b,c).

Synchrotron radiation, especially from third-generation
sources, provides high-energy, high-flux, low-emittance, and
micrometer-sized X-ray beams that can penetrate small
samples through the surroundin§ vessel materials with high
intensity and spatial resolution.”” > The high brilliance and
short-pulsed timing structure of the synchrotron X-ray beam
are essential for some time-resolved X-ray diffraction experi-
ments, eg, investigating transient phenomena at extreme
conditions from seconds to nanoseconds. The recent
adaptation of detector technology from high-energy physics,
such as the DECTRIS™ and LAMBDA large-area detectors,”’
can attain the measurement of angular resolved X-ray
diffraction patterns at a repetition rate up to 4 kHz. Combined
with the dDAC, the advancement in instrumentation and
software for dynamic pressure control, X-ray data collection,
and pattern analysis have enabled the study of the structural
changes of dynamic processes in the millisecond time scale,
e.g, time-dependent kinetic pathways of phase transformation,
stress relaxation, nonequilibrium phenomenon, and chemical
reaction under extreme pressure—temperature conditions.
Lately, several beamlines have been constructed specifically
for time-resolved X-ray diffraction measurements, for example,
the nanosecond time resolution beamline at the Dynamic
Compression Sector of Advanced Photon Source (APS)*® and
submillisecond time resolution beamline at sector-16 HPCAT
of APS™ and the Extreme Conditions beamline at Petra II1.>*

Kinetic Analysis. Information about the energy landscape,
transformation kinetics, and mechanism can be extracted by
analyzing the results from time-resolved compression and
decompression experiments. In a high-pressure experiment, the
initial phase (e.g, phase A in Figure 3) is pressurized across the
equilibrium phase boundary and exists as a metastable phase.
The occurrence of a phase transition depends on the
competition between the driving force (i.e., the difference of
the Gibbs free energy, AG(P)), temperature, and intrinsic
energy barrier (Figure 3). The transition kinetics is the

https://doi.org/10.1021/acs.jpclett.1c01623
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Figure 3. (a) Energy landscape for the transformation kinetics. (b)
Rate-dependent overpressurization under rapid compression.

combined result of nucleation, growth, and impingement. The
rate for nucleation and crystal growth often follows the
Arrhenius equation (Figure 3)21),22’57_59 ie, the rate
Coexp[—Q/kzT], where C, is a constant related to the jump
frequency of atoms and Q is the nucleation energy barrier
(Qu) or growth energy barrier (Qg). At constant P—T (eg,, at
the point A’), the activation energies for both nucleation and
growth are assumed to be constant. The extent (or fraction) of
the product phase in the phase transition can be described as a
function of time by the Johnson—Mehl—Avrami—Kolmogorov
(JMAK) equation.’”®® The transformation rate, viz., the
inverse of the characteristic time, follows the Arrhenius
equation, 1/7 ~ exp[—Q.../kgT], where Q.. is an average
energy barrier in the entire transition kinetic process with
nucleation and growth. This quality can be determined by
fitting the experimental 7—T data to the Arrhenius equation.

If the applied pressure (P) changes linearly with time (f) by
a constant increment rate (k), i.e., P(t) = kt, the energy barrier
will also change with time (or pressure). Suppose the onset
transition pressure is defined by the initial nucleation step for
homogeneous nucleation. Then, the critical nucleation energy
barrier is proportional to y*/AG(P)? where y is interfacial
energy related to the structures of parent and product phases
and AG(P) is the pressure-dependent difference in the Gibbs
free energy. When the overpressure is small (for example, at
point A’, Figure 3b), AG(P) is large, leading to a high critical
nucleation energy barrier and low nucleation rate (or
probability) for the phase transformation at point A’. It also
will result in a slow growth rate of the new phase and a long
transition time. When the pressure loading time (high
compression rate) is much shorter than the nucleation rate,
the metastable phase A can be overcompressed. For example,
under rapid compression at a ramp rate, phase A may coexist
with phase B at point A”. At this point, AG(P) is very large
and leads to a lower energy barrier allowing a thermally driven
transition to occur in a short time scale. The transition
mechanism would then change from thermally driven
homogeneous nucleation to dislocation nucleation. Another
case is when phase A is overcompressed to point A’’' under
rapid compression (Figure 3b). In this case, the interfacial
energy due to the mismatch between the phase A and C
structures will be large. Then, phase A may transform to an
intermediate state first with a smaller y with a lower transition
energy barrier. Previous studies show that the interface energy
between crystal and liquid (or crystal and glass) display small
values.””®! If this is the case, pressure-induced amorphization
or metastable melting can occur.”””%*

Another piece of useful information that can be obtained
from a time-resolved experiment is the compression-rate-
dependent energy barrier. It is possible to show qualitatively
that the activation barrier is a function of pressure. Previous
studies have shown that for a given compression rate there is a
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corresponding specific effective (or average, Q.,.) energy
barrier and onset transition pressure.‘?’0 The compression rate
often exhibits an exponential relationship between T and Q.
If the experiments are conducted at different compression rates
at several temperatures, Q,,. can be characterized as a function
of the transition pressure. The activation volume (AV) is
obtained from the derivative of the activation energy with
pressure, ie, AV = dQ,,.,/dP, and reflects the sensitivity of the
transformation barrier of the nucleation and growth process to
pressure. The larger AV is, the more effective is the pressure to
decrease the activation energy for the phase transition.
Applications. Since the inception and fabrication of the
dDAC in the early 2000s,*¢ many innovative modifications and
improvements have greatly expanded its utility.”>***”***" The
dynamic loading technique has been used to study a variety of
problems and has provided insightful results. This technique
has been applied to the study of a wide range of high-pressure
phenomena. The following examples illustrate a few
applications. Earlier on, structural changes of the sample
were monitored by visual observation complemented with
Raman spectroscopy. In this way, the compression-rate
dependence on the local order in the crystallization of water
to ice VIL* the transformation pathways between the ice
phases,®® ice to supercompressed water,*’ and crystal growth
rates in hydrogen and deuterium”* were investigated. Later, the
dDAC was coupled to time-resolved X-ray diffraction with
synchrotron radiation. This progress opens a new in situ tool to
characterize the kinetics and structures of phase transitions at
different time scales. The first study was on the effect of the
compression rates on the solidification of liquid krypton and
the subsequent face-centered cubic (fcc) to hexagonal (hcp)
phase transition in solid krypton at room temperature.” The
results show the strong influence of the compression rates on
the liquid-to-solid transition, but it has an almost negligible
effect on the solid—solid transition. The relative temporal
amount of the liquid and the solid phase can be estimated from
the area ratio underneath the respective characteristic
diffraction features. It was then found the calculated relative
concentrations fit well to the Johnson—Mehl—Avrami—
Kolmo(%orov equation (vide supra) with an Avrami constant
of 1,°Y which suggests the liquid-to-solid nucleation is
spontaneous with a nucleation time of ~0.12—0.18 s. This
experiment demonstrated the potential of TRXRD to provide
valuable kinetic and mechanistic information on phase
transformation. An interesting discovery is the observation of
a metastable liquid melted from a high-pressure crystalline
polymorph of bismuth (Bi-IV) under quasi-hydrostatic
decompression.”* The possible existence of a transient liquid
in a solid—solid transformation was proposed to explain some
of the usual behavior in metal alloys and amorphous
ices.®>0¥%%%% In a recent experiment, in situ time-resolved X-
ray diffraction patterns of a Bi-IV were recorded from
decompression close to but under the melting point under
quasi-hydrostatic conditions using a double membrane-driven
DAC (vide supra).64 When Bi-IV is decompressed at 4 GPa,
the crystalline diffraction pattern transformed to an amor-
phous-like pattern at 2.3 GPa and eventually crystallized to Bi-I
at 1.2 GPa. Compared to the crystal diffraction patterns
measured from the compression of Bi-I at the same
temperature, this suggests that the amorphous-like phase in
the decompression may be attributed to a metastable liquid
melted from a crystalline solid below the melting temperature.
This is tantalizing but nonconclusive evidence as further

https://doi.org/10.1021/acs.jpclett.1c01623
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A problem of topical interest is the structural inter-relationship .Pressure (GPa)

between water and supercooled water and the underlying
crystalline and amorphous ices.”® Liquid water can be cooled
to —48.3 °C before homogeneous nucleation to ice occurs.
However, when it is cooled very quickly (10° K/s), the crystal
nucleation is avoided and water becomes a glass with a glass
transition temperature believed to be around 136 K.77" In
comparison, crystalline ice can be compressed to a dense
amorphous form (HDA) at low temperature (e.g,, <100 K).”?
Heating the compressed sample at constant pressure (at ca.
160 K and 1—2 GPa) resulted in an even higher density
disordered form (VHDA).”” On the other hand, decom-
pression of HDA at 77 K did not revert to the precursor
crystalline ice, but it led to a low-density amorphous form
(LDA) that can be recovered at ambient pressure.”* On slow
decompression, X-ray and neutron diffraction have found that
the HDA-to-LDA transformation is not discontinuous but via
several metastable amorphous structures.”> Furthermore,
depending on the pressure and heating rate, HDA can
transform into different high-pressure ice polymorphs.”®
These observations raised the obvious questions, are
amorphous ices and liquid water (normal and supercooled)
connected? If so, how does the structure mutate from the solid
to the liquid phase? Can we explain the anomalies of the liquid
from the different structures of the amorphous forms? Many
theories and hypotheses have been suggested to rationalize
these phenomena.””~*" Although there is no definitive answer
right now, one thing is certain: the ease of structural
transformations among the amorphous states and between
amorphous and crystalline ices shows the energy barriers
between various forms are low. Thus, the kinetics and product
are sensitive to the heating and/or compression—decom-
pression rates. Conversely, one can survey the energy
landscape of the amorphous and crystalline states from the
structures by adjusting the temperature and pressure
parameters systematically using TRXRD and dynamic
loading/unloading.

Figure 4 shows the metastable P—T phase diagram of water/
ice. When water is cooled, the thermodynamically stable
crystalline state is ice Th. When ice Ih is compressed at T < 100
K, it transforms to HDA ice at around 1 GPa.”” The release of
pressure converts HDA to LDA at 77 K.”* When compressed
at room temperature, water crystallizes to ice VI at ca. 0.8 GPa
and then to ice VII at 2.2 GPa. Hydrogen-ordered ice VIII is
formed when cooled below 280 K. However, liquid water can
be supercooled at ambient pressure to —48 °C (224 K). Below
this temperature, it spontaneously nucleates to crystalline ice.
It was then speculated that the supercooled liquid could be
extended to low temperature into the glass transition
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Figure 4. P—T phase diagram of water/ice showing the thermody-
namic stable crystalline high-pressure polymorphs and the amorphous
phases, LDA, and HDA.”"7%~%*

temperature of the amorphous ice, estimated to be at 136
K.*77" However, the hypothesis cannot be tested directly
experimentally in this part of the phase diagram. This region of
the phase diagram is known as water’s no man’s land.”” The
multifaceted polyamorphism between metastable phases is a
clear sign of the kinetic nature of the transformations. With the
richness of the water/ice phase diagram and a fundamental
interest in understanding water, it was the first subject studied
by the new dynamic compression/decompression technique. A
surprising finding is the formation of HDA from metastable ice
VII under rapid compression of liquid water in the stability
field of ice VL

A common route (top-down) to reach no man’s land is to
rapidly cool bulk water or emulsified water droplets® and
examine the structures with spectroscopic or diffraction
methods at ambient pressure. A recent ultrafast X-ray
scattering has probed supercooled bulk water at 227 K in
the water’s no man’s land for a few milliseconds.*® We adopted
a bottom-up strategy to enter no man’s land from the
amorphous phase by controlling the kinetics. Crystalline ice Th
was first compressed to HDA at desirable pressures. The
sample was then heated in situ at constant pressure at defined
rates. Decompression experiments starting at selected pressure
and temperatures were also performed. The associated
structural changes were monitored by TRXRD.

The first problem to address is the mechanism of the
pressure-induced amorphization of crystalline ice and whether
the amorphized HDA is related to quenched water. Initially, it
was suggested that the transformation of ice ITh to HDA at low
temperature is a process similar to melting and is
thermodynamically connected to the meltin()g line extrapolated
from the freezing point to low temperature.”” If this is correct,
the amorphous form is a genuine representation of quenched
water. Another interpretation is that it is due to a mechanical
instability that is controlled by kinetics.”” ™" In this case, the
crystal-to-amorphous transition will depend on the hydro-
staticity of the environment, the compression temperature, and
the loading rate.

Because deuterium has a large neutron coherent-elastic
cross-section favorable for diffraction studies, early structural
investigations of pressure-induced amorphization (PIA) of ice
were mostly performed with neutron scattering. Before the
availability of spallation neutron sources, it often took hours to

https://doi.org/10.1021/acs.jpclett.1c01623
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Figure 5. (a) X-ray diffraction patterns of ice compressed at 100 K. (b) Calculated densities of the sample at different pressures. (c) The splitting of
the (010) and (110) Bragg peaks. (d) Schematic illustration of the shear distortion obtained from molecular dynamics calculations. Adapted with

permission from ref 49. Copyright 2017 American Physical Society.
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Figure 6. X-ray diffraction patterns of ice Th compressed at 133 and 145 K under quasi-hydrostatic conditions with a pressure medium Daphne
7474. Adapted with permission from ref 49. Copyright 2017 American Physical Society.

record a diffraction pattern and time-resolved studies were
rare. The main advantage of neutron diffraction is a large ice
sample (mm®) wrapped in an indium cup to create quasi-
hydrostatic conditions.”* However, because of the time
constraint, pressure increments were nonuniform and often
in fairly large steps. In this aspect, X-ray diffraction using the
push-and-pull processes is more efficient.

Our first study was the examination of the ice structure upon
compression and decompression at 100 K.** A neat sample was
compressed in a small pressure increment of ~0.04 GPa and
then reduced by ~0.02 GPa in each step at a loading rate of
<0.01 GPa/s. The measured diffraction patterns are shown in
Figure Sa. Similar patterns and pressure trends in densities
were observed on a sample in a pressure-transmitting medium
Daphne 7474 (Figure Sb). The results show a sudden onset of
densification around 1.2 GPa. However, immediately before
the structural transformation, the (010) and (110) Bragg
reflections (Figure Sc) belonging to ice Th were found to split,
indicating a distortion of the crystalline lattice. This
intermediate phase is found to be short-lived, between 1.10
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and 1.26 GPa. The distortion is likely due to a shear instability
predicted earlier (Figure 5d).*””" Complete conversion to the
amorphous form was achieved at pressures higher than 1.87
GPa (Figure Sa). Upon further compression to 5.5 GPa, a
single peak corresponding to an ice VII-like structure (ice VII/
ice VIII') emerged, and eventually, a pure crystalline form was
observed at 8.21 GPa. The stability field of the HDA observed
in this experiment is between 1.3 and 8 GPa. Next, we studied
the temperature effect on the PIA transition. The diffraction
patterns at 133 and 145 K are shown in panels a and b of
Figure 6, respectively. Amorphization was observed at 133 K.
When compressed at 145 K, ice Th converted successively to
ice-IX and then to ice VIII”. This is the expected “normal”
crystal-to-crystal transformation sequence,” as the crystalline
forms are the stable thermodynamic states at these pressure—
temperature conditions. The results indicate PIA is a kinetic
process and sensitive to temperature.

The reverse decompression experiments support the
metastability of the amorphous states. The experimental X-
ray diffraction patterns upon pressure release of the amorphous

https://doi.org/10.1021/acs.jpclett.1c01623
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ices at 96, 135, and 145 K are compared in Figure 7. The
diffraction patterns show different transformation sequences at
different temperatures. At low temperature (96 K) the
previously reported very high-density amorphous (VHDA)
— HDA — LDA sequence was found. The observations reflect
a relaxation effect. The formation of VDHA”® can be attributed
to reducing the internal stress of (kinetically) compressed
HDA upon annealing. Therefore, upon the pressure release,
the VHDA converted to low-density HDA and then to LDA
with an ice-like structure. Because of the pressure—volume
work (PV), heat is released at each step (exothermic). Because
the density difference between HDA and LDA is significant,
the heat released promotes the transformation, and the process
becomes so fast it appears to be first-order. At 135 K, the HDA
— LDA transition terminated at a more stable stack faulting
crystalline ice (I,5). At a higher temperature of 145 K, the high-
density amorphous ices transform to crystalline ice IX and then
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to ice L4 The interpretation of the observed sequence of
events is straightforward. Starting from the decompression of
VHDA, at low temperature, the rearrangement of the
hydrogen-bond (H-bond) network to the corresponding
thermodynamic stable high-density ice in the stability field
requires an activation that cannot be fully compensated by the
PV work and available thermal energy. When the temperature
is raised, additional thermal energy is acquired to overcome the
transition barrier from LDA to ice I 4. The thermal energy is
still not sufficient to convert VHDA and HDA into the
corresponding crystalline ice forms at this temperature. On
further warming, HDA eventually transforms to ice IX.

The kinetic nature of the structural transformations among
the different forms (crystalline and noncrystalline) is succinctly
summarized in the “phase” diagrams constructed from the
structural information obtained from X-ray diffraction on the
compression and decompression processes (Figure 8). The

https://doi.org/10.1021/acs.jpclett.1c01623
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two phase diagrams do not mirror each other. The structures
obtained at the same P—T point by compression or
decompression are not the same. Therefore, either one or
both structures cannot be in the thermodynamic ground state.

A subsequent study focused on the effect of pressure and
compression/decompression rates on the “phase” boundary
between ice/HDA and HDA/LDA transformations.*® In this
study, the stack faulting ice I, is the starting crystalline form
obtained from decompression of ice VIII from 4 GPa to ~1 Pa
at 180 K; it is then cooled to the desired temperatures. Figure
9 shows the time evolution of the diffraction pattern of
compressed ice I 4 at 165 K at two loading rates, ~0.01 GPa/s
(slow) and ~14.8 GPa/s (fast). In each case, diffraction
patterns were collected at 50 ms intervals.

Time-resolved diffraction experiments at different loading
rates were performed from 96 to 174 K. The evolution of the
diffraction patterns of ice I3 compressed at two very different
loading rates at 165 K are shown in Figure 9. This temperature
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was chosen as it is higher than the crystallization temperature
T, and is well inside no man’s land. As expected, when the ice
sample was compressed slowly, successive crystal—crystal
transformations in the sequence of ice I,y — ice II — ice VI
— ice VIII were observed. In comparison, during fast
compression, ice Iy transformed to a high-density noncrystal-
line phase (HDN) and then crystallized into ice VIIL. HDN is
used here to distinguish it from HDA that is formed below T.,.
Therefore, high-pressure stable crystalline ice phases are
bypassed, and instead, they form amorphous ice under
nonequilibrium conditions above T,. Similarly, time-resolved
diffraction experiments were performed to monitor the
structural change on releasing the pressure of the amorphous
form at different rates. A representative change in the
diffraction patterns at slow and fast pressure unloading is
illustrated in Figure 10. There is no surprise. Slow pressure
release led to consecutive transformations into the crystalline
ices in the respective stability field. On the other hand, HDN

https://doi.org/10.1021/acs.jpclett.1c01623
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transformed to the low-density noncrystalline form (LDN/
LDA) directly upon rapid decompression, and depending on
the temperature, the end product is either LDA or ice L.

As described above the energy barrier associated with the
interconversion of amorphous phases can be estimated by
analyzing the compression/decompression load rates with the
transition pressure with the kinetic model. For example, the
first stable crystalline high-pressure phase is ice II. To bypass
the equilibrium crystal—crystal transition, the compression
time (At) must be shorter than the characteristic transition
time (7) of the ice I4-to-II transition. Because this is a kinetic
process, the Arrhenius equation is employed to determine the
transition time (7). The rate constant (1/7) is proportional to
exp(—AE/kyT), where AE is the energy barrier for the phase
transition and kg is the Boltzmann constant. The thermal
energy (kgT) governs the probability of the water overcoming
the energy barrier. The minimum time to bypass the pressure
region of the stable crystalline ice II is At = AP/f, where S is
the compression rate. For the amorphous (noncrystalline)
phase (HDN) to form, At must be less than 7. This means ice
L4 can bypass the equilibrium pressure region of ice Il in a time
scale shorter than the ice I4-to-II transition. Assuming AE and
AP are constants, the threshold compression rate (f.) is
determined by At = 7. Substituting back to the Arrhenius
equation, we obtained . = C, exp(—AE/kgT,), where C, is a
constant with a unit of GPa/s. A similar argument can be
applied to describe decompression kinetics. Thus, one can
estimate the energy barrier by fitting the compression/
decompression rates and the corresponding transition
pressures to the Arrhenius equation. Good fits (red dashed
lines in Figure 11) were obtained with AE of 24(2) kJ/mol and
Co of 6.4 X 10° GPa/s for compression, and AE of 26(2) kJ/
mol and C, of 1.3 X 10" GPa/s for decompression.

The characteristic time of the ice I4-to-II transition (7) as a
function of temperature can be calculated based on the fitted
parameters. A plot of 7 versus temperature is shown in Figure
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Figure 11. (De)compression-rate-dependent (negative decompres-
sion, positive compression) formation of noncrystalline phases at
different temperatures. Black solid triangles represent high-density
noncrystalline phases obtained by rapid compression. Open squares
and circles indicate the high-density amorphous and low-density
phases obtained by static compression or decompression. Open
triangles are low-density noncrystalline phases formed from high-
pressure ice VIII under rapid decompression. Red dashed lines are fits
to the Arrhenius equation. Adapted with permission from ref 38.
Copyright 2018 American Physical Society.
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The combination of TRXRD and
dDAC is a powerful tool in the
investigation of the structural

evolution of materials at various
conditions under compression/
decompression with different

rates, providing deep insight into

the underlying transition mecha-

nism and synthesis conditions of
metastable states.

12. For example, 7 is estimated to be ~107 s for HDA
formation at liquid nitrogen temperature (77 K). The time

Characteristic time (t) / second

120 140

100

Temperature / K

160

Figure 12. Change in the characteristic time () for crystal-to-crystal
transformation from ice I 4 to ice II as a function of temperature. The
red lines show the characteristic time at 100 and 110 K.

shortened rapidly to 62 s at 120 K. The exponential decrease in
the characteristic time with temperature may examine the
discrepancy of the transformations observed in two neutron
diffraction experiments with a very long relaxation time
between pressure increments; apparently, both were performed
at 100 K.” In the earlier study, a sequence of crystal-to-crystal
transformations was observed. In a later investigation, even
with much longer wait (annealing) times between pressure
increments, the ice Ih structure was distorted preceding the
transformation to HDA, as in the X-ray experiment.”' In
addition, ice VII was found to coexist with HDA at pressure as
low as 1.5 GPa, indicating that ice Ih was not able to convert
completely to the thermodynamically more stable crystalline
form at low temperature within the experimental time. As
shown in Figure 12, the characteristic time can change by more
than 1 order of magnitude when the temperature is changed
from 100 to 110 K. A slight error in temperature measurement
can lead to dramatically different results. Experimental Raman
evidence suggested HDA can be formed from dynamic
compression of ice VI at 0.5 to 1.3 GPa at a compression
rate up to ~65 GPa/s at room temperature.*®

A closely related issue with the poly(a)morphism of ice is
whether there is a reciprocal process during the “melting” of
high-density crystalline ice upon decompression. Previously, a
hypothetical “melting line” between a metastable-liquid and ice
VII/VIII (ice VII and VIII have a similar oxygen lattice; ice VII
is the stable form above 270 K and is hydrogen disordered; the
lower-temperature ice VIII is hydrogen-ordered) upon
decompression was constructed from the analysis of the

https://doi.org/10.1021/acs.jpclett.1c01623
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phase diagram.”® The “phase” boundary suggested that ice VIII
could be recovered at 77 K at low pressure, and when heated, it
might transform to an amorphous phase. The suggestions were
confirmed by ex situ diffraction.”® In the experiment, high-
density ice was recovered at ambient pressure, annealed at
several temperatures, and then cooled to 100 K for X-ray
analysis. On the other hand, quasi-harmonic lattice dynamic
calculations at finite temperature revealed a lattice mechanical
instability,”” similar to PIA, which also closely follows the
suggested “melting line” with decreasing pressure. What is the
nature of this transformation? To address this question,
TRXRD measurements were performed on the metastable
hydrogen-disordered ice VIL In this case, instead of varying the
pressure, the time-dependent structural evolution was moni-
tored as a function of temperature.*’

Metastable ice VII was prepared by compressing ice to >5
GPa at a given temperature between 80 and 155 K. The
pressure was then released rapidly to ~0.5 mTorr to form
metastable ice VII. The characteristic diffraction pattern
confirmed the formation of ice VII. Several sets of experiments
were performed at S mTorr. Figure 13a shows the diffraction
patterns when ice VII was heated from 78 to 160 K at a rate of
0.5 K/min. The Bragg reflections of ice VII started to lose
intensities at ~86 K. This was accompanied by the
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Figure 13. Structural evolution of metastable ice VII at ~5 mTorr. (a)
Warming from 78 to 160 K at a heating rate of <0.5 K/min. (b, ¢, and
d) The time-dependent diffraction patterns at 86, 115, and 131 K,
respectively. Blue arrows indicate a broad peak of HDA with q ~ 2.13
A™'. The red arrows indicate LDA. Adapted with permission from ref
40. Copyright 2020.
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simultaneous appearance of a broad peak q ~ 2.14 A™' (blue
arrow), indicating the formation of HDA. The intensity of the
first sharp diffraction peak (FSDP) of HDA increased with
temperature. At 107 K, a second broad peak at g ~ 1.73 A~
emerged, signaling the presence of LDA. The relative FSDP
intensity of LDA and HDA increased upon further heating.
The Bragg reflections belonging to ice VII and the FSDP of
HDA vanished at ~125 K. Above 150 K, LDA first
transformed to ice Iy, then to ice I, and eventually to ice Th
at 210 K. The same sequence of transformations, viz., ice-VII
— HDA — LDA — I — ice I. — ice Ih, was finally observed
at a higher heating rate of 2—3 K/min. Additional time-
resolved experiments at fixed temperatures show the
intermediate HDA and LDA can be captured in prolonged
times. At 86 K, HDA persisted and coexisted with ice VII and
LDA up to 312 s. At 115 K, ice VII completely vanished after
100s, and only LDA remained after 418 s. At an even higher
temperature of 131 K, the HDA converted quickly to LDA.
Results from this series of isobaric—isothermal experiments
clearly show the kinetic nature of the decompression
transformations of metastable ice VIL

Evaluation of the relative intensity of the different phases
provides essential information on the energetic and kinetic of
the transformation. A duration time (7) can be defined for each
transformation process. For ice VII to HDA, 7 is the time
required to convert the precursor to the product by 50%. For
HDA — LDA, and LDA crystallization, 7 is the persistence
time of HDA (LDA), i.., the time between the first detection
and disappearance of the precursor, HDA, or LDA. Logarithm
plots of the duration time as a function of inverse temperature
for the ice VII -» HDA (amorphization), HDA — LDA, and
LDA crystallization processes are compared in Figure 14. The
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Figure 14. Arrhenius plots of the temperature dependence vs
duration time (7, in seconds) for the amorphization of ice VII, HDA—
LDA transition, and crystallization of LDA. Adapted with permission
from ref 40. Copyright 2020.

linear In(z) versus 1/T relationships show the Arrhenius
activation model is valid to describe the kinetics. For each
transformation, there is a discontinuity between the two linear
regions. The observation indicates that there are two distinct
activation processes with different energy barriers involved.
The slope of the linear fit provides information about the
magnitude of the activation barrier. For example, below 110 K,
the duration time for amorphization is almost independent of
temperature. A fit to the Arrhenius equation yields an
activation energy of 1.1(2) kJ/mol and a prefactor 7, of 8(3)
s. The small activation energy and almost constant 7 imply the
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ice VII - HDA transformation at ~5 mTorr is driven by a
mechanical instability that requires little thermal activation. In
contrast, above 110 K, the duration time of 7 for the
amorphization of ice VII varies exponentially with the
temperature. In contrast to the fit to the Arrhenius equation,
it is found that the duration time, 7, has shortened from ~27 s
at 110 K to less than 20 ms at 154 K. Compared to the lower
temperature regime (<110 K), the activation barrier is 22(1)
kJ/mol with 7, 7(1) X 107'° s. At high temperatures, the
structural transformation, initiated by mechanical instability,
occurs faster as the thermal energy further helps to promote it.

The Arrhenius plot of the HDA — LDA transformation also
shows a discontinuity at 115 K, which strongly suggests two
mechanistic paths above and below this temperature. The
temperature is remarkably close to the previously reported
glass-transition temperature of HDA” that was interpreted as
the crossover from nondiffusive motion to nanoscale diffusion
in amorphous ice exhibiting a viscous liquid behavior.
Isobaric—isothermal molecular dynamics (MD) decompres-
sion calculations have provided insight into the transformation
in an atomic scale. The MD calculations succeeded in
capturing the details of successive ice VII (modeled by
hydrogen disordered ice VII) —» HDA — LDA trans-
formations. It is known from experiments that there is a
volume increase of 30% when HDA is converted to LDA. The
volume change translates to an ~11% increase in the linear
dimension (~ 3/1.3) of the LDA structure. From previous
diffraction studies, it is known that the volume expansion is
due to the relaxation of the second nearest O—O coordination
shell. Because the experimental second closest O—O distance
in HDA is in the range of 3.5—4.5 A, the second-nearest-
neighbor oxygen atoms in LDA are displaced by 4—5 A. The
order-of-magnitude estimate agrees with the instantaneous
oxygen-atom positions determined from the MD trajectory.
Figure 1S5 shows the superimposition of the oxygen atom

Figure 15. Evolution of the instantaneous oxygen atom positions
plotted for two randomly selected water molecules within 1 ns during
the decompression of ice VIII at 130 K enlarged in the ellipsoids. The
other water molecules in the simulation model have been removed for
clarity. The time trajectory is divided into three time segments of
3000 ps and represented by different colors. Within each circled
region, the water initially vibrates with a confined space and then
suddenly displaced, and the motion becomes more disperse because
of the change in the density. Because the size of the simulation box
changes with the transformation process, the atom positions were
plotted in Cartesian coordinates. The outline of the simulation box
serves only to illustrate the approximate dimension of the model.
Adapted with permission from ref 40. Copyright 2020.
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positions of two randomly selected water molecules within 1 ns
at 130. Initially, the water molecules oscillate around their
respective mean positions of ice VIII (indicated by the almost
spherical distribution). When ice VIII structure is converted to
HDA, there is a sudden displacement of the water atoms, as
noted in the large amplitude movement of the atom positions.
Over time, the structure transforms gradually to a lower-
density form. The spatial “spread” of the water molecules
becomes more extensive, as the water is seeking equilibrium
positions in the voids formed by the volume expansion. The
average atom displacement is about 10% of the cell length or
around S5 A (0.5 nm). The estimated atomic displacement is
consistent with the recent measurement from the X-ray speckle
experiment, showing the atom movement is in the nanometer
range.

Summary. The few examples given exploring the crystalline
and amorphous ice phase diagrams demonstrate the versatility
of time-resolved X-ray diffraction at variable pressure and
temperature. The combination can provide both kinetics and
structural information in the time regime down to milli-
seconds. Systematic studies on ice show that in the water’s no
man’s land, HDA can be transformed from ice Th/Isd in the
thermally stable pressure region of ice VI, while LDA forms
from ice VIII in the stable pressure region of ice Ih. Both HDA
and LDA occur as intermediate states in the crystalline—
crystalline transition because of the lower kinetic barrier in
“melting” than between the low-pressure and high-pressure
crystalline phases. Time-resolved XRD results provide helpful
information for theoretical prediction and explanation of liquid
water’s anomalous behaviors. On the other hand, the
persistence times of HDA and LDA as intermediate states
depend on the temperature, decreasing exponentially with
increasing temperature. For example, it is a few milliseconds
for LDA at 165 K and HDA at 174 K. The persistence times
are close to the time of homogeneous nucleation of
supercooled liquid water at 227 K.* At higher temperatures,
kinetically controlled “melting” of ice VIII and Ic into HDA
and LDA will occur on a microsecond time scale, or even at a
nanosecond time scale. An extensive temperature range (175—
227 K) deep inside no man’s land is unreachable with the
current dynamic compression technique and TRXRD detector
because of the time constraint. There is still enormous
opportunity to continue developing rapid compression/
decompression techniques and faster 2D photon detectors to
explore the transition dynamics in this (P, T) region.

Outlook. The millisecond/microsecond dynamic compres-
sion and TRXRD techniques can be used to explore other
topics in the intermediate time scale regime. This Perspective
presents only a few examples focusing on the dynamic kinetics
of phase transitions in ice in the millisecond time scale regime.
High-pressure nonequilibrium dynamics is an emerging field of
research, particularly for underlying transition mechanism,
synthesizing metastable materials with novel properties. A vast
range of problems on the dynamics processes, such as time-
dependent transition pathways, structural metastability, struc-
tural relaxation, displacive transformation, crystal morphology,
and transient physical/electronic properties remain unex-
plored.

The time scale of millisecond and microsecond time
compression/decompression is between static loading (longer
than second) and shock wave experiments (nanosecond or
shorter) (Figure 1). Because of experimental limitations,
currently there is no unifying principle linking the evolution
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of the dynamic kinetics for phase transition from shock to
static compression. For example, in some materials, the change
from thermally induced nucleation in static-compression to
dislocation is still not understood. Information on the dynamic
nonequilibrium process in the intermediate time scale regime
is mandatory. Next, we discuss a few topics for future
applications of dynamic compression and TRXRD.

The synthesis of metastable materials is one of the potential
applications of dDAC.” Understanding the transition
mechanism and formation conditions of metastable phases is
crucial in materials science, condensed matter physics, and
chemical synthesis. The heating/cooling rate can alter the
kinetic path of the materials, and the compression/decom-
pression rate can influence the transition pathway and may
lead to a new metastable form. This is because the phase
transition process is not only determined by the driving force
but also is related to the transition kinetic barrier, loading rate,
temperature, and other thermophysical factors. The current
theoretical structure prediction techniques were primarily
designed to explore only the stable thermodynamic struc-
tures.”> These methods are not suitable for predicting
metastable structures. Furthermore, it cannot provide
information on the transition kinetic path and the conditions
to form the metastable state. The combination of TRXRD and
dDAC is a powerful tool in the investigation of the structural
evolution of materials at various conditions under compres-
sion/decompression with different rates, providing deep
insight into the underlying transition mechanism and synthesis
conditions of metastable states. Then what type of materials
will exhibit time-dependent paths in the formation of
metastable phases? In ice, static high-pressure experiments
show diverse metastable phases and distinctive (thermally
activated and kinetically driven) transition mechanisms. The
loading rates significantly affect the transition processes when
the compression time scale is close to the intrinsic structural
relaxation determined by the energy and chemical bond
barrier. It is expected that similar time-dependent phenomena
will occur in SiO, and GeO,, in which the phase diagrams
exhibit diverse metastable phases with different transition
mechanisms. Other system that may show time/temperature-
dependence in the formation of metastable phases are
semiconductors and elemental solids when the chemical
bond property changes from covalent to metallic. For example,
recent TRXRD experiments have shown two distinctive
temperature- and rate-dependent pathways in the formation
of metastable silicon phases, viz.,, a thermally activated crystal—
crystal transition from Si—II to a crystalline bc8/r8 phase
under slow decompression and a mechanically driven
amorphization under rapid decompression.’” The experimental
results show coupled effect of rate, temperature (thermal
energy), and intrinsic activation barrier on the kinetic paths,
which is of fundamental significance in controlled synthesis of
the desirable metastable phases for practical use.

Dynamic experiments in the intermediate time scale can
provide essential information on the kinetic energy barrier as a
function of pressure. The kinetic barrier for a thermally
induced phase transformation will change with external
pressure. The structural phase transition often stagnates with
the coexistence of two phases because of the grain interface,
strain/stress energy, and surface energy. These factors all
contribute to the new energy barriers. An additional driving
force is required to promote the phase transition, ie., via
dynamic compression/decompression. Previous studies on the
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solid—solid transition of KCl have shown that both the
transition pressure and effective energy barrier at a given
temperature are related to the loading/unloading rates,
following classical nucleation and growth theories.”® System-
atic studies of the rate-dependent transition kinetic processes
at various temperatures could provide information about
dynamic parameters for the transition with the energy barrier
as a function of pressure in most materials.

To date, most time-resolved high-pressure investigations
have focused on the study of structural transformation under
rapid loading/unloading. Little work has been devoted to
characterizing the physical and electronic properties, such as
mechano-luminescence and piezoelectricity under nonequili-
brium conditions.'’”'?" These phenomena are relevant to the
conversion of mechanical energy to photon energy or electrical
energy. Recently, Zhang et al, developed an advanced
mechano-luminescence characterization system based on the
dDAC to probe the mechano-luminescence of ZnS:Mn in the
dDAC under dynamic compression/decompression at different
loading/unloading rates.'”" The mechano-luminescence inten-
sity is dependent on the time-dependent pressure change.
Another recent example is the strong photoluminescence
induced by structural changes of the compressed heterostruc-
tured core/shell MnSe/MnS noncrystals that is maintained
upon pressure release.'”> These works present a new
dimension in the use of the dDAC to manipulate the property
in mechanoluminescent materials. Further research along a
similar direction of energy conversion is highly desirable. The
combination of dDAC and TRXRD is a powerful experimental
technique to probe the mechanism and efficiency of the
interconversion of pressure—volume work with other energy.
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