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Synchrotron nanosecond time-resolved x-ray diffraction has been performed on dynamically compressed
bismuth along various compression and release paths, hence exploring the Bi phase diagram up to 8 GPa and
600 K. Marked departures from the static phase diagram is observed. The sequence of structural changes is
different upon compression and release. The Bi-III complex host-guest structure is never obtained. Instead the
Bi-V phase is observed over a large domain. Melting of Bi-V and crystallization of the fluid into Bi-I are clearly
identified on stress release. Supercooling and superheating deviations to the equilibrium melting line are
observed. These observations on a prototypical system underline the possible deviations between the phase
diagram obtained by dynamical compression and the one under static pressure.
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Introduction. The possibility of inspecting the actual atom-
istic arrangement of a material under dynamical compression
is one of the major advances in experimental high pressure
over the past decade. It is crucial to obtain an unambiguous
understanding of the material’s response to dynamical com-
pression and it can now be used to explore the solids struc-
tures in the terapascal range [1]. The first x-ray diffraction
(XRD) evidence for a phase transition during shock-wave
compression was observed in 1972 [2]. Yet, time-resolved
x-ray diffraction of dynamically compressed matter could
only be obtained recently by using various large x-ray source
facilities, such as KIJ laser [3,4], x-ray free electron laser [5],
and synchrotron [6-8]. Up to now, the differences between
dynamic and static data sets have been discussed mostly in
terms of the phase transitions kinetics. Observing the struc-
tural response of a shocked material now enables rigorous
comparisons with the structural phase transitions disclosed by
static compression. The long-debated question of a possible
large superheating of a solid in the liquid domain can be
investigated more accurately. Another interesting question is
emerging: Are the dynamically produced structural transfor-
mations on a nanosecond compression timescale similar to
those observed under static pressure?

In this Rapid Communication, we address this question
on bismuth. Bi is an archetypal pressure-induced phase-
transforming material showing a complex phase diagram up
to 10 GPa, as first revealed by Bridgman [9] and refined by
many studies since then [10,11]. As such, the Bi phase dia-
gram is particularly interesting to compare static and dynamic
data sets: over a moderate pressure range, it presents a rich
structural polymorphism, an unusually complex host-guest
structure Bi-III, and a minimum on the melting curve. A
few time-resolved XRD studies on shocked Bi have already
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been published. Hu et al. and Gorman e# al. have recently in-
vestigated solid structural transformations, yet with differing
conclusions [7,12]. In the first study, the structural sequence
observed agreed with the static phase diagram, which rein-
forces the conclusion on the observation of the thermodynam-
ical equilibrium phase diagram with boundaries shifted by
kinetic hindrance. In the second study, the complex Bi-III was
not observed upon compression and a metastable phase Bi-M
seemed to form instead. Another XRD study investigated
superheating of solid Bi at melting, obtaining a 3 ns upper
limit for the timescale of melting of Bi under shock loading,
a much shorter value than previous estimates obtained by the
modeling of wave profiles [5]. In the present study, answers
and novel insights have been obtained by following various
compression paths and by performing accurate nanosecond
time-resolved synchrotron XRD measurements on homoge-
neous sample states. The Bi-III complex structure is never
observed under compression or release dynamical paths. The
timescale of melting is determined to be less than 0.5 ns and
yet a deviation from equilibrium melting, “superheating,” is
measured. Besides, a supercooling of the liquid is observed
before the crystallization into the Bi-I phase.

Experimental configuration. The measurements were per-
formed on the time-resolved XRD beamline ID09 of the
European Synchrotron radiation Facility. The target assembly
and the compression schemes were designed to obtain very
reproducible single-shot laser-pump/x-ray probe data with a
0.5 ns resolution time delay, to follow different compression
paths covering a large domain of the Bi phase diagram be-
low 8 GPa and to perform accurate XRD measurements on
homogeneous sample states. As shown in Fig. 5(a) of the
Supplemental Material [13], the sample consisted of a 5-pum-
thick foil of polycrystalline bismuth (Goodfellow; 99,97%
purity) glued to a 100-um-thick sapphire on the laser side and
to a 125-um-thick polyimide on the other side. The sample
assembly was mechanically pressed in the sample holder
with a calibrated force to approximately 1 um in thickness
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and the epoxy glue layer was then UV cured. Three starting
temperatures, 300, 400, and 500 K, of the compression path
were studied by preheating the targets with a transportable
resistive heater, as described in Ref. [13]. The YAG laser
pulse (A = 1064 nm) used for compression had a fixed energy
of 308 mJ with a Gaussian pulse duration of 5 ns FWHM.
The laser was focused at the sapphire/Bi interface with a
spot diameter of 250 um. This confined plasma-driven shock
scheme provides an interesting and reproducible pressure time
evolution in the Bi sample, as shown in Fig. 5(b) of Ref. [13].
The time t+ = 0 corresponds to the beginning of the Gaussian
laser pulse arriving on the Bi sample. Uncertainty in the r = 0
timing due to laser jitter is 0.5 ns.

The time evolution of the pressure was measured using the
volume of compressed solid obtained from the XRD diffrac-
tion pattern and, in the fluid phase, using the peak position
of the liquid structure factor [5,14]. The measured pressure
evolution is in good agreement with the analytical model of
Fabbro et al. [15], and with the hydrodynamic simulations
using the ESTHER hydrocode [16]. A peak pressure is reached
at the end of the laser pulse duration and after the pressure
profile decreases with roughly a 2/3 power law. Such a release
is essentially a well-controlled ramp process.

The x-ray pulse used for the XRD was produced by a single
bunch current in the synchrotron pulse train and an undulator,
giving ~4x10® photons monochromatized at 15 keV. The
x-ray spot size on the sample was ~60 um (V) x 100 um
(H), i.e., significantly smaller than the laser spot size. Further
details of the beamline can be found in Ref. [17]. Typical x-ray
diffraction patterns measured in the various phases observed
on the various compression paths are shown in Fig. 1, namely,
Bi-I, Bi-II', Bi-V, and liquid. Homogeneous Bi states were
obtained in contrast to the two previous time-resolved XRD
studies [7,12] in which the compressed sample was always
constituted of a mixture of phases, indicating a heterogeneous
compression of the Bi sample explained by the thicker Bi sam-
ple used; respectively, 20 and 8 wm. The XRD pattern quality
enables a volume determination and a structure verification
with a LeBail refinement. X-ray diffraction measurements
were collected with 0.5 ns incremental time delays with
respect to the laser initiation. By varying the laser/XRD delay,
we were able to probe the structural sample state along the
pressure time evolution shown in Fig. 5(b) of Ref. [13]. Along
the three compression paths followed, the bismuth sample,
initially in the Bi-I rhombohedral structure (space group R3m,
Z =2), always transformed to a Bi-V body-centered cubic
(bce) structure (space group Im3m, Z = 2). As discussed
below, other structural changes were observed upon pressure
release. Three Bragg peaks of the bcc Bi-V structure could
clearly be observed, enabling one to accurately determine the
volume. The pressure is then obtained using the very-well
established equation of state of Bi-V [14] (and of Bi-I upon
release [10]). Error bars on the pressure originate from the
pressure gradient in the sample of ~0.2 GPa and from the
propagation of the uncertainty on the temperature (+35 K)
through a linear thermal expansion [18]. The temperature
uncertainty comes from the uncertainty in the initial tem-
perature at the target center, £5 K, and from the difference
between the true compression path from hydrodynamic
simulations and the estimation of temperature assuming a
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FIG. 1. Integrated x-ray diffraction patterns (red points) with a
LeBail refinement (black lines) for Bi-I, Bi-V, and Bi-II’, taken at
% =0.8266 A. The diffuse scattering peak of the liquid is also shown.
Colored ticks correspond to the theoretical positions of the Bragg
peaks for Bi-I (green), Bi-V (blue), and Bi-II' (red).

Hugoniot compression or an isentrope release. Using ESTHER
hydrocode simulations, this difference in temperature is es-
timated to 30 K. Finally, upon the melting of Bi-V, there
should be a discontinuity of temperature on the release path
that is estimated experimentally by following the solid/fluid
equilibrium along the melting line over few incremental XRD
times (see Fig. 8 of Ref. [13]). At the fluid crystallization
into Bi-I, an inverse temperature discontinuity is assumed.
The pressure in the fluid phase was estimated from the main
peak structure factor position, for which a linear shift versus
pressure was previously calibrated based on shock, diamond
anvil cell, and large volume press data [5].

Solid structural transformations. The compression path
obtained by dynamically compressing the Bi target at 300 K
was aimed at probing structural differences in the solid phases
when compared to static pressure results. In the dynamic
compression configuration used, with a fixed laser energy, the
initial pressure obtained was around 4 GPa [see Fig. 5(b) of
Ref. [13]]. As shown in Fig. 2, the compression path over
time should cross various phase boundary lines of the static
phase diagram and so should give the following sequence of
phases: Bi-1, Bi-II, Bi-III, and Bi-V upon compression and
reversely upon release. Initially, the bismuth sample target is
in the rhombohedral phase Bi-I. Bi-I is observed to transform
into Bi-V for pressures as low as ~4.3 GPa. The XRD data
obtained slightly below indicate deviation from a pure Bi-
V structural pattern, by presenting extra peaks. The main
evidence is a shoulder on the main Bragg peak of Bi-V located
at 16.75°, as shown in Fig. 9 of Ref. [13]. That is in good
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FIG. 2. Compression and release path for the starting tempera-
ture of 300 K is shown superimposed to the known phase diagram
of Bi. The Bi-II and Bi-III phases expected from the previous static
measurements are never observed during the release; instead Bi-II’
appears at longer delays.

agreement with a recent time-resolved XRD study [12] pre-
senting a similar diffraction pattern over the pressure region
3-4 GPa, which was explained by the formation of an in-
termediate structure, Bi-M. In this previous time-resolved
diffraction study, by probing shocked states below 4 GPa,
the sequence Bi-1, Bi-II, Bi-M, and Bi-V was obtained. We
confirm here the existence of Bi-M, the nonformation of
Bi-III, and instead the formation of Bi-V at lower pressure
than its stability domain observed under static compression.
On the other hand, the structural transformation on the re-
lease compression path is very different from what was re-
ported previously [7]. Here, the sequence Bi-V, Bi-II', and
Bi-1is observed, whereas previously the Bi-V,Bi-1II,Bi-1I,Bi-I
sequence was reported. The reason for this discrepancy is
probably a wrong interpretation of the structural pattern due
to the poor structural data quality and the heterogeneous state
of the sample, whereas in the present study an unambiguous
Lebail fit of the structural data of a homogeneous state has
been made. Bi-II' is a metastable tetragonal polymorph of Bi
observed in a small region below the melting line [19]. The
novel result obtained here is that the Bi-III complex host-guest
structure is observed neither under compression nor under
dynamical loading release, with respective compression times
of 2 and 10 ns.

Under static pressure conditions, the existence of Bi-III has
been interpreted as an intermediate structural path to achieve
the reconstructive transformation from Bi-I to Bi-V. Above
200 K, the transformation of Bi-I to Bi-III is, however, not
direct, with an intermediate structural transformation to Bi-II,
existing over a narrow pressure stability range. Some char-
acteristics of this structural sequence highlight the fact that

the Bi-V to Bi-III phase transition should be easier than the
Bi-I to Bi-III one. The Bi-I to Bi-III transition mechanism is
reconstructive, whereas a displacive mechanism is associated
with the Bi-III to Bi-V phase transition [20]. The Bi-I to Bi-V
transition is associated to a strong increase of the effective
coordination number from 6 to 11 and to a large volume
discontinuity. The effective coordination number in Bi-III is
intermediate, around 8, but the volume discontinuity from Bi-I
to Bi-IIl of AV/V ~ 8% is much larger than the Bi-III to Bi-V
one of AV/V ~ 1.3% [10]. Ab initio calculations have also
shown that the difference of enthalpy between Bi-III and Bi-V
is small; less than 0.03 eV /atom [21].

Current knowledge on the structural changes expected un-
der dynamical compression is that the equilibrium structural
transformation sequence should be preserved, yet with transi-
tion lines shifted in pressure due to kinetic hindrance [22]. It
is based on the fact that the incubation period, related to the
formation of the new phase, should decrease logarithmically
with the deviation AP from the equilibrium transition line.
For a large enough AP, the incubation time should become
compatible with the timescale of the compression. Because
Bi-III is a complex incommensurate host-guest structure, its
nucleation time could be long and therefore the AP needed
for reducing its incubation time to the few nanoseconds value
could be larger than the ~3 GPa extent of Bi-IIl equilib-
rium stability domain. Indeed, a very similar incommensurate
host-guest structure has been observed in shock-compressed
scandium with a AP around 25 GPa [23]. But that cannot
explain why on compression Bi-V is observed at lower pres-
sure than its equilibrium stability domain; Bi-II should have
been observed instead. Besides, on the release path, the Bi-V
to Bi-III transformation, being less kinetically hindered due
to the displacive mechanism relating these two structures,
should have been observed. So, another explanation might
be operative here: the shear stress component existing under
shock compression could stabilize Bi-V over Bi-III, all the
more so as the enthalpies of both phases are very near.
Unfortunately, the quality of the XRD data is not good enough
here to estimate the existing deviatoric stress on shocked Bi,
as done in DAC static synchrotron measurements [24]. It was
recently shown that by changing the stress conditions in a
DAC experiment, a metastable Bi-liquid phase could be stabi-
lized [25]. A static high pressure experiment with controlled
deviatoric stress should now be designed to validate possible
stabilization of Bi-V by nonhydrostatic pressure components
to confirm this interpretation.

Melting. Superheating and undercooling are inherent in
the melting and freezing processes. Superheating and un-
dercooling temperatures should be of similar amount in the
framework of homogeneous nucleation theory and should
increase with the rate of crossing the melting line (varying 7,
P, or both). Yet, superheating is generally drastically reduced
due to heterogeneous nucleation. Thereof, the question of bulk
superheating of solids under dynamical compression has long
been debated. In the case of Fe [26], the good agreement be-
tween static and dynamic compression has recently suggested
that superheating was not detrimental for the determination
of the melting line using shock compression. The question
of superheating has also continuously been investigated in
Bi, using advances in the experimental techniques to reach
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FIG. 3. Compression and release paths for the starting temper-
atures of 400 and 500 K. A superheating of ~60 K is observed
during the release when going from Bi-V to the liquid phase. An
undercooling of ~80 K is measured when transforming from the
liquid to the solid Bi-I phase.

a more rigorous answer [5,27,28]. Superheating by about
90 K has been reported in single crystal Bi-I under a heat-
ing rate of ~10'"' K/s [28]. Release from shock pressure
using time-resolved XRD, i.e., comparable to the present
experiment, has shown that the liquid state is found in less
than 3 ns, from which no evidence of superheating of Bi-V
in the liquid was inferred within the accuracy of the P-T
estimate. Here, by preheating the Bi target to 400 and 500 K,
the release curve is crossing the Bi-V melting line at two
points, as shown in Fig. 3. The bulk melting of the sample
is clearly identified on the XRD pattern by going from the
Bi-V diffraction peaks to the liquid diffuse scattering ring (see
Fig. 1). The melting process occurs in less than 0.5 ns, the
incremental time delay of our data acquisition. The fraction
of solid compared to liquid then decreases with the release
path following the melting line over 1 ns. It should be noted
that Bi-V is observed until melting along the 400 K release
path, although in the static phase diagram Bi-IV should

be the stable phase. However, there is no discontinuity on
the equilibrium melting line by going from the Bi-IV to
the Bi-V phase.

The inferred melting line, as determined here by the two
data points obtained on the two release paths, is seen shifted
from the equilibrium one. This shift corresponds to a super-
heating of about 60 K, which is in good agreement with the
measured superheating of Bi-I (the effective cooling rate here
is similar to the heating rate used for superheating Bi-I [28]).
The 400 K target release path also crosses the melting line
of Bi-I but at longer delays. The crystallization of the fluid
into Bi-I is observed in the XRD pattern with a change from
the one peak structure factor to diffraction peaks of phase I.
This recrystallization is also strong evidence that the diffuse
scattering diffraction signal originates from a liquid rather
than from an amorphous state. Because the time step was
5 ns at the end of the release path, the nucleation time for
the solid is estimated in between 5 and 10 ns. A significant
undercooling of the fluid is observed; about 80 K compared to
the equilibrium melting line. This undercooling temperature is
almost identical to the superheating temperature of the single
crystal of Bi-I, in agreement with the homogeneous nucleation
model for the solid-fluid transition; not so surprising though
since the heterogeneous nucleation contributions due to de-
fects were reduced by heating a single crystal [28].

Conclusion. At intermediate strain rates, using a dynamic
diamond-anvil cell [29], no deviation from the static phase
diagram is observed. We show here that at higher strain rates,
the phase diagram measured under nanosecond compression
experiment can be very different from the one measured in
static experiments, not only, as well known, by shifting the
boundary lines between various phases but more surprisingly
by giving a different sequence of structures. It is an important
fact to consider when analyzing structural changes under ramp
compression, which is now a very promising approach to
explore the phase diagram of materials in the terapascal pres-
sure range. Considering that static high-pressure experiments
using new diamond-anvil cell designs [30,31] are now well on
their way to this pressure range, the comparison of static and
dynamic should help to explore structures stabilized by strain
rates or deviatoric stress.
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