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Pressure Determination

The VISAR diagnostic recorded the free surface ve-
locity (UFS) of the shocked Bi sample which was con-
verted to particle velocity (up) by using the acoustic ap-
proximation UFS = 2up. In addition, we measured the
density of the compressed sample from our diffraction
measurements. We therefore can use the peak parti-
cle velocity, combined with the measured density of the
bulk sample, to determine the peak sample pressure us-
ing P = ρ0USup, where US =

up
1−ρ0/ρ1 and ρ0 and ρ1 are

the densities of the initial and first shocked state respec-
tively.

A phase transition in Bi to a denser phase was of-
ten identified in the free surface velocity profile with the
splitting of the shock front into two distinct waves. After
converting to particle velocity as before, we denote up1 as
the peak particle velocity of the first wave corresponding
to the transition pressure P1, and up2 as the peak ve-
locity of the slower-moving phase transformation wave
which compresses the sample to peak pressure P2. Along
with these velocity measurements, we also record the den-
sities of the region of the sample at the transformation
point, and the region in the new phase at peak pressure,
from our diffraction measurements - denoted as ρ1 and
ρ2, respectively. In such cases, the peak sample pressure
is determined using the two-jump Rankine-Hugoniot re-
lation. P2 = P1 + ρ0(US2 − up1)(up2 − up1),

where US2 =
up2−up1

ρ1
ρ2

1− ρ1
ρ2

.

Measured uncertainties in the pressure arise predomi-
nantly from uncertainties in the free surface velocity pro-
file (Fig. S1). Variations in the measured UFS over the
∼100 µm of the VISAR field of view (total field of view
260 µm) were typically ∼10%. The uncertainty in pres-
sure was also due to the variation in measured sample

density which is determined from Rietveld fitting of the
diffraction data to a unit cell but was typically less than
∼1%. Uncertainties in pressure for shots which displayed
one wave / two waves in the velocity history were deter-
mined by propagating these errors through the one-jump
/ two-jump Rankine-Hugoniot relations and were typi-
cally 12% / 20%.

Fig. S2 shows free surface velocity traces for several
shots with increasing peak pressure. A two-wave feature
is obvious in all traces below 9.7 GPa. The transforma-
tion point (Fig. S2 a) occurs at around 0.23 km/s (see
profiles b, c and d) and is accompanied in the diffrac-
tion data by diffraction from the compressed Bi-I phase
at ∼2.5 GPa which is consistent with the upper limit
of the Bi-I stability region from previous DAC experi-
ments [1]. The second wave is higher in velocity and
corresponds to the region of the sample which has trans-
formed to a higher-pressure phase such as Bi-II (profile
b) or Bi-V (profile d), as confirmed by the observation of
diffraction from such phases in addition to that from com-
pressed Bi-I. However, at higher peak velocities, (profile
e) this two-wave feature disappears as the phase tran-
sition has now become overdriven and only diffraction
from the compressed Bi-V phase is observed. This is
consistent with the study of Romain et al. who found
the two-wave feature to disappear at this pressure [2]. In
the current study, the occurrence of a second solid-solid
phase transformation in Bi was resolved from our diffrac-
tion data (i.e. diffraction from three distinct, compressed
phases was observed) but we were not able to resolve the
resulting 3-wave structure in the wave profile unambigu-
ously. The small elastic precursor for Bi, [3] is neglected
in our calculations. In a small number of cases the two
wave structure was unable to be resolved in the VISAR
wave profile, even though both the compressed Bi-I and
a higher-pressure phase where observed in the diffraction
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FIG. S1. Top: A typical VISAR image from one of the streak
cameras. The red shaded area shows the region of the sample
illuminated by the 50x50 µm2 X-ray beam. Bottom: The cor-
responding free surface velocity trace which shows a two-wave
feature. The peak velocity of the first and second wave are
converted into up1 and up2 respectively by using the acoustic
approximation UFS = 2up. These two values are then com-
bined with the measured density of the two phases ρ1 and ρ2
to give the pressure using the two-jump Rankine-Hugoniot re-
lations. The standard deviations of velocity over the analyzed
region are included.

profile. In this instance, for the purposes of pressure de-
termination, the value of UFS was assumed to be 0.23
km/s.

At pressures above 27 GPa the Bi sample melts com-
pletely to a non-reflecting liquid, and the free surface
fringe motion cannot then be recorded. In such instances,
we used an aluminised LiF window to contain the Bi
sample, thereby allowing the fringe motion at the liquid-
Bi/LiF interface to be recorded. Hugoniot parameters
such as pressure and density in the Bi can then be de-
termined by impedance matching with the LiF window

using shock equations-of-state for LiF and Bi.
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FIG. S2. Free surface velocity wave profiles obtained at (b)
2.7 GPa, (c) 3.3 GPa, (d) 4.4 GPa, (e) 9.7 GPa. A two-wave
structure is observed at ∼0.23 km/s up to at least 5 GPa, but
is not observed above ∼10 GPa (profile (e)) where the phase
transition is overdriven. The wave profiles are shifted in time
for clarity.

Microstructural analysis

The lack of peak asymmetry in the diffraction pro-
files from the crystalline Bi phases suggests each peak
pressure state is well defined, and while the diffraction
peaks from the high-pressure phases are broader than
those from the uncompressed Bi, this arises from a reduc-
tion in the sample grain size through the reconstructive
transition rather than any pressure-density gradients in
the samples [4, 5]. While the oblique incidence of our
x-ray probe to the shock propagation direction allows us
to assess non-hydrostatic stresses (material strength) via
azimuthally-anisotropic Debye-Scherrer rings [6], no de-
tectable effect of strength [7] was observed in our diffrac-
tion patterns in the phase transition regime. We con-
clude that shear stresses have been relieved during the
reconstructive phase transformation processes, and hence
a direct comparison between our data may be made
with those collected at hydrostatic equilibrium. The tex-
ture of the Bi starting material, as observed in the raw
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diffraction images, proved useful in discriminating be-
tween those reflections which were from Bi-I and those
which were from the higher-pressure phases. Diffraction
from the ambient Bi-I phase is characterised by ‘spotty’
Debye-Scherrer rings (Fig 1.(i)) which were observed to
retain their texture as the Bi-I phase was compressed
(Fig. 1(ii)). This is contrary to our observations in other
shock-compressed metals such as Sc [5], where the initial
texture was lost immediately on compression. As the
Bi transforms to higher-pressure phases (Fig. 1(iii) and
(iv)) the new Debye-Scherer rings are both very smooth
and broader, indicating that a significant microstructural
rearrangement has occurred and a reduction in grain-
size [4]. The strongest diffraction peaks from the high-
pressure phase are indicated with arrows in Fig. 1b
(ii-v). This loss of texture and peak broadening meant
that Bragg reflections from Bi-I and the higher-pressure
phases could be distinguished by visual inspection of the
raw diffraction images alone.

The Bi-II phase

At 2.5 GPa, several new Bragg reflections are observed,
which can be fitted to the monoclinic structure of Bi-II.
Figure S3 is a three phase Rietveld fit to a diffraction
profile at 2.5 GPa with the ambient Bi-I, compressed Bi-
I and Bi-II structures. As can be seen, the fit is excellent
with all observed reflections accounted for.
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FIG. S3. Three phase Rietveld refinement to Bi diffraction
data (black) of the Bi-II (a), compressed Bi-I (b) and ambient
Bi-I (c) phases. The fit (red) is excellent. The X-ray probe
wavelength was 1.24 Å

The metastable Bi-M phase

Peaks from the new metastable phase (Bi-M) are ob-
served in all diffraction profiles collected over a narrow
pressure range (3-4 GPa) and are always accompanied
by peaks from Bi-V, suggesting that at these pressures

Bi exhibits a subtle additional, (third) wave not clearly
defined in our wave profiles (as observed in previous shock
experiments [8]) or exists in a mixed phase. While the
strongest of the peaks from Bi-M can be accounted for by
the high-temperature Bi-IV phase, the medium-strength
(422/512) reflection, which is predicted to be at 2θ ∼ 28◦,
and which does not overlap with peaks from any of the
other phases, is not observed (Fig. S4). In addition,
the density obtained by fitting to the Bi-IV structure is
greater than that of the Bi-V phase at the same pressure,
and is in disagreement with measurements from DAC ex-
periments at similar conditions by ∼8% [9]. We therefore
conclude that the peaks do not come from Bi-IV or in-
deed any other previously observed phase of Bi, but that
a previously-unobserved metastable phase has formed.

FIG. S4. Four-phase Rietveld refinement to Bi diffraction
data (black) of the compressed Bi-I (a), ambient Bi-i (b),
Bi-V (c) and Bi-IV (d) phases. While the fit (red) appears
to the Bi-IV phase seems reasonable, the medium intensity
(422/512) reflection is not observed. The determined lattice
parameters are also not consistent with those from Bi-IV as
the density is ∼ 8% greater than the same structure at similar
conditions in the DAC. This fit also finds the Bi-IV phase to
be 0.5% denser than the higher-pressure Bi-V phase. The
X-ray probe wavelength was 1.24 Å

Liquid Analysis

The method to obtain the radial distribution func-
tion (RDF) and density of liquid Bi is described fully
in Kaplow et al. [10] and Eggert et al. [11], whereby
g(r) is obtained by Fourier transforming the structure
factor S(Q), i.e. the diffracted intensity scaled by the
atomic scattering factor [12] and normalized to 1 at the
largest experimental Q value (Qmax). The analysis pro-
cedure of Eggert et al. [11] developed for liquid diffrac-
tion measurements in diamond anvil cells to correct for
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the large Compton scattering background from the dia-
mond anvils is not considered here, as discussed in the
main text. Bragg peaks from the uncompressed Bi-I
phase were easily identified and removed from the liq-
uid profiles before the analysis. Gaps between quadrants
of the CSPADs, and the area close to the edges of the
CSPADs which can give rise to ‘hot’ pixels, were masked
out of the 1D integration of the diffraction data. Dark
runs (CSPAD exposure was taken with the XFEL and
drive laser off) were performed on every shot and sub-
tracted from the measured data. Test exposures showed
the background generated on the CSPADs by the 527
nm light from the drive lasers was negligible. A geomet-
ric correction to the measured intensity was applied to
account for diffracted X-rays at different angles traveling
through varying amounts of Al filtering on the detectors,
the differing solid angle of each pixel, and the polarisa-
tion of the XFEL beam. We extracted the density of
liquid Bi from the radial distribution function by per-
forming the optimisation procedure discussed in Eggert
et al. [11], where density is a refineable parameter which
is varied iteratively until the normalised χ2 value is min-
imised. The density of the bulk liquid sample was also
determined on each shot from the VISAR measurements
at the rear surface, and so the RDF was also generated
by fixing the density parameter at the value measured
by VISAR. Fig. 3c overlays the g(r) determined for each
method and, as can be seen, the form of the profiles are
very similar. However, the density of the liquid Bi as
determined from the optimisation procedure was found
to be systematically less than that determined using the
VISAR (6% less at 28 GPa and 10% less at 68 GPa). For
example, the density obtained from VISAR at 28 GPa
was 13.83 g/cc compared with 12.95 g/cc as determined
from Fourier analysis. This disagreement in the mea-
sured density results from slight variations in the peak
intensities in the g(r) and are probably due to the lim-
ited angular range currently possible in our experiments.
We do not collect diffraction data at low angles, meaning
the S(q) has to be extrapolated down to S(0). The re-
fined density also can vary by up to 10 % depending on
the choice of extrapolation (e.g. linear, stepwise, poly-
nomial) and so positioning detectors to measure data in
this range would remedy this problem. Previous diamond
anvil cell studies have determined an average density by
determining the density from different Q cut off values.
These values generally varied from 6.5 - 9 Å−1 with typ-
ical variations of around 10%. Our data only extends to
7.5 Å and thus such an averaging cannot be performed.
This will be overcome in future studies by using higher
energy X-ray energies.

Structure of Liquid Bi

At ambient pressure the Q2/Q1 ratio is observed to be
∼1.96 (filled squares in Fig. S5 (i) consistent with pre-
vious DAC (open squares in Fig. S5 (i)) [13] and large
volume press studies (open circles in Fig. S4 (i)) [14].
This value decreases with pressure to ∼1.8 at 28 GPa
where it remains approximately constant up to 68 GPa.
The results suggest that liquid Bi exists in a more close-
packed arrangement at high-pressure relative to ambi-
ent. The coordination number of liquid Bi is observed to
change from ∼8 at ambient pressure to ∼12 at 28 GPa
where it remains approximately constant up to 68 GPa
Fig. S5 (ii). This trend of liquid Bi becoming more close
packed with pressure is consistent with data from a pre-
vious DAC study [13] (open squares in Fig. S5 ii)).

i)

ii)

FIG. S5. Pressure dependence of the structure of liquid Bi
under shock compression. i) Q2/Q1 as a function of pressure.
Filled squares - our data, unfilled squares - previous DAC data
[13], unfilled circles - previous large volume press data [14]. ii)
Coordination number of liquid Bi as a function of pressure.
Filled squares - our data, unfilled squares - previous DAC
data [13].
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