Identification of Phase Transitions and Metastability in Dynamically-Compressed
Antimony using Ultra-Fast X-Ray Diffraction
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Ultrafast x-ray diffraction at the LCLS x-ray free electron laser has been used to resolve the
structural behaviour of antimony under shock compression to 59 GPa. Antimony is seen to transform
to the incommensurate, host-guest phase, Sb-11, at ~11 GPa, which forms on nanosecond timescales
with ordered guest-atom chains. The high-pressure bce phase, Sb-111, is observed above ~15 GPa,
some 8 GPa lower than in static compression studies, and mixed Sb-111/liquid diffraction are obtained
between 38 and 59 GPa. An additional phase which does not exist under static compression, Sb-I',
is also observed between 8 and 12 GPa, beyond the normal stability field of Sb-I, and resembles Sb-I
with a resolved Peierls distortion. The incommensurate Sb-II high-pressure phase can be recovered
metastably on release to ambient pressure, where it is stable for more than 10 ns.

PACS numbers: 64.70.D- 62.50.-P 81.30.Bx 62.50.Ef

Under dynamic compression, antimony is a classic
phase- transforming element [1]. Of particular note
has been the anomalously-long transition time of 2-3
s determined for the shock-induced phase transition at
8.8 GPa [1-3]. Shock compression studies of antimony
to date have typically used explosively-generated shock
waves, and the existence of phase transitions has been
inferred from measurements of the shock wave profiles
[1-5], where complex, multiple wave structures greatly
complicated the analysis.

The room-temperature phase transition sequence in
antimony under static compression has been determined
in detail using x-ray diffraction. Antimony crystallises in
the A7 structure (Sb-1, space group R3m, atom on (0,0,u)
with ©u=0.234) at ambient conditions, which is a Peierls-
distorted simple-cubic (sc) structure. On compression,
the ¢/a ratio of Sb-I decreases as the distortion relaxes
and a sc phase (where c¢/a = v/6 and u:i) is approached.
While early studies reported a transition to the sc phase
(hereafter Sb-1') at ~7 GPa [6-8], later diffraction studies
[9-11] showed this phase is not obtained, but rather that
Sb-I transforms to an incommensurate host-guest (HG)
structure at ~8 GPa [11]. This phase, Sb-II, then per-
sists up to 28.8 GPa at 300 K, where it then transforms to
the body-centred cubic (bce) structure of Sb-ITI. Recent
diffraction studies have observed a modest temperature
effect on the transformation pressures [13].

The absence of a suitably bright, short-pulsed x-ray
source has long prevented a similar level of detail being
obtained in shock compressed samples. However, x-ray
free electron lasers (XFELs) now provide 50 fs pulses of
monochromatic x-rays that are ideal for structural stud-
ies of dynamically-compressed matter. Here we report a
study utilising laser compression and x-ray pulses from
the Linac Coherent Light Source (LCLS) XFEL to study
the structural behavior of shock-compressed Sb to 59
GPa. We find that in contrast to static-compression stud-
ies, Sb-I’ is obtained via a fast (nanosecond or less) phase
transition from Sb-I at 7.9 GPa. Diffraction profiles from
Sb-T’ differ markedly from those from Sb-I, and they can
be fitted equally well by either a sc structure with dis-
torted Debye-Scherrer (D-S) rings arising from sample
strength, or a rhombohedral structure with c¢/a < /6.
Shock-compression to higher pressures results in further
transitions - to the incommensurate Sb-II phase at 11.3
GPa, to the bee Sb-II1 phase at 14.6 GPa, and to the lig-
uid phase above 37.6 GPa. All of these transitions take
place on nanosecond timescales or less, as seen in Bi and
Sc [14, 15]. On pressure release from the high-pressure
phases, we find, for the first time, that the incommensu-
rate phase can be recovered metastably to ambient pres-
sures, where it has a lifetime of more than 10 ns.

Experiments were performed at the Matter in Ex-
treme Conditions (MEC) end station of the LCLS [16].



Ablation-driven shock waves were generated using a
Nd:glass optical laser (527 nm, 20 ns, quasi-flat-topped
pulses [17]) and were used to compress the target package
which consisted of a 50 ym thick polyimide ablator and
a 10 pm thick, deposited Sb layer. Additional data were
collected using targets with a 500 pm thick LiF window
affixed to their rear [15]. The monochromatic pulses pro-
vided by the LCLS (A = 1.240A) were focused to a 50
pm diameter spot, and then centered on the variable di-
ameter (150 - 500 pm) focal spot of the drive laser. The
x-rays and optical laser were then centred on the target.

X-ray diffraction data were collected by an array of
CSPAD Detectors arranged in a transmission Debye-
Scherrer geometry [18]. The 2D diffraction patterns from
the individual detectors were integrated azimuthally and
combined to produce 1D diffraction profiles extending
from 26 = 18 to 101°. A Velocity Interferometer System
for Any Reflector (VISAR) diagnostic was used to both
quantify the spatial planarity of the shock across the re-
gion of the target upon which the x-rays were incident,
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FIG. 1. Integrated profiles from shock-compressed Sb as a
function of pressure. The colored tick marks beneath each
profile show the calculated peak positions for the structures
at those pressures while the black tickmarks beneath profiles
(ii)-(vii) locate the peaks from the uncompressed Sb-I ahead
of the shock front. The diffraction profiles are from (i) Sb-I
(AT) at ambient pressure; (ii) compressed Sb-I at 1.9 GPa
(red); (iii) Sb-I’ fitted as simple cubic Sb without strength
at 7.9 GPa (pink); (iv) Sb-II (HG) at 12.0 GPa (green); (v)
Sb-IIT (bce) at 18.9 GPa (blue); (vi) bee/liquid Sb at 37.6
GPa,; and (vii) liquid-Sb at 57.2 GPa. Asterisks in profile (iv)
mark peaks from Sb-I'.

and measure the rear surface velocity of the Sb in order
to determine the shock breakout time, and to calculate
the pressure within the target via the Rankine-Hugoniot
equations [15, 18, 25].

Unless explicitly stated, all x-ray data were collected
on compression, that is, prior to the shock front reaching
the rear surface of the Sb layer. Diffraction data were col-
lected on compression, both with and without LiF win-
dows, between 1.9 GPa and ~59 GPa. The as-grown Sb
samples comprised longitudinally-oriented grains ~500
nm in diameter [18] and were highly textured, as revealed
by the azimuthal variations in the intensity of D-S rings
(see Figure S1). In marked contrast to the behaviour we
observed previously in shocked Sc [15], sample texture
persisted in both the compressed Sb-I and high-pressure
phases. The sample was found, at ambient pressure, to
have a fibre texture with the rhombohedral c-axis parallel
to the sample normal; the texture was not characterised
for the higher pressure phases.

Sb-1 was seen on compression up to 6.9 GPa, with the
Peierls distortion (as determined from the ¢/a axial ra-
tio) reducing much more rapidly with pressure than has
been reported previously in static compression studies
[18]. On further compression to 7.9 GPa the diffraction
pattern from the compressed sample simplified greatly,
as shown in Figure 1, and could be fitted with a simple
cubic structure. This un-distorted cubic structure is not
obtained in the most recent static compression studies,
but our results show that it can be created on nanosecond
timescales via shock compression.

Although the spacing of the Sb-I" peaks indicated a cu-
bic structure, profile (iii) in Figure 1 shows small but dis-
tinct displacements of several calculated peak positions
from those observed in the integrated profile. Analy-
sis of the 2D diffraction images revealed small azimuthal
variations in the d-spacings of the D-S rings, suggesting
the cubic phase exhibited some small degree of strength
(i.e anisotropic strain) [18]. We quantified this using the
methods described in [26], and this revealed that the dis-
tortion of D-S rings could indeed be explained by a cubic
structure exhibiting strength [18].

However, the textured nature of the D-S rings, and the
incomplete azimuthal coverage of the CSPAD detectors
(see Figure S1), meant that a second structure, rhombo-
hedral A7 with u = % and c/a slightly less than v/6, could
not be excluded [18]. Had it been possible to collect the
full 2D diffraction pattern then these two models would
have been distinguishable [18]. Unfortunately, those ar-
eas of the 2D diffraction images where distinct differences
in the diffraction patterns would be seen were not covered
by the detectors.

On further compression above 11.3 GPa, the appear-
ance of a completely different diffraction pattern signalled
a transition to the Sb-II phase. While the D-S rings from
this phase still exhibit azimuthal variations in intensity,
they are undistorted and exhibit no detectable effects of



strain. Figure 2 shows a Rietveld fit to an almost single-
phase diffraction pattern from incommensurate Sb-II ob-
tained on release, 5 ns after the shockwave had entered
the LiF window on the rear of the target. It is estimated
that the subsequent release of the Sb sample to match
impedance with the LiF would take ~4 ns. The pressure
of the Sb sample immediately before arrival of the shock
at the LiF interface was ~ 17 GPa, lowering to ~ 14
GPa after release. This indicates that the sample had
released from the higher-pressure bce phase (obtained
above 14.6 GPa, see below), back into the HG phase. The
refined parameters of the Sb-II structure, utilising super-
space group I'4/mem(007)000s, were ay =7.983(3) A,
cr =3.859(3) A, and v =1.305(5) (V/Vy = 0.767(1)).
The refined atomic coordinates for the host and guest
atoms at the same pressure are (0.153(1),z 4+ 3,0) and
(0,0,0), respectively. These parameters are in excellent
agreement with those obtained previously in a static com-
pression study at 14.5 GPa and 300 K [27]. In contrast
to the HG phase we observed in Sc under shock compres-
sion [15], the “guest-only” Bragg peaks that arise from
scattering from only the guest atoms of the HG struc-
ture are clearly visible, as highlighted in Figure 2, show-
ing that structures of the complexity of Sb-II can form
completely in a nanosecond, with fully ordered incom-
mensurate chains.

Further data collected late on free-surface release from
targets without LiF windows also showed, in addition to
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FIG. 2. A three phase (Sb-I, Sb-I', Sb-II) Rietveld fit to a
diffraction profile of Sb obtained on release from ~17 GPa,
for a Sb/LiF sample (R,=6.0%, wR,=6.7%, GoF=1.12 and
R(F?)=3.4% - see table S1). The calculated peak positions
for Sb-I, Sb-I' (fitted as simple cubic) and Sb-II are shown
by markers below the profile. The guest peaks from the
HG phase, identified by starred tickmarks, confirm the guest
chains are ordered. The grey shaded areas show two addi-
tional, unidentified peaks omitted from the three-phase fit.

Sb-1, diffraction peaks from the HG phase, with lattice
parameters ay =8.295 A, ¢y =4.007 A, and v =1.308
(V/Vy = 0.860(3)), slightly smaller than the values ex-
pected at ambient pressure [11, 12]. However, the same
lattice parameters were obtained from data collected 6,
8, and 10 ns after initiation of release, providing evidence
that the HG phase was at ambient pressure in each case.
The HG phase was not observed in data collected more
than 14 ns after release, placing an upper time limit on its
stability at ambient pressure. This is the first time that a
high-pressure incommensurate phase has been recovered
to ambient pressure, and highlights the opportunities for
transiently recovering exotic high-density phases to am-
bient conditions [28].

On increasing the drive pressure further, we observed
a transition to the high-pressure bce Sh-II1 phase at 14.6
GPa, much lower than the static compression transition
pressure of 28.8 GPa at 300 K [27], and 20 GPa at the on-
Hugoniot temperature of ~900 K [13] (Figure 4). At 37.6
GPa diffraction from liquid-Sb was first observed. The
relative weakness of the liquid scattering compared to
that from bee (profile (vi) in Figure 1) suggests that melt-
ing had just initiated at this pressure. The bce and liquid
phases were found to co-exist between 37.6 and 59.2 GPa,
where the sample has almost completely melted (profile
(vii) in Figure 1). The Hugoniot and melting curve are
therefore coincident over this pressure range.

Figure 4 shows, for comparison, a series of Hugoniot
points from a previous gas gun study [5]. These data,
along with subsequent published data sets, are included
in our PT-Hugoniot calculations (as discussed in the sup-
plementary material [18]). Differences between the two
calculated PT-Hugoniots shown in Figure 4 arise from
differences in thermodynamic variables used in the tem-
perature calculations.

The observation of the Sb-I' phase, the transition pres-
sure of 11.3 GPa to the HG phase, and the transition
pressure of only 14.6 GPa to the bce phase, are all strik-
ingly different to the behaviour seen in static-compression
studies of Sb at 300 K. In such studies the Sb-I' phase
is not observed, and the transitions to the HG and bcc
phases occur at 8.6 and 28.8 GPa, respectively [9, 27]. As
our shock compression data were collected on the Hugo-
niot at elevated temperatures, it is possible that these dif-
ferent transition pressures arise simply from the different
temperature regimes of the studies. However, we have re-
cently conducted a high-temperature static compression
study of Sb to 31 GPa and 835 K [13], the measured and
extrapolated phase boundaries from which are shown in
Figure 4. It is evident that the different behaviours seen
in Sb under shock and static compression cannot be ex-
plained simply by the temperature differences, but must
arise from the compression method. There is no evidence
of the Sb-I' phase on static compression, and the shock-
induced transition to Sb-I' occurs at a very similar pres-
sure to the Sb-I—Sb-II transition observed under static
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FIG. 3. The volumetric compression of Sb. Hugoniot EOS
data obtained in this study are shown using coloured symbols,
and points obtained using a LiF backing window are shown
using lighter shaded symbols. The unfilled symbols show the
previous shock compression data collected by Warnes and
Marsh [3, 29]. The solid line through the data is calculated
using two linear shock velocity (Us) and particle velocity (up)
relations (Us=1.36u, + 2.50 below 10.6 GPa and Us,=1.65u,,
+ 1.93 above 12.3 GPa), as detailed in the supplementary
material [18]. The blue, green and red shaded lines show
the isothermal compression of Sb-III, Sb-II and Sb-I, respec-
tively, at 300 K [27]. The compressibility of Sb-III has been
extrapolated below 28.8 GPa (shown as a lighter line) using
a third-order Birch-Murnaghan EOS with K'=4.

compression. This suggests that Sb-I' is a metastable
extension of the Sb-I phase, accessed only via dynamic
compression on the nanosecond timescales.

The calculations of Wang et al have highlighted the
existence of transitions from the “normal” rhombohedral
AT structure to other A7 variants in the vicinity of the
Sb-I—+Sb-1II transition [32]. Specifically, they reported
structural instabilities at 5.7 and 6.6 GPa to variants
whose energy difference was so small (<2 meV/cell) that
the 5.7 - 6.6 GPa pressure range should be considered as
a region of coexistence. While these A7 variants were not
seen in our recent static compression study [13], Wang et
al stated that transitions to them could be induced by the
presence of a substantial uniaxial stress component along
the c axis. As the microstructure of our deposited Sb lay-
ers comprises columnar grains (Figure S5), whose c-axes
are aligned perpendicular to the layer, the crystallites
are therefore compressed along their c-axes by the shock-
wave, providing the uniaxial stress component considered
by Wang et al. It is noticeable that the diffraction pat-
terns from Sb-1" are the only ones exhibiting the distorted
D-S rings that indicate a non-hydrostatic stress state.
Further study would be required to confirm whether the
Sb-T’ phase is also observed under dynamic compression
in samples exhibiting a different crystal orientation.
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FIG. 4. The equilibrium phase diagram of Sb [13], along
with the phases observed on compression in this study along
the estimated Hugoniot [18]. The melting curve is given
by a Simon-Glatzel fit to previously-observed melting curve
data [30, 31] and the first LCLS data point in which liquid
diffraction is observed. All other data points obtained from
partially-melted samples are plotted on this estimated melt
curve. Black crosses indicate Hugoniot points calculated in a
previous gas-gun study, with a dashed line included as a guide
to the eye [5].

The observation of the transition to the bcc Sb-II1
phase at only 14.6 GPa is very surprising, given the
transition pressure of ~23 GPa seen in static compres-
sion studies at 650 K [13], and the transition pressure of
26.8 GPa determined from electronic structure calcula-
tions [12]. While transition pressures are often increased
(overdriven) under dynamic compression [1] due to ki-
netic hinderance, the degree of under-driving we see in
Sb is unusual, particularly as diffraction enables us to es-
tablish that the transition is to the same Sb-III structure
seen in other studies. Our data suggest that transitions
to cubic phases are favoured in Sb under dynamic pres-
sure loading; this is a behaviour that has recently been
reported in shock-compressed Bi [33], further study is
needed to investigate whether this is also true for other
materials that form complex structures under static com-
pression.

Finally, we return to the identity of the ‘slow’ shock-
induced phase transition reported previously above 8.8
GPa, with a volume change consistent with that found
here for the Sb-I'—+Sb-II phase transition [1, 2]. The re-
ported transition pressure sits squarely within the stabil-
ity field established for Sb-I’, and the reported transition
time of 2-3 us is two orders of magnitude longer than our
experimental timescales. However, the strong variation
of transition pressure with sample thickness [3] suggests



that the transition pressure in our 10 pum thick samples
would be much closer to the observed Sb-I'—Sb-II tran-
sition pressure of 11.3 GPa. We would also expect to
observe the transition on a much shorter timescale in our
experiment: studies of the a-e¢ phase transition in iron
have reported that shock stress and target thickness can
cause significant variation in transition time [34, 35]. The
two wave structure we see at ~12 GPa (as shown in Fig-
ure S3) is similar to that observed by Warnes [3] in con-
junction with a phase transition, and is observed here in
all samples where both Sb-I" and Sb-II are present in the
diffraction patterns on compression. This enables us to
establish that the previously observed transition, where
the large volume reduction results in two-wave compres-
sion, arises from the Sb-1" —Sb-II transition, with a tran-
sition time decreasing from microsecond to nanosecond
timescales for increasing applied stress.

In conclusion, using x-ray diffraction at an XFEL we
have been able to successfully observe and resolve the
phase behaviour of shock-compressed Sb up to 59 GPa.
We see a transition to Sb-I' at 7.9 GPa, a phase not seen
in previous studies but which calculations suggest might
arise as a result of uniaxial compression. This phase ap-
pears where the Sb-II host-guest structure forms under
equilibrium conditions [13], as shown in Figure 4. A tran-
sition to Sb-II, with ordered guest chains, is found to oc-
cur on nanosecond timescales at 11.3 GPa, more than 3
GPa higher than in static compression studies, and this
phase can be recovered to ambient pressure, where it is
metastable for more than 10 ns. Sh-II is found to be sta-
ble to only 13.9 GPa, above which the cubic Sb-IIT phase
is observed, ~8 GPa lower than its expected equilibrium
transformation pressure of 23 GPa [13]. Sb-III remains
the stable solid phase to 59 GPa, with melting beginning
above 37.6 GPa.

Formation of the incommensurate Sb-II phase is thus
strongly impeded on compression, with a new metastable
phase (Sb-I’) forming in its place, and the back transfor-
mation is impeded on release. There is also an anomalous
under-driving of the transition to the higher-pressure Sh-
IIT phase, at conditions where Sb-II is expected at equi-
librium. This suggests a large kinetic barrier exists be-
tween the incommensurate host-guest structure and the
structures of Sb-I, Sb-I', and Sb-I11, all of which are cubic
or slight distortions thereof, leading to the formation of
metastable states. The resulting under-driving of a high-
pressure transition stands in contrast to the expectation
that kinetic effects only cause over-driving of phase trans-
formations under dynamic compression [1]. Thus at most
pressures where Sb-II is stable under equilibrium condi-
tions, we observe other phases that are energetically less
favourable, but which are more structurally accessible
from the initial rhombohedral phase.

Our results clearly highlight both the differences in
material properties which may arise as a consequence
of compression technique and subsequent strain rates,

and the consequent importance of examining the detailed
dynamic phase-transformation behaviour, which in this
case differs considerably to that expected from studies
at near-equilibrium conditions. Sb shows marked differ-
ences in structural behaviour between static and shock
compression, especially in the dramatic contraction of
the stability region of Sb-II in the latter, making the es-
tablishment of a universal phase diagram for Sb chal-
lenging. Study of these phase transitions using pres-
sure loading mechanisms with intermediate characteris-
tic sample strain rates (such as dynamic-DAC [36] or
ramp-compression [37]) may elucidate how the kinetic
and energetic transformation landscape evolves between
equilibrium and ultrafast compression.
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LCLS EXPERIMENTAL PROCEDURE

A 10(2) pm layer of antimony was deposited onto a 50
pm thick, polyimide layer. This was then cut into 3 x 3
mm? targets which were mounted onto the target plate.
Due to the nature of the deposition, there was texture
present in the Debye-Scherrer rings (as shown in figure
S1), and this was consistent throughout the experiment
as all of the targets were orientated equivalently. Some of
the targets included a LiF window for a more gradual re-
lease of pressure once the shockwave had passed through
the antimony layer, rather than the rapid release of pres-
sure which occurs when the shockwave releases into the
greatly different impedance of the vacuum. These LiF
targets consisted of the original target package, along
with a 500 pm thick layer of LiF, flash coated with 100
nm of aluminium, which was attached to the antimony
layer with a 1um glue layer. The thicknesses of all targets
were measured individually to an accuracy of 0.1 pm.

Making use of their fluorescent properties, Yttrium
Aluminium Garnet (YAG) crystals were used to align the
laser beams. In order to accurately measure diffraction at
the driven region of the target, the X-ray beam was cen-
tred on the drive laser spot. Diffraction patterns from X-
ray diffraction calibrants (CeOs2, MoO3 and LaBg) were
used to calibrate the Cornell-SLAC hybrid Pixel Array
Detectors (CSPADs) at the beginning of each 12-hour
experimental shift and also following any re-alignment
or re-positioning of equipment [1]. The CSPAD images
were integrated azimuthally using a MATLAB code and
the subsequent diffraction profiles were analysed using
both Le Bail and Rietveld refinements. The drive laser
pulse shape was measured throughout the experiment us-
ing a fast oscilloscope, allowing diagnosis and rejection of
data collected using non-optimal drive conditions.

The experiment was conducted using a standard con-
figuration on the MEC beamline at the LCLS, which en-
abled diffraction data to be collected over a 26 range of
~100°, with an x-ray angle of 30° to target normal. The
intrinsic peak width of the MEC setup, in 260, is ~0.6°
2,3

DYNAMIC PRESSURE CALCULATION

A velocity interferometer system (VISAR) was used
to measure the rear surface velocity of the Sb tar-
gets throughout the experiment, with interference fringes
recorded by streak cameras for either 50 ns or 20 ns peri-
ods [4]. For targets with a Sb free surface the particle ve-
locity (up) was determined using the approximation that
the rear surface velocity (uys) is equal to 2u, [2]. This
approximation was validated by comparing this data to
the known Hugoniot, and to data from targets having a
LiF window on the rear surface [2]. Pressures achieved
in two similarly driven targets (one with a LiF window
and one without) were found to agree within errors, as
shown in table S1.

Some of the diffraction data collected on release (from
peak pressures of 15.5 GPa and above) show strong
diffraction peaks from ambient pressure (AP) Sb-T along-
side weaker ambient Sb-11, as opposed to release to single-
phase AP Sb-1. The presence of AP Sb-II in some of the
released samples suggests that the release is asymmet-
ric and implies that the 2u, approximation may not be
accurate for those experiments where metastable phases
appear in the release state. However, due to the minority
nature of the ambient Sb-II phase in these samples (in
comparison to the ambient Sb-I phase), it is believed that
the 2u,, relation is sufficiently accurate and any deviation
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FIG. S1. The combined “unrolled” 2D Debeye-Scherrer

diffraction pattern obtained from the bcc Sb-III phase of
shocked-Sb at 18.9 GPa along with the integration of the
pattern. The data were collected before the shockwave had
propagated completely through the sample, and so ambient
Sb-I peaks are also visible. In the integrated profile, the (200)
bee reflection at 20=41.3° appears as a shoulder underneath
a more intense Sb-I reflection. Asterisks and arrows show the
position of the bcc peaks in the integrated and 2D diffrac-
tion data, respectively. A representation, not to scale, of the
target is shown in the upper right of the figure. The X-ray ex-
posure timing for compression data is always chosen to ensure
that the sample is probed before the shock front has reached
the rear surface of the Sb layer. The relative intensities of
the Sb-IIT and Sb-I peaks in this profile reveal that most of
the Sb layer was uncompressed when the x-ray exposure was
taken.

would be encompassed in the quoted uncertainties. This
assertion is corroborated by the strong agreement in P
between the LiF and non-LiF shots, as well as shots com-
paring a standard material (Al) and Sb, at relevant pres-
sures, shown in Table S1. When a LiF window is used,
the rear surface velocity measured using VISAR is equal
to the particle velocity in the LiF and the pressure in the
LiF layer is calculated using the Rankine-Hugoniot con-
servation equations. Then, the corresponding pressure in
the antimony layer may be calculated using these conser-
vation equations. As shown in the PV plot in Fig. 3, the
values of pressure obtained using the free surface approx-
imation match well with the values in similar shots using
LiF calculations.

For the final values of pressure calculated in this pa-
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FIG. S2. Top: A typical image from the VISAR streak cam-
eras, with the red area highlighting the region of the target
which was probed by the 50pum diameter XFEL beam. Bot-
tom: The free surface velocity trace which is obtained from
the interference fringes by means of fast Fourier Transform
(FFT). Shock breakout occurs at 14 ns. The free surface
velocity jump at 20 ns occurs as a consequence of re-shock
within the target, as indicated by hydrocode simulations.

per, when LiF windows were used, the Rankine-Hugoniot
equations and VISAR data were used. When no LiF win-
dows were used, the value of 2u, determined from the
VISAR was used, along with the volume (V') determined
from fitting the X-ray diffraction pattern, to obtain a
value for the pressure (P)

_ _PPo_ 2
BT W

Uncertainties in the pressure originate from both the
VISAR and the X-ray diffraction diagnostics. In the



VISAR, there are small variations in the velocity across
the compressed region of the sample, which equate to free
surface velocity distribution of ~3%. There is an uncer-
tainty associated with the volume obtained by fitting the
integrated diffraction pattern which is typically ~1%, as
determined by the least-squares fitting software.
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FIG. S3. VISAR profiles for Sb-I, Sb-IT and Sb-III phases
at 6.6, 11.7 and 14.6 GPa respectively. The second increase
in velocity in the Sb-III profile occurs due to reverberation
within target, based on hydrocode simulations.

The shallow-gradient region of the Sb EOS indicates
that for a small pressure range, a multi-wave interpre-
tation of dynamically-compressed Sb is appropriate as
there is no way to access these states by means of a single
Rayleigh compression line. This splitting of the compres-
sion wave is something that was observed in the VISAR
profiles of data collected from the Sb-II phase of antimony
for a small pressure region around 12 GPa, as shown in
Figure S3, where an additional rise is seen in the rear
surface velocity of the Sb-II profile at 14 ns. This phe-
nomenon of two discrete, plastic compression waves has
been observed previously in Sb [5-7], though these works,
which used explosive-produced shock-loading, suggested
that the second plastic wave was considerably slower (2-
3us) and would not have been observed on the timescales
of this experiment.

The presence of a two-wave structure requires alter-
native pressure calculations which take into account the
propagation of both shock waves. It was found that be-
cause of the relatively slight shallowing of the PV curve
of the Sb Hugoniot, the multi-wave interpretation did
not change the value of P calculated from the data by a
significant amount.
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FIG. S4. A section of the Sb phase diagram with calculated
isochores for the two largest volume (lowest pressure) Sb-III
data points shown by black lines. The two on-Hugoniot data
points corresponding to these isochores are shown on the plot
along with P error bars, as shown in Figure 4 in the main
text.

UNDER-DRIVEN SB-III PHASE

The formation of the Sb-III phase at much lower pres-
sures than it it seen in static compression studies (under-
driving) is an unusual result that we have scrutinised
carefully. In this experiment, the strongest measurement
made is that of the sample density, which can be found
unambiguously and with high precision from fitting the
high-quality x-ray diffraction data from each phase. For
each measured density, there is a range of P-T condi-
tions, an isochore, at which the sample will have this
same density. The isochore above room temperature can
be determined using a room temperature (T,.f) equation
of state for the Sb-III phase, plus a thermal correction to
the pressure, as shown in equation 2.

P(V, T) = P(V, Tref) + Pth(T) (2)

The densities observed for the Sb-IIT phase in this ex-
periment lie out-with those seen in DAC experiments
[8], and so it is necessary to extrapolate the DAC
data to lower pressures in order to establish an initial
P(V,Tyef). This has been done by fitting a 3rd order
Birch-Murnaghan EoS to the published, experimentally
obtained Sb-IIT data at 300 K from Degtyareva et al. [8],
plus the DFT-calculated density for Sb-TII at ambient
pressure [9]. From the resulting room temperature EoS
for Sb-III, the measured V/Vq values of 0.759(5) and
0.754(5) for Sb-III would occur at 12.1 GPa and 12.8
GPa, respectively at 293 K.



To determine the P-T' isochores above 300 K we have
used a Mie-Griineisen-Debye thermal EoS, using the pub-
lished value of the Debye temperature [10] and assuming
same ambient pressure Griineisen parameter (7p) and its
pressure dependence as used in Equations (4) and (5).
The isochores determined using this method for the Sb-
IIT data with 0.759(5) and 0.754(5) are shown using solid
lines in Figure S4 and can be seen to pass within 1 GPa
of the two on-Hugoniot experimental data points. The
isochores were also calculated using the experimentally
determined thermal expansion of Sb at 12-15 GPa [11]
and very similar results were obtained.

The calculated isochores are shown in figure S4 along
with the data points collected at the corresponding den-
sities. These data points are slightly offset from the iso-
chore lines as the isochores are determined using the mea-
sured sample volume (determined from fitting the x-ray
diffraction data), while the pressures are determined us-
ing both the sample volume and the measured rear sur-
face velocity, as described in the previous section.

It is evident that there is only a small P-T region (14-
16 GPa and 1100-1300 K) in which samples with these
measured values of V/V{ could exist in the Sb-IIT equi-
librium stability region. However, if it were supposed
that the P-T conditions of the samples from which these
density measurements were made was indeed ~15 GPa
and ~1200 K then it would mean a significant departure
from the calculated Hugoniot, such as due to preheat-
ing, which is unrealistic given the close reproduction of
Hugoniot points and phase transition pressure. Addition-
ally it would require that data collected at only slightly
higher pressures, assuming the same amount of heating,
would show evidence of melting at ~20 GPa, which is
not actually observed here until much higher pressures
(~38 GPa). Alternatively, for the sample not to melt at
slightly higher pressures would require the melting curve
to be significantly steeper than shown in figure S4, a re-
sult which does not agree with published melt-curve data,
shown by the thicker black line in Figure S4, up to ~9
GPa [12].

HUGONIOT MODEL

The Hugoniot model shown by the solid black line in
Figure S5 is based on a linear fit to previous Uy — u,
data [5, 13] below u,=0.50 km/s (10.6 GPa), including
the ambient bulk sound velocity ¢y = 2.5 km/s

U, = 1.36 X up + 2.50

and a linear fit to the data above u,=0.62 km/s (12.3
GPa)

U, = 1.65 x u, + 1.93

joined in the intermediate range by a linear interpolation
in Us — up.
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The linear fits applied to the Us—u, data allowed the
pressure to be calculated using equation 1. The volume
was then calculated using equation 3.

Us —u
V=—" 2 3
USPO ( )
aKTV
= 4
0 Cy (4)

The ambient pressure Griineisen parameter (yg) was
calculated to be 1.05 using equation 4, where « is the
thermal expansion coefficient, K is the isothermal bulk
modulus and Cly is the specific heat at constant volume.
The value of vy is in good agreement with literature [14].
Cy is assumed to be in the Dulong-Petit limit and ~ is
extrapolated to higher pressures using equation 5.

v
Y= Vo (5)
The change in temperature may then be found using
equation 6 and the calculated antimony Hugoniot curve
may then be plotted in P — T space [15]. It should be
noted that this Hugoniot is an approximation which does
not take into account the thermal effects at phase bound-
aries.

120

100 +

80

60 —

Pressure (GPa)

40

20 —

FIG. S5. The three-part EOS is shown by the black line while
the dashed line shows the EOS calculated using a single Us—
up relation. The data points from Marsh and Warnes [5, 13]
are shown as unfilled circles.
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TEXTURE OF THE SB SAMPLES

The texture of the Sb samples was characterised using
Focused Ion Beam (FIB) techniques, Figure S6. The
images show columnar grains with diameters of the order
of 0.5 pm. The sample was found to have a fibre texture
with the crystallographic c-axis parallel to the sample
normal.

FIG. S6. Characterisation of the deposited Sb layer using
FIB-SEM techniques. Image a) shows a side-on view of the
Sb sample with a protective coating applied before milling,
while image b) shows the uncoated flat rear surface of the Sb
target. Images collected using backscatter detection (EBS).

S5
THE C/A RATIO OF SB-I

As shown in Figure S7, the ¢/a ratio of the Sb-I phase
decreases with increasing pressure more rapidly than pre-
vious static compression data collected both at room
temperature [8, 16] and at higher temperatures [11]. Up
to 5.6 GPa the R3m structure was fitted to the diffrac-
tion data. Further data were collected between 6.1 and
6.9 GPa (pressures determined from the VISAR diagnos-
tic) but due to significant peak overlap, attempts to fit
the x-ray diffraction data by refining the entire pattern
or by fitting individual peaks resulted in unphysical val-
ues for the lattice parameters and volumes. It is possible,
however, to discern that u # 0.25 at these pressures as
the (101) peak is still present in the diffraction pattern.
Above 7.9 GPa the diffraction pattern simplifies and the
Sb-I’ phase is observed. This is marked as having ¢/a =
v/6 on the plot, though the ¢/a of the data collected in
this region depends upon whether the structure is char-
acterised as rhombohedral (¢/a < +/6) or simple cubic
with strength (c/a = v/6) .
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FIG. S7. The ¢/a ratio of the Sb-I phase data shown alongside
data from static compression experiments [8, 11, 16].

THE SB-I' PHASE

The presence of anisotropic strain in the Sb-I' phase
first became apparent when performing a least-squares
fit to integrated profiles, assuming the structure to be
simple cubic, from small mis-fits to the peak positions.
Subsequent analysis of the 2D images revealed that the
Debye-Scherrer (D-S) rings from Sb-I' were not circular,
and that this was only true for Sb-I’, and not for Sb-I,
Sb-II or Sb-III. Indeed, D-S rings from the uncompressed
Sb-T in the same image have constant scattering angle
with azimuth, enabling us to determine that this effect



does not arise from mis-calibrated detectors.

The extent of the anisotropic strain effects was difficult
to quantify due to the highly-textured nature of the D-S
rings. Figure S8(a), created using the techniques out-
lined in reference [17], shows enlarged views of the 2D
images obtained from the Sb-I’ phase at 7.9 GPa. The
dashed lines show the predicted azimuthal variations in
the scattering angle of the first five diffraction peaks as-
suming it to have a strained simple cubic structure. The
fit to those azimuthal regions where the different Bragg
peaks are readily observed is excellent, but it is clear that
those areas where the effects of the anisotropic strain are
most evident i.e. at an azimuthal angle of ~175° for
the (111), (200) and (210) peaks, are not covered by the
detectors.

As a result of this incomplete coverage of the D-S pat-
tern and the sample texture, it is also possible to fit a
second structure to the same data. The dashed lines
in Figure S8(b) show the predicted peak positions for a
sample with strong texture and an isotropically strained
rhombohedral structure. The calculated peak positions,
shown by the dashed lines, are at constant scattering
angle, because of the absence of anisotropic strain, but
are only visible over limited azimuthal angles because of
the sample texture. As a result, the fit to the observed
diffraction peaks is as good as that of the simple cubic
structure. As u = 0.25 for this structure the ¢ lattice
parameter may be halved. The figure is made assuming
the simple cubic (111) plane and the rhombohedral ¢ axis
are parallel with the sample normal, and that the texture
width is 17 degrees. For clarity, the Miller indices shown
in the figure correspond to a structure where the c lattice
parameter has not been halved and the convention of the
R3m structure of the Sb-I phase has been maintained.

Distinguishing these two structures in an untextured
sample, with complete detector coverage, would be triv-
ial: the anisotropically strained cubic structure would
give continuous D-S rings whose scattering angle varied
with azimuth, while the rhombohedral structure would
give split D-S rings with no azimuthal variation in their
scattering angles.
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FIG. S8. The two candidate structures for the Sb-I' phase
are shown; a) simple cubic structure with strength effects
and b) rhombohedral structure. White dashed lines show
the predicted peak positions for each phase overlaid on and
'unwrapped’ profile of the raw diffraction data. The Miller
indices of the diffraction peaks are shown to the right of the
image.



TABLE S1. Table showing details of two sets of similarly
driven shots. For shots 100 and 60, comparing data on a
standard (Al) and Sb at similar drive conditions, the directly-
comparable pressures in the kapton layers were determined

using impedance matching.

S7

Shot Target Waveplate Laser Arm  Drive Energy  Beam Size Day  Pressure
100  Kapton/Sb 35 AB 6.50 J 250 um 1 Kapton - 8.5 £0.9 GPa
Sb - 14.6 £1.5 GPa
60  Kapton/Al 30 AB 6.47 J 250 um 1 Kapton - 7.7 £0.2 GPa
166  Kapton/Sb 35 AB 4.22J 250 um 2 Sb - 14 £1.5 GPa
181  Kapton/Sb/LiF 35 AB 4.50 J 250 um 2 Sb - 13.4 + 2 GPa



TABLE S2. Table of |Fops| and |Feaic| for the three-phase
Rietveld fit shown in Figure 2. The calculated R(F?) is 3.4%

Phase h k I m | Fo| |Fe| ‘ Phase h k l | Fo| |Fe|
Sb-1I 2 2 0 0 114.10 118.64 Sb-1 1 0 1 58.22 28.47
1 0 0 1 83.85 84.72 1 -1 2 238.13 234.66
2 1 1 0 205.94 202.78 1 0 4 148.75 184.29
3 1 0 0 223.01 220.01 2 -1 0 216.59 199.62
2 1 0 1 56.64 70.54 1 -1 5 94.31 98.70
4 0 0 0 84.95 96.10 0 0 6 106.88 140.29
3 0 0 1 53.96 59.28 2 -1 3 44.88 59.84
0 0 2 0 188.85 196.27 2 -2 1 14.34 20.05
3 2 1 0 44.13 47.02 2 0 2 187.68 167.48
3 3 0 0 99.77 122.53 2 -2 4 119.63 136.07
1 1 2 0 52.16 60.01 2 0 5 69.25 73.98
4 2 0 0 105.29 97.23 2 -1 6 99.39 105.43
3 2 0 1 53.54 50.10 3 -1 1 15.02 15.09
2 0 2 0 57.05 58.55 3 -2 2 137.77 126.53
4 1 1 0 85.46 89.63 1 -1 8 82.54 75.99
4 1 0 1 41.77 42.52 3 -1 4 118.67 104.03
2 2 2 0 15.92 17.53 0 0 9 89.45 97.04
5 1 0 0 27.47 32.16 3 0 0 95.96 113.36
3 1 2 0 71.96 76.94 2 -2 7 69.71 77.94
1 1 0 2 30.03 32.28 3 -2 5 51.57 56.97
4 4 0 0 96.83 100.21 3 303 28.50 34.69
5 0 0 1 30.66 30.88 3 0 3 28.50 34.69
4 3 0 1 30.66 30.88
4 0 2 0 90.80 87.63 Sb-T’ 1 0 0 38.81 39.36
2 0 0 2 31.24 29.83 1 1 0 30.48 32.65
5 2 1 0 111.36 105.96 1 1 1 26.75 27.75
5 3 0 0 41.99 38.61 1 0 2 22.78 20.71
3 3 2 0 113.07 99.68 1 1 2 16.69 18.07
6 0 0 0 127.03 116.74
5 2 0 1 28.74 26.40
4 2 2 0 27.52 26.25
2 2 0 2 26.68 25.52
3 1 0 2 25.42 23.62
6 2 0 0 4.79 4.32
6 1 1 0 29.93 35.58
5 1 2 0 3.95 4.30
2 1 3 0 58.05 62.76
6 1 0 1 18.28 19.40
4 0 0 2 17.65 18.76
5 4 1 0 46.55 49.14
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