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I. TARGETS CHARACTERIZATION

Iron oxides were deposited via plasma sputtering using Oxygen and Argon flux with Fe sputtering target for Fe
+ 4.5 FeO and well crystallized Fe2O3, and Fe2O3 sputtering target for Fe2O3 poorly crystallized. Deposition was
performed on black Kapton, taped onto microscope glass slides. Poorly crystallized Fe2O3 was deposited at the
National Thin Film Facility for Advanced Functional Materials (NTCF), hosted by the Department of Physics at the
University of Oxford.

Scanning Electron Microscope (SEM) imaging was performed at the Physics department, University of Oxford, on
all the samples with the help of J. Brown. We can see typical columnar texture for both Fe2O3 samples in Fig. S2
while it is less visible for Fe + 4.5 FeO sample. Samples prove to be dense and homogeneous.

X-ray diffraction (XRD) measurements were performed on the full deposited microscope slide using Bragg-Brentano
diffractometer with a Co source (6.92 keV) at the Earth Sciences department, University of Oxford, with the help of K.
Sokol. In Fig. S1, we compare the Bragg-Brentano measurements with the one acquired on ambient sample with the
present X-ray Free-Electron Laser (XFEL) set-up described in Fig. 2 of the main paper (24 keV). Columnar texture of
both Fe2O3 samples implies differences in relative peak intensities depending on the orientation of the grains probed,
which explains the difference between the two types of measurements observed for the two Fe2O3 samples in Fig. S1.
For Fe + 4.5 FeO samples we can see that FeO related peaks have similar intensity between the two measurement
while Fe body centred cubic (bcc) peaks intensity do vary in link with Fe texture. While both Fe2O3 samples are
presenting Fe2O3 Bragg peaks, we can see that one (in red in Fig. S1) has broader peaks, indicating that it is poorly
crystallized.

Electron MicroProbe Analyses (EMPA) were performed at the Earth Science department, University of Oxford
with the help of A. Matzen. Fe2O3 and Fe + 4.5 FeO samples were mounted in resin and polish to expose a section, as
shown in Fig. S3. Measurements were then performed along three lines across around 2 cm of exposed samples, either
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Figure S1. X-ray diffraction of a full slide of deposited sample (76 x 26 mm) using Bragg-Brentano diffractometer (reflection
geometry with deposited iron oxide facing the x-ray) with Co source in dashed line compared to ambient measurement with the
present XFEL set-up in plain line. Differences in relative peak intensity are mostly linked to the texture of the sample which
implies a change in peak intensity depending of the orientation of the grains probed. Vertical dashed lines indicate Bragg peaks
indexation for alpha-Fe2O3 [1], FeO rocksalt structure and Fe bcc.

Fe+ 4.5 FeOFe2O3 well crystallized Fe2O3 poorly crystallized

Si wafer

Si waferSi wafer

Figure S2. Scanning electron imaging (Secondary electron image) of a thin section (section was manual and is not perfectly
perpendicular to the deposition plane) of the different samples deposited on silicon (Si) wafer. Position of the Si wafer is
indicated. We can see that grain size is smaller on the substrate side. Working distance (WD), voltage (HV), spot size (size)
(3 µm) and magnification (mag) used for the imaging are reported at the bottom of the image.
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Figure S3. Secondary electron image at the electron microprobe showing section exposed and analyzed. Example of straight
and diagonal lines are shown. Sample is glued on its thickness on a cover glass, mounted in resin and polished to exposed the
iron oxide sample so that neither glue nor glass is present on top of the sample. Sample is polished down to 0.25 µm using
diamond paste.

straight or diagonal (around 45 degrees angle). Fe, Mg and O were measured using respectively fayalite, hematite and
MgO standards. Magnetite standards were analysed proving the quality of the analysis for iron oxides. Fe2O3 samples
proved homogeneous in section and across the sample with a composition in atomic percent of 40.4(0.2)at% Fe and
59.6(0.2)at% O. Fe + 4.5 FeO samples also proved homogeneous in section and across the sample with a composition
in atomic percent of 55.0(0.4)at% Fe and 45.0(0.4)at% O, which indicates a Fe + 4.5 FeO composition (assuming
stoichiometric FeO). EMPA analyses are given in Supplementary Data 3.

The exact Fe1−xO stoichiometry could not be determined because bcc-Fe and wüstite grains were intermingled at
sub-micron length scales, smaller than the EMPA interaction volume. The Fe1−xO sample is also showing an intrinsic
residual stress from thin layer sputtering due to PVD. From preshot measurements and regions remaining at ambient
conditions during driven shots, the initial molar volume was determined to be V0 = 11.61(0.03) cm3.mol−1. Owing
to residual stress, the Fe1−xO lattice parameter cannot be used to infer stoichiometry via the relation of McCammon
and Liu [2]. Nevertheless above 5 GPa, FeO is expected to be close to stoichiometric in presence of Fe excess [3, 4].

Fe1−xO is known to exist in composition ranging from Fe0.88O to Fe0.96O at ambient conditions [5]. Our sample is
composed of Fe and Fe1−xO. Volumes are determined by the position of the Bragg peak from XRD measurement. V0

Fe is 7.148(0.05) cm3 ·mol−1 (average of 24 data points from preshot measurement or remaining ambient under shock
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not all presented in this work but to be submitted separately) and V0 Fe1−xO of 11.614(0.03) cm3 · mol−1 (average
of 32 data points from preshot measurement or remaining ambient under shock not all presented in this work but to
be submitted separately). The initial volume found for Fe1−xO corresponds to a pressure of 8-11 GPa if we assume
a bulk modulus of 141.5 or 185 GPa (taking the extreme value published so far [2, 6, 7]), a FeO composition, i.e.
an expected volume of 12.252 cm3 · mol−1 at ambient conditions [2] and using second order Birch-Murnaghan EOS.
Therefore, it is possible that our sample is stoichiometric FeO at ambient condition due to this initial compression as
it has been shown that above 5 GPa, Fe1−xO in presence of Fe is stoichiometric FeO [3, 4]. Density of our sample
can be calculated as follows:

ρsample =
(AMFe +BMFe1−xO)

(AVFe +BVFe1−xO)
(S1)

with A and B the atomic proportions of Fe and Fe1−xO in the sample and MFe and MFe1−xO the average molar
mass and VFe and VFe1−xO the measured volume in cm3.mol−1 detailed above. We know the Fe and O contents
based on EMPA analysis (55.0(0.4) at% Fe and 45.0(0.4) at% O: depending on the stoichiometry we can find A and
B the proportion of Fe and Fe1−xO. If we assume a stoichiometric FeO, we have A = 1, and B = 4.5, while if we
assume Fe0.88O, we have A = 1.54 and B = 4.5. Thus density could at the maximum vary from 6.00 g.cm−3 for
Fe0.88O composition to 6.38 g.cm−3 for stoichiometric FeO. For the highest pressure calculated (440(50) GPa) using
an initial density of 6.38 g.cm−3, if the density is changed to 6.00 g.cm−3, this decreases the estimated pressure by
around 30 GPa, while it only decreases the pressure by 10 GPa at 200(20) GPa. We thus note that the effect of the
initial density on pressure estimate remains within previously determined error bars.

A thin section of the Fe + 4.5 FeO sample was prepared (from the substrate to the free surface of the deposition) using
a Zeiss Auriga dual beam Focussed Ion Beam (FIB) - SEM. The prepared lamella was thinned to sub-100 nm thickness
and observed using a JEOL GrandARM 300F available at the David Cockayne Centre for Electron Microscopy at
the Department of Materials, University of Oxford. The instrument was operated in Scanning Transmission Electron
Microscope (STEM) mode at 300 KV with a Cold Field Emission Gun, capable of atomic resolution. We observed
grain size below 10 nm throughout the sample as shown in Fig. S4 and Fig. S5.

Figure S4. Annual Dark Field STEM images recorded in 2 positions on a FIB section of the initial Fe + 4.5 FeO sample. The
edge shows the exposed sample surface and the substrate is towards the bottom right direction in the image.



5

4.3 nm8.9 nm

4.9 nm

5.2 nm

8.4 nm

3.2 nm

7.7 nm

Figure S5. Few sizes of grain are shown on the annual Dark Field STEM image shown on Fig. S4 left.
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II. PRESSURE CALIBRATION CURVE

Laser shots were performed on isolated black Kapton samples (77 µm black Kapton with 200 nm Al coated on the
VISAR side) to determine transit time via VISAR at a given laser intensity. Transit time was determined with great
accuracy (around 25 ps) using the fiducial position [8]. Pressure was then calculated using polyimide equation of state
and thickness of black Kapton (measured to 76.6 to 77.3 µm using touch probe) and results are shown in Fig. S6.
Errors arise first from uncertainty in black Kapton thickness and polyimide equation of state [9]: at the maximum
±6 GPa. Main cause of error comes from the interpolation of the data using a power law curve which can reach 10 GPa.
Combination of uncertainties can reach at the maximum ±14 GPa which is used as an error estimate when using the
power law calculated here to infer pressure in black Kapton at a given laser intensity. This pressure calibration curve
was used in this work to determine pressure via impedance match method[10] in our samples. Pressure in function
of laser intensity was also estimated by using 20 µm Cu foil glued on top of 55 µm black Kapton ablator. Cu volume
under shock was estimated based independently on copper faced-centre cubic Bragg peak (200) and (111). Difference
in volume based on those two diffraction peaks was used to estimate the error in the measurement. Pressure in Cu
at a given volume was determined using SESAME 3336 similarly to Sharma et al. 2020 [11]. Pressure in the black
Kapton ablator was determined by using the impedance match method: SESAME 7770 was used for black Kapton
and SESAME 3336 for Cu. We compare our results with a previous study using similar experimental set-up (Gorman
et al., 2024) [12] after recalculation of the pressure in the black Kapton ablator using full equation of state. Although
pressure in black Kapton ablator in function of laser intensity is slightly lower when based on transit time in black
Kapton compared to determination from Cu XRD volume, they are in relative agreement and coherent with previous
experiment with similar set-up [12].

Error bar from thickness BK 
77.8 to 77.5 
+ coeff from Katagiri + error 
bar BO (30 ps ) negligible

Error bar for Cu 
Imp. Match with Paddy and 
depending on the cell 
param. Estimate for Cu 
(200) or (111) peak

Laser intensity (TW/cm2)

Figure S6. Pressure in black Kapton ablator based on transit time measured by VISAR on 77 µm black Kapton sample with
200 nm Al coating on VISAR side. Comparison with pressure in black Kapton inferred from Cu volume determined from XRD
and using the impedance match method.
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III. HYDRODYNAMIC SIMULATIONS

Hydrodynamic simulations using the code MULTI [13] were performed to determine pressure in Fe + 4.5 FeO and
Fe2O3 samples based on the transit time measured by VISAR. We use SESAME 7770 for black Kapton, SESAME
7440 [14] for Fe2O3 and as an approximation we use FeO Hugoniot relation from Jeanloz and Ahrens, 1980 [7] for Fe
+ 4.5 FeO sample. We give example for 10 ns, 6 ns and 4 ns pulse durations in Fig. S7. We can see that for 6 and
4 ns pulse durations for Fe2O3 sample which is relatively thick (20 µm) the sample is not in an homogeneous state
when probed and we thus use hydrodynamic simulations to determine the range of pressures in the probed sample
at the given probed time. Results of all hydrodynamic simulations are reported in Supplementary Data 1. For Fe no
hydrodynamic simulation was performed as transit time is not reliable due to variation in the glue layer.

4ns pulse (run 464) 
378-438 GPa 

6ns pulse (run 311) 
315-328 GPa 

10ns pulse (run 418) 
175 GPa 

Fe2O3 [20µm] Black Kapton [55µm] Fe2O3 [20µm] Black Kapton [77µm] Fe2O3 [20µm] Black Kapton [77µm]

Figure S7. Hydrodynamic simulations in Fe2O3 matching the transit time measured by VISAR as shown in Supplementary
Data 1. White dashed line indicated the time at which the sample is probed. Laser pulse is arriving from the right. Real pulse
profiles are shown at the bottom: vertical black line delimit the actual pulse profile used in the hydrodynamic simulations.

As Fe + 4.5 FeO sample has a different initial density (ρsample) than EOS initial density used in the hydrodynamic
simulation (see details in section I) and for impedance match (ρeos) we correct for this effect afterward following
Rankine-Hugoniot equations:

P = ρ0UsUp (S2)

Thus:

P = Phydro
ρsample

ρeos
(S3)

IV. RENORMALIZATION OF THE FLUX USING THE DIODE

OPT IPM diode present in the chamber [15] were used to renormalize the data to correct for XFEL beam flux
variations. We can see in Fig. S8 that the OPT IPM diode channel reading is well correlated with the XRD 2D image
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Figure S8. OPT IPM channel reading in function of the combined Varex detector reading in analog-to-digital units (ADU).
OPT IPM diode can be reliably used to renormalize for x-ray flux variation across the experiment for all targets and for both
ambient measurements before the shot (5% transmission) and shots.

intensity represented here by the combined Varex detector reading.
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V. CONTRIBUTION OF THE ABLATOR TO THE XRD SIGNAL OF LIQUID

XRD signal of the black Kapton under shock displayed in Fig. S9 is varying significantly between ambient black
Kapton and compressed black Kapton from 21(1) GPa. No further change is identified from 21(1) up to 122(4) GPa
under shock. This result is in agreement with previous laser and explosives studies [16] which evidenced a volume
discontinuity along the Hugoniot around 26 GPa and XRD under laser-driven shock study which determined a melting
pressure of 32(3) GPa [9]. Small pressure differences are likely to be linked to the type of polyimide used in the different
studies. Run slightly in release (up to 0.2 ns) are also very similar to fully compressed one.

In Fig. S7 we can see that for data point at 175 GPa, which is the lowest pressure at which we performed liquid
diffraction analysis, black Kapton under shock is at 84 GPa (prior to entry of the shock in the Fe2O3 layer) while
after entry of the shock in the Fe2O3 layer, black Kapton experiences a reshock leading to a pressure of 170 GPa.
Upon reshock the black Kapton has a lower temperature compared to a single shock. Indeed, based on hydrodynamic
simulation we found a temperature of 1.2 eV for black Kapton under shock at 170 GPa while a temperature of 0.5-0.6
eV is observed upon reshock with an adjacent Fe2O3 layer as seen in Fig. S7. We also see in Fig. S7 that black kapton
state is not homogeneous at probed time (indicated by a white dashed line). In this work, we assume that black
Kapton XRD signal will not significantly change upon shock and reshock above 170 GPa. As there is so far no clear
black Kapton melting curve, this hypothesis will however need to be further confirmed. Within this approximation,
we thus use data point at 122(4) GPa to represent black Kapton contribution, being the highest pressure available
in our dataset, at which black Kapton is entirely compressed. We use a smooth lineout of this data point as shown
in Fig. S10 to avoid adding noise to melt signal of interest. For ambient black Kapton, we use a structureless black
Kapton model whose high scattering angle contribution was recalibrated using the data point at 21(1) GPa as no
isolated ambient black Kapton was measured during the experiment.
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0 GPa 17 keV W25

21(1) GPa

56(2) GPa

72(3) GPa

88(3) GPa / 

172(6) GPa

64(3) GPa

Fully corrected XRD signal for BK[77.05]Al[0.2] under shock – PROXY OF ABLATOR FOR SHOCKED IRON (OXIDES) SAMPLES  

17 keV Wark25

163 GPa 11 keV K22

88 GPa 11 keV K22

Al (0 GPa) diamond (3.96 g/cm3)

122(4) GPa

44(2) GPa

104(4) GPa

109(4) GPa

Figure S9. Azimuthally integrated 1D lineout for isolated black Kapton (77 µm) sample with 200 nm Al coating on top under
shock. Data in black are probed before breakout time, i.e., the moment when the shock leaves the black Kapton layer, while
data in grey are probed slightly after breakout time (up to 0.2 ns) as detailed in Supplementary Data 1. Data are compared with
previous XRD data of black Kapton under shock (fully corrected) using the same data treatment regarding XRD correction
and the same experimental set-up but at 17 keV (Wark25 [17]). We can see a change of XRD intensity at high angle in link
with the Compton scattering which is slightly different at different x-ray energy, although the signal under shock is overall the
same. We also compare our data to polyimide under shock measured at 11 keV (K22 [9]) which also prove to be similar. We
thus use data point at 122(4) GPa to represent black Kapton contribution as it is the highest data point with relatively good
signal over noise ratio. Al Bragg peaks, in link with Al coating on top of the black Kapton are indicated in vertical dashed
light grey lines, and diamond peak at 3.96 g/cm3 are indicated in vertical red dashed lines.
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Figure S10. Azimuthally integrated XRD 1D lineout showing relative intensity of black Kapton under shock, Fe and Fe2O3

melt under shock. We can see that black Kapton ablator contribution is significant under shock for Fe2O3 melt.
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VI. DIAMOND FORMATION IN BLACK KAPTON

Diamond peaks are observed clearly in black Kapton under shock at 56(2), 64(3) and 72(3) GPa as seen in Fig. S9.
They correspond to a density of 3.96 g/cm3 in diamond which is expected at these pressures and temperatures [18].
They lie in a high temperature region compared to diamond formation in PET [19, 20], assuming that temperature
in black Kapton is well reproduced by SESAME 7770 as seen in Fig. S11. Diamond peaks are unlikely above around
90 GPa in shocked black Kapton due to high temperature, located above the diamond melting curve although it
remains unclear if a diamond peak is observed in our data at 122(4) GPa as a faint peak is seen at the expected
location (Fig. S9). Nonetheless, in reshocked black Kapton, temperature is lower than the Hugoniot as previously
discussed. If we take the lower pressure data point for which we performed liquid diffraction analysis, i.e. 177(14) GPa
in Fe2O3, black Kapton experiences a pressure of around 170 GPa and a temperature of around 0.5 eV (5,800 K).
As seen in Fig. S11, this condition in black Kapton lies at the high pressure edge of the diamond formation field.
Therefore, higher investigated pressures are unlikely to lead to diamond peak. Moreover, no diamond peak was
observed in our XRD data under shock.

Diamond formation field (He)

Fe2O3

Figure S11. Figure adapted from He et al., 2022 [19] showing diamond formation field along with diamond melting curve
(Wang [21]), PET Hugoniot [22] and Pressure, temperature within Jupiter (Nettelmann [23]) and Uranus and Neptune (Guil-
lot [24]). Diamond formed in black Kapton under single shock observed here are seen at higher temperature than expected:
however we make here the assumption that SESAME 7770 reproduce well black Kapton equation of state which remains hy-
pothetical.
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VII. STUDY OF SOLID FE

Fe transform from Fe bcc into Fe hexagonal close packed (hcp) structure under pressure as seen in Fig. S12. Fe hcp
cell parameters are in agreement with previous laser-driven shock compression as seen in Fig. S13. We note that Fe
hcp is still observed at 280(30) GPa, which is higher than previous study although within our pressure uncertainties.

Fe solid 

100(50)

90(40)

140(40)

170(40)

230(30)

280(30)

Amb.Fe bcc 

Fe hcp 

Fe hcp + melt 

Figure S12. Azimuthally integrated XRD 1D lineout for Fe solid. Vertical dashed line indicate Fe bcc ambient Bragg peaks.
We can see that relative intensity of ambient peaks are varying in link with texture of the rolled Fe foil.

Figure S13. Fe hcp cell parameters in function of pressure (from impedance match) compared to previous studies of Fe using
XRD under laser-driven shock compression: Turneaure et al., 2020 PRL [25] and Singh et al., 2023 PRB [26].
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VIII. STUDY OF SOLID CRYSTALLINE FE2O3

We performed Le Bail refinement on the solid phases of Fe2O3, at ambient conditions, and under shock at 33(14) GPa
and 82(14) GPa. It is not possible to perform Rietveld refinements on the data due to the complex microstructure of
the samples under shock. Refinements shown in Fig. S14, Fig. S15 and Fig. S16 indicate that the reflections observed
are well explained by an α to α′-Fe2O3 phase transition similarly to previous study of Fe2O3 under laser-driven shock
compression [27]. None of the phase transitions reported under static compression [28] are observed. The presence
of a small Al contribution is due to the approximately 200 nm coating on the target. One data point presents both
α and α′-Fe2O3 phases: hydrodynamic simulations showing pressures of 42 and 64 GPa (Fig. S17). We report cell
parameters in Supplementary Data 1. We can see that at 97(14) GPa, several α′-Fe2O3 Bragg peaks disappeared in
link with amorphization under shock at around 108(14) GPa (Fig. S17).
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Figure S14. Le Bail refinement of ambient sample performed on azimuthally integrated 1D XRD lineout after combining the
two VAREX detectors and correcting the XRD intensity, as detailed in the Methods section C of the main paper. Fitted cell
parameters of α-Fe2O3 phase and Al are given, along with weighted profile R-factor (Rwp) of the fit.
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Figure S15. Le Bail refinement of shocked sample at 33(14) GPa performed on azimuthally integrated 1D XRD lineout after
combining the two VAREX detectors and correcting the XRD intensity, as detailed in the Methods section C of the main paper.
Cell parameters of ambient α-Fe2O3 phase and Al are fixed to the value found by Le Bail refinement of the ambient sample
(Fig. S14). Fitted cell parameters of compressed α-Fe2O3 phase are given, along with weighted profile R-factor (Rwp) of the
fit.
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Figure S16. Le Bail refinement of shocked sample at 82(14) GPa performed on azimuthally integrated 1D XRD lineout after
combining the two VAREX detectors and correcting the XRD intensity, as detailed in the Methods section C of the main paper.
Cell parameters of ambient α-Fe2O3 phase and Al are fixed to the value found by Le Bail refinement of the ambient sample
(Fig. S14). Fitted cell parameters of compressed α′-Fe2O3 phase are given, along with weighted profile R-factor (Rwp) of the
fit.
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When integrating separately the 2 Varex detectors we can see in Fig. S17 that a significant shift is observed in peak
positions (between around 0.03 to 0.05 Å−1) between the 2 Varex detectors for α-Fe2O3 under shock at 33(14) GPa
whereas it is less visible for α′-Fe2O3 peaks. We note a small difference in peak position in the starting material
linked to a small mismatch between the 2 Varex detector geometry calibration based on CeO2 run. This mismatch
is smaller than 0.007 Å−1 and is thus significantly smaller than the shift observed between the position of α-Fe2O3

peaks between the two Varex detectors. The shift of Bragg peak position in function of the azimuthal angle observed
in Fig. S18 for α-Fe2O3 under shock at 33(14) GPa can be linked to strength effect which implies a variation of the
Bragg peak position in function of the azimuthal angle [29]. Columnar texture of the sample explains the asymmetry
observed between the 2 Varex detectors.
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Figure S17. Azimuthally integrated 1D lineout for Fe2O3 under shock. We can see α to α′-Fe2O3 transition. A significant shift
of Bragg peak position (> 0.03 Å) indicated by black arrows is observed between Varex 1 and Varex 2 for the α phase under
shock, which is interpreted as a strength effect.
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33(14) GPa Fe2O3 42/64 GPa Fe2O3Varex 1

Varex 2

Figure S18. 2D XRD dewarped image for α-Fe2O3 under shock. Phi is the azimuthal angle. Vertical dashed black lines are
used to help assessing the bending of the lines in link with the strength effect.
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IX. RELEASE STUDY IN AMORPHOUS FE2O3

Two peaks are observed in Fe2O3 amorphous phase at 117(14), 147(14) and 166(14) GPa at 3.2 and 3.5 Å−1. They
are clearly shifting toward higher scattering vector with pressure. These two peaks are seen to become more intense
upon release although they are not clearly shifting in scattering vectors as seen in Fig. S19. They could be linked to
recrystallization of Fe2O3 in a hot α or α′-Fe2O3 upon release.

*

*

*

Fe
a = 2.254 Å
c = 3.562 Å

These 
paramet
ers are 
very 
wrong 
For Fe →
c leads 
to 250 
GPa

117(14) GPa
118(14) GPa

147(14) GPa
150(14) GPa
146(14) GPa

166(14) GPa
167(14) GPa

*

*
*

0 ns
+ 0.2 ns
+ 0.5 ns

-0.3 to -0.4 ns
+ 0.4 ns

-0.2 to -0.7 ns
+ 0.2 ns

Time at breakout
Fe2O3 - Release study

147 and 146 Gpa no VISAR
Assumed similar ….  

Figure S19. Azimuthally integrated 1D lineout for Fe2O3 under shock and release in the amorphous state from 117(14) to
166(14) GPa. The time at which the sample is probed compared to the breakout time, which is the time when the shock exits
the Fe2O3 layer, is indicated on the right. For data points without VISAR measurements (at 147(14) and 146(14) GPa as well
as one of the two summed runs at 166(14) GPa), breakout times are assumed to be the same to the ones measured for run
performed at the same laser conditions. For run at 147(14) GPa this approximation seems incorrect as ambient peaks are still
clearly visible.
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X. MELT AND AMORPHOUS IN TWO FE2O3 SAMPLES

Two Fe2O3 samples described in Section I, have been studied under shock. Fe2O3 poorly crystalline is shown to be
highly textured as strong variations in XRD intensity are observed along the azimuthal angle in Fig. S20. Moreover,
Fe2O3 poorly crystalline has a slightly larger volume, as Bragg peaks are shifted slightly toward lower scattering
vector. This difference in volume is explained by differences in the sputtering process used to deposit the samples.

Under shock we can see that the XRD signal at 247(14) and 253(14) GPa is similar for both samples in Fig. S21.
However, at 147 and 135 GPa, differences in the height and the sharpness of the first diffraction peak are observed.
Moreover, this first diffraction peak is slightly shifted toward lower scattering angle for Fe2O3 poorly crystalline,
which we linked to the initial larger volume of the sample. The differences observed between the two samples at
135-147 GPa are explained by an amorphous phase retaining the initial crystallinity of the sample as well as its initial
shift in volume, whereas similarity of the signal at 247-253 GPa is attributed to a melt.

Two peaks are present in the amorphous phase at 135-147 GPa, the first peak is clearly visible for both samples.
The 2 peaks are still visible at 166(14) GPa as also seen in Fig. 5 of the main paper. These peaks could be attributed
to α′ Fe2O3 Bragg peaks (113) and possibly (024). They are seen to grow in release in Fig. S19.

Varex1

Varex2

Varex1
Varex2

Fe2O3 well cr. Fe2O3 poorly cr.

Figure S20. Dewarped 2D XRD images and corresponding azimuthally integrated lineout for ambient Fe2O3 poorly crystalline
(cr.) and Fe2O3 well crystalline. Crystallinity of the sample is different due to difference in the synthesis via sputtering process
as described in Section I. Poorly crystalline sample is shown to be heavily textured.
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Figure S21. Azimuthally integrated 1D lineout for Fe2O3 ambient (amb.) and under shock for both well and poorly crystalline
(cr.) Fe2O3 samples. Times to breakout time, i.e. the time at which the shock exits the target are indicated on the left. This
is not known for run at 33(14) and 82(14) GPa as no VISAR was measured at these conditions. Moreover, for run at 147
(14) GPa and for 10 of the 12 runs at 247(14) GPa, breakout times are assumed to be the same to the ones measured for runs
performed at the same laser conditions. For run at 147(14) GPa this approximation seems incorrect as ambient peaks are still
clearly visible. Two peaks indicated by a black star are seen in the amorphous phase and could be attributed to remaining α′

Fe2O3 Bragg peaks (113) and possibly (024).
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XI. LIQUID DIFFRACTION ANALYSIS

The Faber-Ziman structure factor SFZ(Q) was calculated as [30] :

SFZ(Q) =
Icoh(Q)− (⟨f2⟩ − ⟨f⟩2)

⟨f⟩2 , (S4)

with ⟨f2⟩ and ⟨f⟩2 the average effective electronic form factor calculated using atomic form factor from Hadju [31]
and Icoh the coherent intensity of the XRD profile defined as

Icoh(Q) = αFZI(Q)− 1

N

∑
p

I incohp (Q), (S5)

with I incohp the incoherent Compton scattering intensity [31], N the number of atoms, p the different atomic species,
and αFZ a normalization factor [30]. We used XRD data up to approximately 12 Å−1 for Fe and 9-10 Å−1 for iron
oxide melts, as detailed in Section XI. The structure factor was extrapolated to a value of 1 up to 10 Å−1 for iron
oxides, where needed.

We calculate the Fourier transform of the structure factor as

F (r) =
2

π

∫ Qmax

0

sin(Qr)[SFZ(Q)− 1] dQ, (S6)

with r the radial interatomic distance and Qmax the highest available scattering momentum. The pair distribution
function g(r) is then given by

g(r) =
n(r)

n0
= 1 +

F (r)

4πn0
, (S7)

with n(r) the atomic density at a distance r from a given atom and n0 the average atomic density at the experimental
conditions. To determine g(r) we use an iterative process [32–34]. We minimize the background in g(r) for the smallest
interatomic distances ( r < rmin) where no real signal is expected:

r < rmin ⇒ g(r) = 0 ⇒ F (r) = −4πrn0

∆F (r) = F (r) + 4πrn0
(S8)

where ∆F (r) denotes the uncertainty in F (r). ∆F (r) is then evaluated and subtracted from F (r) to obtain the
corresponding g(r), from which an updated SFZ(Q) is calculated. This process is iterated until convergence. The
residual ∆F (r) is minimized by refining both the density n0 and the cutoff distance rmin. To achieve this, we generate
residual maps showing the variation of ∆F (r) as a function of n0 and rmin for each dataset. Initial estimates of n0

and rmin are obtained from these maps, after which both parameters are refined using the BOBYQA optimization
algorithm.

We determine a smooth baseline from the fully corrected XRD intensity as shown in figs. 3,4,5 of the main paper.
Faber-Ziman structure factor is then calculated by using data point up to around 9 Å−1 for iron oxide and 12 Å−1 for
Fe. Fe dataset has a higher signal-over-noise ratio in link with higher atomic number and thicker sample, which explain
why we could use the data till larger Q range without producing an artefact in the pair distribution function. Faber-
Ziman structure factor is extrapolated to a value of 1 at higher scattering vector and termination ensured to be smooth
as shown in Fig. S22,Fig. S23,Fig. S24. Maximal value of scattering vector used to determine the pair distribution
function is then fixed to 9-10 Å−1 for iron oxide and 11.9-12 Å−1 for Fe as indicated in Fig. S26,Fig. S27,Fig. S28.
Faber-Ziman structure factor is extrapolated down to 0 Å−1 (below 1.6 Å−1) to the value measured at the lowest
accessible scattering vector.

During calculations of the pair distribution via the iterative process described above we minimize the residual
∆F (r). In Fig. S25,Fig. S26,Fig. S27,Fig. S28 we represent the value of ∆F (r) in function of rmin and the density. A
slight ambiguity can arise in the choice of a rmin/density pair as different values can lead to a minimization of ∆F (r)
within a given interval. Our choice has been guided (within an acceptable value of the density) by (1) the value of
the residual ∆F (r), (2) the minimization of oscillation at low interatomic distance, and (3) the consistency of rmin
across one type of sample as we expect it to be relatively similar.
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Fe 320(30) GPa
Cut at 12 Å-1

Fe 400(20) GPa
Cut at 11.9 Å-1

Figure S22. Initial Faber-Ziman structure factor for Fe melt under shock calculated by considering the fully corrected 1D
lineout azimuthally integrated XRD signal. XRD signal was cut at the value indicated on each graph and prolongated to a
limit value of 1. Termination was then carefully smoothed to avoid artifact when calculating the pair distribution function.

Fe+4.5 FeO 330(20) GPa
Cut at 9.1 Å-1

Fe+4.5 FeO 440(50) GPa
Cut at 8.5 Å-1

Figure S23. Initial Faber-Ziman structure factor for Fe + 4.5 FeO melt under shock calculated by considering the fully corrected
1D lineout azimuthally integrated XRD signal. XRD signal was cut at the value indicated on each graph and prolongated to a
limit value of 1. Termination was then carefully work out to avoid artifact when calculating the pair distribution function.
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Fe2O3 177(14) GPa
Cut at 9.1 Å-1

Fe2O3 217(14) GPa
Cut at 9 Å-1

Fe2O3 248(14) GPa
Cut at 9.1 Å-1

Fe2O3 315-333(14) GPa
Cut at 9.1 Å-1

Fe2O3 378-438(14) GPa
Cut at 9.1 Å-1

Figure S24. Initial Faber-Ziman structure factor for Fe2O3 melt under shock calculated by considering the fully corrected 1D
lineout azimuthally integrated XRD signal. XRD signal was cut at the value indicated on each graph and prolongated to a
limit value of 1. Termination was then carefully work out to avoid artifact when calculating the pair distribution function.
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Figure S25. Map of residual for the metallic glass in function of rmin and the density. We can see that different rmin can lead
to different density, the range of which is highlighted in red.
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Figure S26. Map of residual for Fe in function of rmin and the density. We can see that different rmin can lead to different
density, the range of which is highlighted in red.
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Figure S27. Map of residual for Fe + 4.5 FeO in function of rmin and the density. We can see that different rmin can lead to
different density, the range of which is highlighted in red.
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Figure S28. Map of residual for Fe2O3 in function of rmin and the density. We can see that different rmin can lead to different
density, the range of which is highlighted in red. Data point at 177(14) GPa shows however that very different values of rmin

and density are possible unlike other data point.
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XII. COORDINATION NUMBER AND INTERATOMIC DISTANCES EVALUATION

Coordination number can be calculated from the area below the radial distribution function, R(r), defined as

R(r) = 4πr2g(r)n0, (S9)

where n0 is the atomic density. for monoatomic melt such as Fe. In Fig. S29, we can see that the area below the
first oscillation of the R(r) for the metallic glass for the present measurement at XFEL cut at 10 Å is smaller by 0.21
compared to the measurement from the synchrotron.

We calculate the coordination number for Fe using the R(r) in Fig. S30. To avoid spurious oscillations remaining
at low interatomic distances for data point at 320(30) GPa the area below the first oscillation was only integrated
from 1.58 Å (indicated by a black vertical line). The area below the first oscillation was integrated up to the first
minimum following this first oscillation which is indicated as a black, grey or blue vertical line for respectively present
data points at 320(30) GPa, 400(20) GPa and data point from Singh et al., 2023 [26] at 275(9) GPa. We note that
Singh et al., 2023 reported a Fe-Fe CN of 12.9 at this condition [26], the difference of 0.1 in CN might only be linked
to the digitization of the data. Smaller CN at 400(20) GPa is linked to small shock fraction (49%) compared to the
entire dataset where shock fraction was found to be superior to 79%. We estimated a ±0.4 error on CN based on
data point at 320(30) GPa, assuming a Fe-Fe CN of 12.7 based on both theoretical and experimental studies [26, 35]
as discussed in the main paper.

Synchrotron up to 24 Å-1

XFEL up to ~ 11 Å-1

7.28 g/cm3
7.19 g/cm3

Fe78B13Si9

XFEL up to ~ 10 Å-1

7.30 g/cm3

area:
12.74
12.68
12.53 

ℛ(𝑟)

Figure S29. Radial distribution function, R(r), calculated for the metallic glass. Area delimited by the 2 vertical black dotted
lines is integrated for the synchrotron data, and area delimited by the 2 vertical red dotted lines for XFEL data. We avoid
spurious oscillations around 3 Å by cutting the area of interest below. Difference between the integrated area is 0.21 at the
maximum.

For polyatomic melts (i.e. Fe2O3 and Fe + 4.5 FeO ) we use Gaussian fitting of the first oscillation of T (r) =
4πrg(r)n0 function following procedure described in Heinen and Drewitt, 2022 [36]. Fits are reported in Fig. S31.
O-O contribution was neglected due to very small contribution relatively to Fe-O and Fe-Fe in link with the difference
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320 (30) GPa

400 (20) GPa

Singh et al., 2023 275(9) GPa

CN = 12.3
CN = 11.9

CN = 12.8

ℛ(𝑟)

Figure S30. Radial distribution function for Fe under shock. Area under the first oscillation represents the Fe-Fe coordination
number (CN). We can see that present data seem to give lower CN than expected, by around 0.4 for a shock fraction of 79%,
i.e. data point at 320(30) GPa while low shock fraction can induce a significantly larger error bar as seen for data point at
400(20) GPa with a shock fraction of 49%.

in atomic numbers. We keep a similar errors on CN, density and interatomic distance as the ones determined for Fe
at 320(30) GPa although it is difficult to correctly determined an error for CN for polyatomic melt as it also depends
on the goodness of the fit.
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177(14) GPa 217(14) GPa
Fe-O
p = 1.71Å
w = 0.25
CN = 4.1

Fe-Fe
p = 2.38Å
w = 0.37
CN = 11.2

Fe-O
p = 1.86Å
w = 0.25
CN = 4.4

Fe-Fe
p = 2.41Å
w = 0.4
CN = 10.4

248(14) GPa

Fe-O
p = 1.86Å
w = 0.26
CN = 4.5

Fe-Fe
p = 2.39Å
w = 0.4
CN = 10.3

315-333(14) GPa
Fe-O
p = 1.86Å
w = 0.25
CN = 4.4

Fe-Fe
p = 2.35Å
w = 0.4
CN = 10.7

Fe-O
p = 2.02Å
w = 0.25
CN = 4.2

Fe-Fe
p = 2.34Å
w = 0.4
CN = 10.3

330(20) GPa

Fe2O3 Fe2O3 Fe2O3 Fe2O3

Fe + 4.5 FeO

Fe-O
p = 1.9Å
w = 0.25
CN = 4

Fe-Fe
p = 2.24Å
w = 0.4
CN = 9.8

378-438(14) GPa

Fe2O3

Figure S31. Gaussian fit for Fe-O and Fe-Fe contribution for the different iron oxide melts data points. We fit the maximum
position of the Gaussian, p, the width, w and the area, the latter corresponds to the coordination number (CN).
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XIII. UNCERTAINTY QUANTIFICATION OF ANALYSIS FROM LIQUID DIFFRACTION RESULTS

X-ray diffraction of liquids to obtain pair distribution functions and densities is well established under static com-
pression [37], but remains rare for non-monoatomic compositions under dynamic (shock) conditions [38, 39]. There-
fore, we place particular emphasis on validating the method and quantifying uncertainties in interatomic distances,
coordination numbers (CN), and densities. In this aim (1) XRD intensities were carefully corrected for solid angle,
polarization, the Al filter on the Varex detector, self-attenuation, ablator contribution, and residual ambient mate-
rial, as detailed in Methods of the main paper and (2) we analysed a commercial metallic glass from Goodfellow
(Fe78B13Si9), previously measured at the Diamond Light Source synchrotron (beamline ID15) [40], together with Fe
melt under shock, i.e., a monoatomic melt extensively studied under extreme conditions both experimentally [26, 41]
and theoretically [35, 42].

Liquid diffraction data for the metallic glass, obtained both from synchrotron measurements [40] and from the
present XFEL setup, are shown in Fig.S32. Metallic glass was measured on the exact same glass at synchrotron
Diamond Light Source. Four layers of the glass were used on the I15-1 diffractometer at Diamond Light Source
(data measured by Daniel Irving as part of the I15-1 mail-in service, proposal CY39017). It was run in transmission
geometry with a 2D detector placed behind the sample and perpendicular to the beam in standard configuration at
76 keV. The structure factors and corresponding pair distribution functions derived from the two measurements show
overall good agreement. In the pair distribution function, the position of the first oscillation is shifted by +0.03Å,
which we adopt as the uncertainty on interatomic distances in the following analyses. The area of the first main
oscillation decreases by 1.6% in the present measurement relative to the synchrotron data, based on integration of
the first peak in the radial distribution function (see Section XII of the present Supplementary Information). The
difference between the full synchrotron measurement (up to 24 Å−1) and the XFEL data truncated at 10 Å−1 is
0.11 g.cm−3 (1.5%). This is the same cut-off applied to the iron oxide data shown in Fig. S24.

Regarding Fe melt, we obtain Fe–Fe interatomic distances of 2.05(0.03) Å at 320(30) GPa and 2.00(0.03) Å at
400(20) GPa, in agreement with ab initio molecular dynamics simulations of liquid Fe under pressure [35], which
report 2.05 Å at 323 GPa and 6,370 K (Fig. 7 of the Main paper). The Fe–Fe coordination numbers (CN) derived
here are 12.3 at 320(30) GPa and 11.9 at 400(20) GPa, consistent with ab initio molecular dynamics predictions
of 12.5–12.6 from 96 to 323 GPa [35], and with experimental values of 12.7 and 12.9 at 258(8) and 275(9) GPa,
respectively [26]. The calculated melt densities are 13.1 g.cm−3 at 320(30) GPa and 13.8 g.cm−3 at 400(20) GPa,
which agree with previous theoretical and experimental results within ∼0.4 g.cm−3.

The Fe data point at 400(20) GPa has a relatively low shock fraction of ∼49%, resulting in greater uncertainty in
the corrected XRD intensity according to Wark et al. [17]. All other data points used for liquid diffraction analysis
have shock fractions above 79%, ensuring high accuracy in the corrected intensities [17]. Shock fractions for all
measurements are listed in the Supplementary Data 1. We therefore use the Fe data point at 320(30) GPa (shock
fraction 89%) to estimate uncertainties on the liquid density and coordination number (CN). No significant variation in
corrected XRD accuracy was observed for shock fractions between 80% and 100% [17]. The resulting uncertainties are
±0.4 for CN (3.1%, assuming CN = 12.7 for Fe, based on ab initio molecular dynamics simulations and experimental
values [26, 35, 41]) and ±0.3 g.cm−3 (2.3%) for density. These errors are larger than those derived from the metallic
glass measurements, indicating that additional uncertainties arise from subtraction of the ablator and residual ambient
material, factors absent in the metallic glass case.
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Synchrotron up to 24 Å-1

XFEL up to ~ 11 Å-1

SFZ(𝑄)

fully corrected XRD intensity

7.28 g/cm3

7.19 g/cm3

Synchrotron up to ~11 Å-1

7.52 g/cm3

Fe78B13Si9

XFEL up to ~ 10 Å-1

7.30 g/cm3 𝑔(𝑟)

We first cut all at 11.5 similar to XFEL 
Then cut at 11 

Figure S32. Fully corrected, azimuthally integrated 1D XRD lineout, Faber-Ziman structure factor SFZ(Q), and pair distribution
function g(r) for ambient commercial metallic glass (Fe78B13Si9) measured both at the Diamond Light Source synchrotron
(beamline I15-1, 76 keV) [40] and with the present experimental setup at 24 keV (XFEL).
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XIV. HOMOGENEITY OF FE + 4.5 FEO MELT OBSERVED UNDER SHOCK

The Fe + 4.5 FeO sample was treated as a complete melt under two specific conditions:

• 330 GPa and 11,200(800) K – 10.4 g/cm3, for which a 10 ns laser pulse was used.

• 440 GPa and 16,000(2,000) K – 10.7 g/cm3, for which a 6 ns laser pulse was used.

These are extreme conditions, where diffusion coefficients (D) are poorly constrained. Posner et al., 2017 [43]
reported, via ab initio molecular dynamics simulations, oxygen and iron diffusion coefficients in liquid Fe up to
5,200 K and 330 GPa. They found at this condition DO = 1.5× 10−8 m2/s and DFe = 0.58× 10−8 m2/s, in relative
agreement with Pozzo et al., 2013 [44]. Currently, no diffusion coefficient is available for iron oxide melts at these
conditions. To assess the effect of temperature (T ) on these coefficients, we use an Arrhenius law:

D = A exp

(−Q

RT

)
(S10)

where A is the pre-exponential factor, Q is the activation enthalpy, and R is the universal gas constant. Posner
et al, 2017 [43] showed that the activation energy Q for oxygen is nearly constant at 50 kJ/mol, while it increases
significantly with pressure for Fe, from 50 kJ/mol up to 125 kJ/mol at 125 GPa. This implies that at 330 GPa, the
activation energy for Fe reaches 248 kJ/mol.

At 330 GPa, the ratio of diffusion coefficients between 11,200 K and 5,200 K is calculated as follows:

ln

(
D11200

D5200

)
=

Q

R

(
1

5200
− 1

11200

)
(S11)

Which gives:

D11200 = D5200 × exp

[
Q

R

(
1

5200
− 1

11200

)]
(S12)

Using QFe = 248 kJ/mol, we find D11200(Fe) = 12.5 × 10−8 m2/s. For oxygen, with QO = 50 kJ/mol, we find
D11200(O) = 2.8 × 10−8 m2/s. To find the average distance x that atoms travel in t = 10 or 6 ns, we use the
root-mean-square displacement along a line:

x =
√
2Dt (S13)

At 330 GPa and 11,200 K oxygen can travel 23 nm and iron 50 nm within 10 ns (and 18 nm for oxygen and 39 nm
for iron within 6 ns). Given that the initial grain size is smaller than 10 nm, atoms at the centre of a grain need only
to travel a maximum of 5 nm to mix. Since the calculated distances significantly exceed this value, we can confidently
attribute the melt signal to a single homogeneous Fe + 4.5 FeO melt.
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