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We present measurements on FeoO3 amorphization and melt under laser-driven shock compression
up to 209(10) GPa via time-resolved in situ x-ray diffraction. At 122(3) GPa, a diffuse signal is
observed indicating the presence of a non-crystalline phase. Structure factors have been extracted up
to 182(6) GPa showing the presence of two well-defined peaks. A rapid change in the intensity ratio
of the two peaks is identified between 145(10) and 151(10) GPa, indicative of a phase change. Present
DFT+U calculations of temperatures along FeoO3 Hugoniot are in agreement with SESAME 7440
and indicate relatively low temperatures, below 2000 K, up to 150 GPa. The non-crystalline diffuse
scattering is thus consistent with the - as yet unreported - shock amorphization of FeaOs between
122(3) and 145(10) GPa, followed by an amorphous-to-liquid transition above 151(10) GPa. Upon
release, a non-crystalline phase is observed alongside crystalline a-FeaOgs. The extracted structure
factor and pair distribution function of this release phase resemble those reported for FeoO3 melt

at ambient pressure.

I. INTRODUCTION

Crystalline and molten iron oxides are of particular in-
terest for planetary and material sciences, given that the
iron-rich outer core of the Earth contains up to 5% O, in
addition to other light elements (Ni, S, Si, C, H) [1]. The
study of iron oxide melts is thus important for the un-
derstanding of the Fe-O bonding environment within the
outer core. Changes in Fe-O bonding have been proposed
to be at the origin of a possible layering of the Earth
outer core, of relevance to our understanding and mod-
elling the Geodynamo [2]. The behaviour of iron oxides
under pressure has so far proven to be extremely rich with
the observation of new stoichiometry under pressure [3H5]
and both electronic and structural transitions. In partic-
ular, under static compression, Fe;O3 experiences a high-
spin to low-spin, and a Mott insulator-to-metal, transi-
tion at around 50-60 GPa [6HI]. Five FeoO3 phases have
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been reported with increasing pressure [10], all present
along FeyO3 Hugoniot based on temperature estimates
from SESAME 7440 equation of state. However, a re-
cent study showed that FeoO3 behaves differently under
laser-driven shock compression: only one isostructural
phase transition from a-Fe;O3 to a’-Fe;O3 is observed
at ~ 50-62 GPa, associated with a low-spin to high-spin
transition, and possibly a further Mott transition [II].
The behaviour of Fe;O3 above 116 GPa has, however,
not yet been investigated under either dynamic or static
compression, and its melting curve as well as its melting
point along the Hugoniot remain unknown.

In this paper we report in situ x-ray diffraction mea-
surements of laser-driven shock compressed FesOg be-
tween 122(3) GPa and 209(10) GPa. Results indicate
the appearance of a non-crystalline phase, and struc-
ture factor and pair distribution function for data under
shock and upon release are calculated. Temperatures
along the Hugoniot are evaluated by present DFT+U
calculations and SESAME equation of state 7440 for
Fe;O3. Results are interpreted as an amorphization
of FepO3 up to 145(10) GPa prior to melting above
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151(10) GPa. Pressure-induced structural changes at the
atomistic level for amorphous and molten phases are dis-
cussed.

II. METHODS
A. Experimental Methods

As shown in Fig. our primary diagnostic is in
situ x-ray diffraction (XRD) of laser-driven shock com-
pressed samples, at the Matter in Extreme Conditions
(MEC) endstation at the Linac Coherent Light Source
(LCLS) [12] and at the BL3 endstation at the Spring8
Angstrom Compact free electron LAser (SACLA) [I3]
X-ray Free Electron Lasers (XFEL) operating in Self-
Amplified Spontaneous Emission mode.

For data in transmission, acquired at LCLS, two
527 nm laser beams arriving at 20° to the sample normal
were focused on the target down to a 300 pm diameter
focal spot. Flat-top pulses had a duration of 5 to 15 ns,
with a maximum energy on the sample of 60 J. X-rays
at 7.08 keV (1.751 A) probed the target at an angle of
35° from the normal surface and a projected x-ray spot
size of 60 nm diameter in the center of the laser drive
spot. 2D XRD images were recorded on 4 quadruple
ePix10k detectors covered with a 50 pm thick Al filter
and 125 pm thick plastic filter. Azimuthal integration
of the 2D images includes polarization, solid angle and
filter correction as well as self-attenuation from the tar-
get. For four data points (at 167, 174, 177 and 185 GPa),
only one detector was used due to technical reasons and
azimuthal integration of the 2D images for those data
points was performed using Dioptas software [14] includ-
ing polarization and solid angle correction.

For data in reflection, acquired at SACLA, one 532 nm
laser beam arriving at 72° from the sample plane was fo-
cused on the target down to a 260 pm diameter focal spot.
Flat-top pulses had a duration of 5 ns and maximum en-
ergy on the sample was 13 J. X-rays at 9 or 9.98 keV
(1.378 or 1.242 A) probed the target at an angle of 18°
from the surface plane and a a projected x-ray spot size
of 40 pm diameter overlapping the laser drive spot. 2D
XRD images were recorded on a single detector with no
additional filter. Azimuthal integration of the 2D images
was performed using Dioptas software [14] including po-
larization and solid angle correction.

In reflection geometry the x-rays probe 2-2.5 nm of
Fey03 on the rear side (i.e. the side opposite to the laser
interaction), assuming that the majority of the signal is
coming from one optical path length, whereas the entire
sample (8 pm thick) is probed in transmission geometry,
as shown in Fig. [I] Data in reflection are thus effectively
more resolved in time as only the last portion of the sam-
ple traversed by the shock is probed. Additionally, data
in reflection are less affected by possible ablation-related
preheat [15].

Two kinds of targets with different layer thicknesses

were used and each layers were systematically measured:
CH-targets, composed of a parylene-N ablator (54 and
62 um thick) and a FeoOg3 layer (7, 8 and 10 pm thick);
and Sa-targets, composed of a parylene-N ablator (39 and
54 nm thick), a FeoO3 layer (8 nm thick), and a sapphire
window (22 pm thick). Greater details regarding layer
thicknesses for the different experiments involved can be
found in the supplementary material (section I). For all
targets, polycrystalline column-textured FeoO3 was cre-
ated by physical vapor deposition and shown to corre-
spond to a-FeyOg3 [16] by XRD, displayed in Fig. S3 of
the supplementary material. A 200 nm Al coating was
added on top of parylene-N ablator to limit penetration
of the light in the parylene-N layer. We emphasize that
no glue was used in-between the layers which were de-
posited on top of each other. The CH-targets provide
better XRD signal as there is no attenuation or diffrac-
tion from the sapphire window but the pressure determi-
nation is more reliable for Sa-targets.

Velocity Interferometer System for any Reflector [17]
(VISAR) was used to determine breakout time, i.e. the
moment when the shock leaves the Fe;O3 layer, and ve-
locity history. For Sa-target pressure was determined
by using the particle velocity measured at the FesOgs-
sapphire interface and using impedance matching method
with SESAME 7440 tables for FeoO3 and SESAME 7411
tables for sapphire. The apparent particle velocity mea-
sured in the sapphire was corrected to obtain the true
particle velocity [I8] following the same procedure de-
tailed in Ref. [II]. Only breakout time could be measured
for CH-targets due to the loss of reflectivity of the sam-
ple and pressure was determined either by interpolating
breakout time versus pressure relationship obtained from
Sa-target or with the help of calibrated hydrodynamic
simulations using code MULTT [I9] further detailed in
Figs. S4 and S5 of the supplementary material.

B. Determination of structure factor and pair
distribution function

The structure factor was calculated using the following
equation:

1(Q)
i

with 7(Q) the intensity of the x-ray diffraction profile,
f(Q) the effective electronic form factor calculated us-
ing the atomic form factor [20] and A a normalization
constant. We used the Ashcroft-Langreth formalism and
calculated the Ashcroft-Langreth total structure factor as
previously described [2I]. The pair distribution function,
g(r), was then calculated for CH-targets with maximal
Q range between 5.5 and 5.9 A=, Sa-targets were dis-
carded as their reliable Q-range is limited to ~ 4 A~!
due to the sapphire signal. We calculated the Fourier

S(Q) =

(1)



transform of the structure factor to find:

Qmaz
Fr)= 2 / Sn(QrS(Q) — 5x]dQ.  (2)

s

with 7 the radial interatomic distance and @,,,4, the high-
est available scattering momentum. The pair distribution
function is then given by

o) ="" =1+ 3)
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with n(r) the atomic density at a distance r from a given
atom and ng the average atomic density at experimental
conditions. In our case we determine the density at a
given pressure using SESAME 7440 tables. To determine
g(r) we use an iterative process [22] 23]. We minimize the
background in g(r) for the smallest interatomic distances
( 7 < rmin) where no real signal is expected:

T < Tin = g(r) = 0= F(r) = —4nrng
AF(r) = F(r) + 4mrnyg,

where AF(r) is the error on F(r). AF(r) is then evalu-
ated and removed from F(r) to obtain the corresponding
g(r) from which a new S(Q) can be calculated, and the
cycle repeated.

C. Computational Methods

Temperatures along the Fe;Os Hugoniot were cal-
culated using density functional theory with a Hub-
bard U parameter (DFT+U) [24H29]. Calculations were
performed using the v7.2 Quantum-Espresso suite of
codes [30} [BI]. Scalar-Relativistic ultrasoft pseudopoten-
tial (PP) [32] generated by PBEsol exchange-correlation
functionals [33] were used for Fe and O. The effective
Hubbard U parameter was used for the Fe-3d orbitals,
with the initial occupations given by the PP. We used a
kinetic energy cutoff of the plane-wave basis set of 100 Ry
and an augmentation charge energy cutoff of 800 Ry. The
calculations were carried out using a 12x12x12 k-point
grid. Our DFT+U calculations using U = 5 eV predict
that at the ambient condition, the energy band gap and
the magnetic moment per iron atom are 2.075 eV and
4.41 pp, respectively. The corresponding experimental
values are 2.14 eV [34] and 4.6 pp [35].

The equation of state (EOS) is obtained by perform-
ing DFT calculations at different densities in which
the temperature effects were included using the quasi-
harmonic approximation [36]. The lattice dynamics and
phonon spectra used in the quasi-harmonic approxima-
tion were determined by density functional perturbation
theory [36]. The phonon spectra were obtained using a
2 x 2 x 2 g-point mesh. The Hugoniot pressure and tem-
perature, Py and T, are given by the Rankine-Hugoniot
(RH) equation 1Py [Vy — Vi) = Eg — Eo, where V; and
Ey are the volume and energy of the system at ambient

conditions. The (RH) equation is solved using the EOS
data by varying the temperature at a fixed volume until
the RH condition is satisfied.

III. RESULTS

We first present the complete FeoOg diffraction dataset
obtained in transmission and reflection geometries, and
examine the series of pressure-induced changes to the
structure factor between 47(2) and 209(10) GPa. A
waterfall plot of the azimuthally integrated diffraction
patterns is provided in Fig. As has already been
shown [I1], Fe2O3 remains crystalline under shock com-
pression up to 116 GPa. Above 131(5) GPa, we observed
the onset of diffuse diffraction features for both the trans-
mission and reflection geometries. The diffuse features at
2.7-2.8 A= are first observed at 122(3) GPa in transmis-
sion and at 131(5) GPa in reflection. The second diffuse
feature at 3.4-3.6 A~! becomes visible at 125(10) GPa in
transmission geometry. These diffuse features persist up
to the maximum pressure achieved in our experiments of
209(10) GPa .

In reflection geometry at 131(5) and 133(5) GPa, the
diffuse feature is observed in coexistence with crystalline
high pressure o'-Fe;O3 [11] in contrast to transmission
geometry, where no crystalline phase is visible from
122(3) GPa onwards. In reflection geometry only 2-
2.5 pm on the rear side of the sample is probed, i.e.
the zone just behind the shock front. Detailed study of
melting timescales in shocked Ge has shown that while
the characteristic melting time at around 10 GPa above
the melting pressure is sub-nanosecond, this can reach
up to 7 ns at the melting point along the Hugoniot [37].
It is thus possible to explain the remaining crystalline
peak observed only for data acquired in reflection geom-
etry by a delayed melting or amorphization behind the
shock front, the effect of which will not be present in data
acquired in transmission geometry. Differences between
sensitivity of XRD in transmission and transverse geome-
try have also been previously discussed regarding onset of
melting [38]. The difference of around 10 GPa observed
in the pressure at which the diffuse features appear and
at which the crystalline phase disappears between mea-
surements performed in transmission and reflection ge-
ometries could also be attributed to preheat effect induc-
ing a slightly higher temperature in transmission than in
reflection geometry for a given pressure. No preheat is
identified in VISAR data indicating that even if preheat
cannot be entirely discarded, it remains low.

To better understand the structure of the non-
crystalline phase and its evolution under pressure, the
structure factor S(Q) and pair distribution function g(r)
were determined for samples with no crystalline peak.
The baseline levels caused by emission from the abla-
tion plasma of the laser drive was found on runs that
contained only solid diffraction. A scaled version of this
background was then removed from all the diffraction



Figure 1. X-ray diffraction measurements of Fe;O3; under shock
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under shock showing crystalline (cr.) FesOs identified as a-FexO3 at 47(2) GPa and o'-Fe;Os at 111(3) GPa with peak
indexation reproduced from previous study [I1I]; appearance of diffuse feature at 131(5) and 133(5) GPa with remaining
crystalline peaks of o’-Fe2O3 (indicated by *); and fully non-crystalline FeoO3 from 122(3) to 209(10) GPa. Examples of 2D
image plates are shown in Figs. S6 and S7. Solid lines correspond to CH-target and dashed lines to Sa-targets. Measurements
acquired in transmission geometry are shown in black, and in reflection geometry in blue. Vertical dashed lines indicate the
positions of a-FeaO3 ambient peaks [16] present before breakout time. Spurious features in the data are indicated by: (Sa.)
for a sapphire peak, (ar.) XRD integration artifacts, and (bkg.) for a background peak which was also observed on the same
sample prior to the shock (Fig. S3). Only one detector could be used for data at 167, 174, 177 and 185 GPa due to technical

reasons. Patterns are scaled for clarity.

data before smoothing (further details for baseline re-
moval can be found in Figs. S8 to S10). Our Q-range
for data under shock compression (~5.5 A~1) leads to a
limited resolution for g(r) with a remaining background
contribution below 1.5 A. Therefore g(r) cannot be re-
liably used to retrieve structure of the non-crystalline
phase and is not discussed in length in the paper. We
note that the limited Q-range does not affect the deter-
mination of the structure factor S(Q) [22].

We can see in Fig. that structure factors of

non-crystalline Fe;Og under shock from 122(3) to
145(10) GPa present two peaks at 2.7-2.8 A~! and 3.4-
3.6 A=1. The structure factors presented here differ
greatly from ambient pressure Fe;O3 melt [39], as can
be seen in Fig. |2l To our knowledge, there is no existing
data on amorphous or liquid Fe; O3 under pressure. Cur-
rently available data on molten FeO, available up to 70
GPa and 3500 K under static compression [40], show a
very different structure factor than the one measured in
our experiment. Above 145(10) GPa significant changes
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Figure 2. Structure factor S(Q) and g(r) of Fe2O3. Struc-
ture factor for non-crystalline data points under shock and
upon release. Data acquired in transmission geometry are
shown in black, in reflection geometry in blue and ambient
in red [39]. Dashed lines indicate Sa-targets and solid lines
CH-targets. Data point upon release has a non-zero pressure
as the reflection of the release wave off the parylene-N-Fe2 O3
interface arrives on the free surface again exactly at the time
when the sample is probed. Under shock, two peaks are seen
in the structure factor, the position and intensity of which are
strongly different from ambient melt and from non-crystalline
phase observed upon release (see vertical dotted line and ar-
rows for guidelines). Above 145(10) GPa a slight shift of both
peaks and an increase of the second peak intensity is observed.
Despite limited resolution we can see a significant difference
in g(r) upon release and under shock as well as a general shift
toward lower interatomic distances above 145(10) GPa.
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Figure 3. X-ray diffraction measurements upon re-
lease. Azimuthally integrated x-ray diffraction profiles. Data
are acquired in reflection geometry on CH-target. Baseline
has been subtracted to better assess the presence of a diffuse
signal. The time after the shock leaves the target is indicated
on the left. Crystalline peaks are seen in coexistence with dif-
fuse features around 2.4 A= and 4.5 A~ up to 0.9 ns. Very
few crystalline peaks are observed for one release at 1.9 ns
after breakout time after shock corresponding to 200(5) GPa:
at this timing the release wave originating at the free-surface
of the Fe2Og3 layer reflects off the parylene-N-Fe2 O3 interface
and reaches the free surface again (see Fig. S11). Diffuse sig-
nal observed at 1.9 ns after breakout time is shown as black
dashed curve and adjusted by a multiplicative factor for all
data up to 1.9 ns, showing the clear presence of a similar
diffuse signal for release runs at 0.3 and 0.9 ns and later in
time at 1.9 ns after breakout time. Peaks of a-FeoOs are
indexed [16]. The (110) peak of o'-Fe;Os indicated by *, is
observed until 1.3 ns, proving that the sample is still releasing
up to this timing.

are observed. In terms of the structure factor, we observe
both a slight shift of peak positions up to ~ +0.1 A~* and
a change in the intensity ratio. The peak at 3.5 A~ be-
comes more prominent, and exceeds in intensity the first
peak at around 2.7 A=! at the highest pressures. More-
over, both peaks significantly broaden. These differences
translate into g(r) by a general shift toward lower inter-
atomic distances above 145(10) GPa. Between 151 GPa
and 182 GPa the second peak of the structure factor in-
creases and shifts toward higher Q values. The rapid
change observed above 145(10) GPa suggests the pres-
ence of a disorder-to-disorder phase transition.

The XRD spectra evolution of FesOs upon release is
shown in Fig. 3] We consider data acquired in reflection
geometry on CH-targets shocked to pressures between
125(4) and 179(7) GPa, i.e. in the pressure range that
shows a non-crystalline phase in Fig. [l We observe a
diffuse signal at 2.4 and 4.5 A~ in coexistence with crys-
talline FeoOg, up to approximately 0.9 ns after breakout



time. Purely crystalline Fe;Og3 is mostly observed be-
yond 0.9 ns. The a-Fe;O3 phase is mostly present in
coexistence with o/-Fe2O3, whose (110) peak is visible
up to 1.3 ns after breakout time. A case of particular in-
terest is at 1.9 ns after breakout, after a shock at 200(5)
GPa, the release wave originating at the free-surface of
the FesOg3 layer reflects off the parylene-N-FeoOj3 inter-
face and reaches the free surface again. The XRD pattern
taken at this time (displayed in Fig. [3) shows a loss of
crystalline peaks and a non-crystalline signal. The diffuse
signal is shown as a black dashed curve and adjusted by
a multiplicative factor for all data up to 1.9 ns, showing
the clear presence of a similar diffuse signal on Fig. [3| for
release runs at 0.3 and 0.9 ns and later in time at 1.9 ns
after breakout time, while diffuse signal is hardly visible
for release runs at 1.3 and 1.6 ns. The large proportion of
non-crystalline phase for this data point may be linked to
the pressure under shock, higher than the other release
data points implying a different release path, although
the unloading history cannot be fully understood due to
the large variety of phenomena happening under release
at this large timing, not included in our hydrodynamic
simulations. Non-crystalline signal, similar to earlier re-
lease data points (up to 0.9 ns after breakout time) where
no reflection of release wave yet occurred, can more easily
be extracted on this particular data point to get S(Q) and
g(r), displayed in Fig. 2 We note that extracted S(Q)
and g(r) differ significantly from the data under shock,
but are similar to data taken on molten FeoO3 at am-
bient pressure [39] with a slight shift linked to pressure
arising from the reflection of the release wave previously
described. We have thus observed a disordered phase,
whose structure resembles ambient, molten FeoOs [39],
recrystallizing in time.

IV. DISCUSSION

Temperature measurements during shock compres-
sion experiments remain scarce.  Moreover, shock-
temperature cannot be directly extracted from Rankine-
Hugoniot relations and approximations are needed to
evaluate temperature along the Hugoniot [41], 42]. For
these reasons there is still a large uncertainty on tem-
perature estimates along the Hugoniot of various mate-
rials. Temperatures along the FeoO3 Hugoniot are only
known from theoretical calculations or equation of state
tables such as SESAME 7440 [43], shown in Fig. [4 How-
ever, because we know that under shock compression the
phases are different to those observed statically [IT], we
have performed DFT+U calculations using the phases di-
rectly observed under shock up to 116 GPa to determine
the temperature along Fe;O3 Hugoniot. This provides an
alternative method based on the most recent results to
constrain the temperature range explored in our experi-
ments. A reasonable agreement is observed between tem-
perature predicted by SESAME 7440 and our DFT+U
calculations. Temperatures remain relatively low (below
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Figure 4. Temperature-pressure diagram of Fe2O3; un-
der shock. The melting point at 0 GPa is taken from
Ref. [44] and the assumed melting point at 136 GPa from
Ref. [45]. For comparison we also show the FeO Hugoniot
(Hug.) [46], and the melting curves (m.c.) of Fe [47, [48] and
FeO [40, [49]. We represent our data points with diffuse fea-
ture and in some case remaining crystals (cr.) under shock
using temperature predicted by SESAME 7440. Results of
DFT+U calculations, based on previous shock data [I1]) are
shown to agree with SESAME 7440. Phases observed along
Fe2O3 Hugoniot under shock compression are summarized:
a-Fe2O3 stable up to approximately 50 GPa and o-FexO3
phases, observed alone, above 80 GPa [11]], amorphous phase
from 122(3) to 145(10) GPa and melt from 151(10) GPa.
Colours are used as a guide to distinguish phases along the
Hugoniot and do not infer phases off-Hugoniot.

1000 K up to around 80 GPa), with a change in slope
at 60 GPa, linked to the isostructural phase transition
reported under shock [I1].

At ambient pressure FeoO3 melts at 1873 K [44]. Al-
though the melting curve of Fe;O3 has not been mea-
sured to date, a melting temperature of 3350-3690 K at
136 GPa was estimated for n-FesO3 from first-principles
molecular dynamic melting temperature calculations for
FeOoH, [45] assuming a linear relationship between the
melting temperature and the oxygen content for a FeO,
system. Fe;Og could thus, possibly, melt at a lower tem-
perature than FeO under pressure. Temperatures for
data acquired at 122-133 GPa remain below the ambient
pressure melting point of FeoO3. We consequently at-
tribute the diffuse features observed at this pressure to an
amorphization of FeoO3 under shock, although the pos-
sibility of a negative melting curve for FeoO3 [50], which
could explain the presence of a melt at 122-133 GPa along
the shock Hugoniot, cannot be entirely discarded.

Solid state amorphization under shock compression has
been reported on a wide range of materials [51], 52] in-
cluding silica [53] and silicates such as plagioclase [54],
enstatite [55] or olivine [56H58], as well as in covalently
bonded solids such as Ge, Si, SiC and B4C [59]. Amor-
phization has been shown to be favored by compression,



shear and high strain-rates as present during shock com-
pression. While it remains debated why and how a ma-
terial becomes amorphous, amorphization is commonly
linked to deformation mechanisms. It is seen either as
the final step of plastic deformation or as an alternative
deformation mechanism in competition with other types
of deformations [51], 52].

DFT+U calculations were performed to determine
bulk and Young moduli of a’-Fe;O3 phase at 120 GPa
and assess its stability with respect to the applied shear
stress. The elastic constants tensor is used to obtain
the bulk modulus B, the Young modulus Y, the shear
modulus G, and the Poisson ratio n. We first validated
our DFT+U simulations by verifying the accuracy of
the derived B, Y, G and n, for the ambient a-Fe;Og
phase, which in the experiment (versus in the simula-
tion) take values of 203(4) GPa [60, [6T] (versus 212 GPa),
220 GPa [62] (versus 241 GPa), 101(9) GPa [60} 63] (ver-
sus 92 GPa) and 0.31 [60] (versus 0.31), respectively. We
performed the same calculations for o’-FesOs phase at
120 GPa, and it was found that both the shear modu-
lus and Young modulus are negative. The negative shear
modulus suggests that the o’ crystal structure cannot
sustain the applied shear stress, leading to a deformation
or structural rearrangement. This is consistent with the
observed destabilization of o’-Fe;O3 phase, transforming
into an amorphous phase at 122(3) GPa.

We can thus conclude that above 122(3) GPa amor-
phous Fe;Og is kinetically favorable compared to other
crystalline phases, or to the further deformation of /-
Fe;O3 whose shear and Young moduli are found to be
negative at this pressure.

The change of peak ratio intensity observed between
145(10) GPa and 151(10) GPa translate into g(r) by a
general shift toward lower interatomic distances above
145(10) GPa, as shown in Fig. An increase in the
intensity of the second peak of the structure factor un-
der pressure is frequent in silicate glasses and melts, and
is attributed to the gradual transition from fourfold to
sixfold coordinated Si [54] 58] 64} [65]. Nevertheless, non-
crystalline Feo O3 structure is unlikely to be comparable
with glass and melt silicate structures under pressure,
and measurements at higher Q-range will be needed to
uncover the Fe-O and Fe-Fe interatomic distances and co-
ordination numbers to fully interpret this observation. In
our case, the peak ratio intensity rapidly changes within
6 GPa (from 145(10) to 151(10) GPa) while both peaks
broaden. This can be either interpreted as a melting of
Fe;03, or a rapid transition from amorphous Fes O3 to
another amorphous phase. The change observed here,
within few GPa, seems to be in better agreement with
the melting of Fe;O3. Indeed, changes observed so far
in amorphous phases under shock are gradual, such as
observed for amorphous plagioclase [54]. Amorphous
phases are also seen to span large pressure ranges with no
structural variation under shock compression, as shown
for enstatite [55], but also as reported here in Fig. where
the structure factors remain unchanged between 122(3)

and 145(10) GPa. The subsequent change observed from
145(10) to 151(10) GPa can be related to the rapid struc-
tural evolution of the melt, whose structure factor is also
seen to evolve significantly as the pressure is increased
further. The melting of Fe;O3 at 151 GPa along the
Hugoniot would thus indicate a relatively low melting
temperature around 2500 K.

Previous laser shock data has shown that the phase
transition observed along the FeoOz Hugoniot between
140 GPa and 300 GPa is accompanied by an increase in
density and thus a decrease in volume [50]. If the ob-
served transition is associated to melting based on the
present results, this will indicate a negative Clapeyron
slope for FesO3 melting curve. In which case the amor-
phization observed prior to melting could be explained by
the FeoO3 Hugoniot crossing the metastable extension of
the Fe;O3 melting curve at around 122(3) GPa, a phe-
nomenon already reported for quartz [66]. We note, how-
ever, that amorphization prior to melting under shock
is also observed for enstatite [55] and olivine [58], whose
melting curves present a positive slope at the investigated
pressures. No discontinuity is observed along the Fe;Og
Hugoniot between 100 and 140 GPa [50, 67, 68] which
could indicate that amorphous Fe;O3 has a density close
to o/-FeaO3 observed up to 116 GPa [11].

As we show in Fig. 2] the structure factor and pair
distribution function of the non-crystalline release phase
observed at 1.9 ns after breakout is similar to that of lig-
uid Fe;O3 at ambient pressure [39], apart from a slight
shift of -0.16 A which we attribute to the pressure linked
with the release wave originating at the free-surface of the
Fe5 03 layer reflecting off the parylene-N-Fe, O3 interface
and reaching the free surface exactly when the sample is
probed. While we cannot take into account the full vari-
ety of processes occurring upon release in our hydrody-
namic simulations, we are able to estimate the pressure of
the system based on the observed bond lengths decrease.
Assuming an isotropic compression, we estimate the pres-
sure based on the Fe-O or Fe-Fe bond lengths upon re-
lease (d), the bond lengths at ambient pressure [39] (dy),
and the adiabatic modulus (K) of liquid FeO [69] (as no
data is available for liquid or amorphous Fe;O3), as given
by:

P=-Kh (Z;) . (4)

We find a pressure of ~30 and 20 GPa from the Fe-O
and Fe-Fe bond length decreases, respectively. The dif-
fuse features observed upon release decrease in intensity
up to 0.9 ns after breakout time after shock of 125(4)
to 179(7) GPa. In contrast, features from the a/-FepO3
phase persist for longer, indicating that the sample is still
releasing up to around 1.3 ns, as shown in Fig. |3} These
observations could indicate either the presence of a melt
recrystallizing in time, explaining the similarity of the
non-crystalline release phase with liquid from a-Fe;O3 at
ambient pressure [39], or the relaxation and the recrystal-



lization of the amorphous phase with a structure similar
to the corresponding liquid at ambient pressure. Simi-
lar results and observations were reported for forsterite
upon release [57]. We note that for a release after a higher
pressure shock of 200(5) GPa the non-crystalline phase
is dominant at 1.9 ns after breakout in one case, where
the reflection of a release wave off the parylene-N-Fe;Og3
interface reaches the FesOg layer. This implies a need
to consider the full unloading history of the sample to
understand the entire behaviour of FeoO3 upon release
through timing.

V. CONCLUSION

It has been recently shown that shock-compressed
Fe;O3 does not experience any of the phase transitions
reported by static compression up to 116 GPa, but in-
stead undergoes an isostructural transition (from a- to
o'-Fes03) at 50-62 GPa [II]. In the present study we
show that from 122-131 GPa up to 145(10) GPa, amor-
phization is preferred to either deformed o/-Fe,Os or
to other potential phase transitions. This is similar
to previous results reported for covalently (or partially-
covalently)-bonded solids [59]. Between 145(10) and
151(10) GPa we observed a rapid change in the peak
intensity ratio in the structure factor. We attribute this
to the appearance of Fe;O3 melt, which rapidly evolves
under pressure. Further experiments at higher photon
energy should make it possible to access higher Q-range
and thoroughly explain these observations in terms of
structural evolution of amorphous and molten phases.
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